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Foreword

The 25th Southern African Universities Power Engineering Conference (SAUPEC 2107) represents a landmark event

in the SAUPEC history. The organising committee, on behalf of University of Stellenbosch and the South African

Institute of Electrical Engineers (SAIEE), wishes to extend a warm welcome to all delegates and sponsors.

We would like to thank all authors for their support. After a rigorous review process, SAUPEC 2017 is proud to present

a record number of 142 proceedings papers and a further 33 quality poster presentations. We would particularly like to

thank the members of the review panel for their outstanding performance in reviewing the large volume of submissions

thoroughly and timeously and for the quality feedback provided to the authors.

SAUPEC 2017 gratefully acknowledges the contributions of Prof. Eugene Cloete, Vice-Rector (Research, Innovation

and Postgraduate Studies) at Stellenbosch University, for delivering the welcoming and opening address and Prof. Dr.

Ing. Ralph Kennel for an exciting and insightful keynote address on the predictive control of power converters and

drives.

SAUPEC 2017 would not have been possible without support from sponsors from industry. We would like to thank

OPAL-RT, CTLAB, Siemens and our platinum sponsors ABB and GEC for their generous financial support and

engagement with the academic community of faculty sta↵ and students represented by SAUPEC. The organising

committee would also like to acknowledge the long-standing and on-going support of Eskom through the Tertiary

Education Support Program (TESP).

We wish all delegates a stimulating and fruitful conference and our visitors an enjoyable stay in the heart of the Cape

Winelands.

SAUPEC 2017 Organising Committee
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SAUPEC 2017 Review Process

Authors were invited to submit full-length papers for peer review. Each paper was reviewed by at least two independent

reviewers.

Out of a total of 218 submissions, 142 papers were selected for inclusion in the conference proceedings. A further 33

contributions were selected for poster presentation. Poster papers are included in a separate document that does not

form part of the SAUPEC 2017 proceedings.

The organising committee and technical chair would like to thank the members of the review panel for contributing

their time and technical expertise to the review process.

Disclaimer

Authors are responsible for the contents of their papers.
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Keynote Speaker

Ralph M. Kennel was born in 1955 at Kaiserslautern (Germany). In 1979 he got his diploma degree and in 1984 his
Dr.-Ing. (Ph.D.) degree from the University of Kaiserslautern.

From 1983 to 1999 he worked on several positions with Robert BOSCH GmbH (Germany). Until 1997 he was
responsible for the development of servo drives. Dr. Kennel was one of the main supporters of VECON and SERCOS
interface, two multi-company development projects for a microcontroller and a digital interface especially dedicated
to servo drives. Furthermore he took actively part in the definition and release of new standards with respect to CE
marking for servo drives.

Between 1997 and 1999 Dr. Kennel was responsible for ”Advanced and Product Development of Fractional Horsepower
Motors” in automotive applications. His main activity was preparing the introduction of brushless drive concepts to
the automotive market.

From 1994 to 1999 Dr. Kennel was appointed Visiting Professor at the University of Newcastle-upon-Tyne (England,
UK). From 1999 - 2008 he was Professor for Electrical Machines and Drives at Wuppertal University (Germany).
Since 2008 he is Professor for Electrical Drive systems and Power Electronics at Technische Universitaet Muenchen
(Germany). His main interests today are: Sensorless control of AC drives, predictive control of power electronics and
Hardware-in-the-Loop systems.

Within the IEEE he is Treasurer of the Germany Section as well as Distinguished Lecturer and ECCE Global Part-
nership Chair of the Power Electronics Society (IEEE-PELS). Dr. Kennel has received in 2013 the Harry Owen
Distinguished Service Award from IEEE-PELS.
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TECHNICAL PROGRAMME

Tuesday, 31 January, 09:00 – 10:30

High Voltage Engineering 1

09:00 Comparison of Incipient Fault Identification in Oil Filled Equipment using Fuzzy Logic with Empir-
ical Membership Functions and Duval Triangle One

G.K. Irungu, A.O. Akumu and J.L. Munda

14

09:15 A Study of the Performance of VSC-HVDC Transmission System During DC faults

M.N. Chamane, M.N. Gitau and I.E. Davidson

20

09:30 Influence of Electrode Geometry and Voltage Type on Partial Discharges in High Voltage Insulation

A.A. Abdelmalik, A. Nysveen and L.E. Lundgaard

26

09:45 Novel Detection Method for Low Hanging Medium Voltage Conductors using an Accelerometer

V. Ramgoolam, A.G. Swanson and M. Khan

30

10:00 Surface Charge Accumulation on DC insulators: An Overview

O. Lasabi, A.G. Swanson and I.E. Davidson

38

10:15 Detailed Electrical Model of Phase-To-Woodpole Bird Electrocution on Medium Voltage Overhead
Powerlines

A.A. Beutel, N. Khoza, B.W. McLaren, J.M. Van Coller and H.J. Geldenhuys

44

Power Electronics 1

09:00 Implementation of a Sphere Decoder in an FPGA for Direct Model Predictive Control with Long
Horizons

M.D. Dorfling, H. du T. Mouton, P. Karamanakos and T. Geyer

50

09:15 Small-Signal Analysis of Asymmetrical Regular Sampled PWM Control Loops

W. Raats and H. du T. Mouton

57

09:30 Experimental Practice with Real Time Temperature Measurements on the Bond Wires of an Oper-
ating IGBT

S.S. Bugingo, P. Freere and R. Schultz

64

09:45 Integrating SMPS and Capacitive Touch Sensing - an Overview

W.A. Doorduin

69

10:00 Iterative Slicing as Solution to the Model Predictive Control Problem of a Three-Level Inverter

J. Raath and H. du T. Mouton

75

10:15 Intelligent LED street Light

K. Coetzer and H. du T. Mouton

81
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Electrical Machines and Drives 1

09:00 Evaluation of Rotor Design Parameters for Minimising Torque Ripple on a Synchronous Reluctance
Machine using Multifactor Anova

M. Muteba and W. Doorsamy

88

09:15 Transient Performance Optimisation of Line-Start Permanent Magnet Synchronous Motors using
Taguchi Based Regression Rate Method

A.J. Sorgdrager, R.-J. Wang and A.J. Grobler

94

09:30 Analysis of Thermal Instability Test Methodologies for Synchronous Generator Rotors

A.N. Singh, W. Doorsamy and W.A. Cronje

100

09:45 Investigation of the Stator Voltage-Oriented Vector Control of the Rotor Side Converter in Dfig
Systems

M.W.K. Mbukani and N. Gule

108

10:00 Magnetic Levitation Based on Electrodynamic Suspension

B.R. Bussy and F. Ghayoor

114

10:15 Determining the Terminal Saturation Inductance of a Single Phase Four Limb Transformer

L.D. Borrill, H.K. Chisepo and C.T. Gaunt

120

Tuesday, 31 January, 11:00 – 12:30

High Voltage Engineering 2

11:00 A Numerical Investigation of the E↵ects of External Field on Electric Field Distribution Around
Glass Insulator

G. Ininahazwe and I.E. Davidson

125

11:15 Development of Joint Methodology to Achieve Uniform Current Distribution in Parallel Placed High
Temperature Superconductor Tapes

M.G. Zilawe and A.L.L. Jarvis

131

11:30 Partial Discharges in Cavity in Solid Dielectric Material

I.K. Kyere and J.J. Walker

137

11:45 PD evolution of Artificial Defects Introduced In MV XLPE Power Cable Terminations - Preliminary
Results

E. Haikali and C. Nyamupangedengu

141

12:00 Electrical Tree Profiling in Solid Nanodielectrics using Atomic Force Microscopy

A.M. Hank and C. Nyamupangedengu

147

12:15 Spectrum of Light Emitted by Corona in the 200nm - 320nm Wavelength Range for a Rod-Sphere
Airgap Geometry

B.A. Ndlovu, N. J. Phiri and J.M. Van Coller

153
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Energy Management and Energy E�ciency 1

11:00 A Survey of Domestic Water Heating Technologies

P.A. Hohne and K. Kusakana

159

11:15 Energy Management Opportunities in Raw Milk Cooling in a Dairy Farm: The Potential of using a
Raw Milk Pre-Cooler

R. Mhundwa, M. Simon and S.L. Tangwe

164

11:30 Residential Air Source Heat Pump Water Heaters as Renewable and Energy E�cient Systems

S.L. Tangwe, M. Simon and E. Meyer

170

11:45 Best Operation Time of Air Source Heat Pump Water Heaters for Optimal Energy Management

J. Yongoua, S.L. Tangwe and M. Simon

176

12:00 Energy Impact Quantification of Air Conditioning as a Replacement for Traditional Space Condi-
tioning Devices

B.M. Glory, S.L. Tangwe and M. Simon

182

12:15 Forecasting the Loadability Margin of SCIG-BASED Wind Turbines in Power Systems using Artifi-
cial Neural Networks

A. Edrisian, A. Goudarzi, A.G. Swanson and A. Ahmadi

188

Renewable Energy 1

11:00 Cooling Photovoltaic Systems: A Survey of Available Technologies

J. Siecker and K. Kusakana

194

11:15 Pitch-Angle Control of a Wind Turbine Equipped with a Permanent Magnet Synchronous Generator

E. Hamatwi, M.N. Gitau and I.E. Davidson

200

11:30 Control of a Wind Turbine Equipped with a Permanent Magnet Synchronous Generator for Maximum
Power Point Tracking

E. Hamatwi, M.N. Gitau and I.E. Davidson

206

11:45 Performance Comparison of Hill Climbing MPPT with Fuzzy Logic Control MPPT Scheme for Solar
PV systems

J. Bamukunde and S. Chowdhury

215

12:00 Investigation of the Feasibility of Renewable Energy in Hydrocarbon Drilling near Graa↵-Reinet

R.T. Gerber and P. Freere

221

12:15 Field Experience: The Use of Spectrometry for Soiling Analysis on PV

C. Lewis, J.M. Strauss, M.B. Øgaard and J. Selj

227
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Tuesday, 31 January, 13:30 – 15:00

High Voltage Engineering 3

13:30 Investigation of Streamer Mechanism in Transformer Oils

N. Abed and A.G. Swanson

233

13:45 Improving the Bandwidth of an Optical Current Transformer

N.J. Oosthuysen and J.J. Walker

239

14:00 Investigating the E↵ects of Engine Flue Gas on Dielectric Strength of Air Gaps

N. Msimango and C. Nyamupangedengu

244

14:15 Evaluation and Verification of an Indoor Corona Cage for HVDC Application

J.S. Djeumen, J.J. Walker and T. Joubert

250

14:30 Modelling Induced Fields in the Human Body Exposed to Electric Fields From High Voltage Trans-
mission Lines Designed to Meet 10kV/m At Ground Level

K.R. Hubbard and I. Jandrell

256

14:45 Analysis of the Impulse Test on the Application of Soil, Bentonite and the Cement

R. P. Tshubwanaa, N.T. Mbungub and W. Siti

261

Quality of Supply, Reliability and Condition Monitoring

13:30 Combination of Dissolved Gas Analysis and Partial Discharge in Transformer Health Assessment
using Computational Intelligence for Decision Making

G.K. Irungu, A.O. Akumu and J.L. Munda

267

13:45 Optimal Reactive Power Dispatch of Power System Networks with Distributed Generation using
Particle Swarm Optimisation

O. Dzobo and Y. Sun

273

14:00 Utilizing On-Line Gas Analyser to Detect Gassing Transformer in a Distribution Substation

H.J. Vermaak and T. Motau

279

14:15 Reliability Assessment for Medium Voltage Electrical Network: A Case Study within ESKOM Dis-
tribution

K.C. Zwane, J.H.C. Pretorius and A. Wessels

285

14:30 Possible Solutions to the Loss of The PEN conductor in rural TNCS Systems

J. Wattel, M. Tomlinson and J. Beukes

293

14:45 Study of the Harmonics Generated by Old and New Streetlight Technologies

A.F.W. Steyn and J.C. Bekker

299
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Electrical Machines and Drives 2

13:30 Formulation of an Alternative Analytical Solution Technique for Magnetostatic Field Problems

A. Chama, S. Gerber and R.-J. Wang

305

13:45 Armature Reaction Magnetic Field Prediction for a Moving-Coil Tubular Permanent Magnet Linear
Oscillatory Machine

D. K. Chembe and J.M. Strauss

309

14:00 Mass and Volume Optimization of a Conventional Permanent Magnet Vernier Machine

P.M. Tlali and R.-J. Wang

315

14:15 Review of High Speed Machines: Topologies, Materials and Challenges

M. Kalyan and M.A. Khan

320

14:30 Control of a High Speed Generator for an Isolated Load Application

M. Molaoa, M.A. Khan and P. Barendse

326

14:45 Design of a Vernier Permanent Magnet Wind Generator

D.R. Dudley and M.A. Khan

332

Transmission, Distribution and Reticulation Networks 1

13:30 Power Transformer Failure Management on the ESKOM Distribution Network in Limpopo

M.M. Sako, A. Wessels and J.H.C. Pretorius

338

13:45 ESKOM Power System Inertia Model - a Dynamic Multifactor Approach to the Management of
Power System Inertia

B.J. Sibeko and J.M. Van Coller

344

14:00 Probabilistic Analysis of Uncertainty in Power Systems

R. Herman and C.T. Gaunt

352

14:15 Mechanical Forces During Short-Circuit and Inrush Current Conditions in Amorphous Core Trans-
formers

J. Naidoo and A.G. Swanson

357

14:30 Determination of Thevenin Impedances to Allocate Transmission Power Losses

A.V. Adebayo, C.T. Gaunt, M. Malengret and K.O. Awodele

362

14:45 Impact of Fast Transient Faults on Surge Arrester Performance in Traction Networks

M.C. Mzulwini and K.O. Awodele

368
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Tuesday, 31 January, 15:30 – 17:00

High Voltage Engineering 4

15:30 A Comparison of AC, DC, and Hybrid AC/DC Inclined-Plane Tests on Silicone Rubber Coated
Insulators

M.C. Aphane, B.A. Mafora and N.J. West

374

15:45 Variable Frequency Testing of Glass and Porcelain Cap-And-Pin Insulators

H.F. Mnisi, C. Nkala and J.M. Van Coller

380

16:00 A Proposed Mathematical Model of Metal Oxide Varistor Degradation

M.M. Mashaba and K.J. Nixon

386

16:15 Corona Loss Measurement using a Capacitance Bridge with a Zero Crossing Reset Circuit

P.J. Pieterse and J.M. Strauss

392

16:30 Evaluation of Standard ESKOM EHV substation Clearances with the Aim to Uprate Nominal Volt-
ages

P.J. Schutte, J.M. Van Coller and C. van der Merwe

398

16:45 A Novel Method on Extending the Service Life of Distribution Isolators Prone to Hot Spots by
Reduction of Current through Critical Points

S. Haripersad, A.G. Swanson and M. Khan

404

Load Modelling and Demand Side Management

15:30 Impact of Di↵erent Load Profiles on Sizing and Performance of a Micro-Hydrokinetic-Battery Based
Hybrid System

S.P. Koko, K. Kusakana and H.J. Vermaak

410

15:45 A Statistical Physically-Based Electric Demand Model for Electrical Water Heaters

G.M. Binini, J.L. Munda and O.D. Dintchev

422

16:00 Autonomous Demand Response of Water Heaters Utilising a Statistical Control Paradigm

D. Cooper and W.A. Cronje

428

16:15 Electric Water Heaters in Smart Grids: Individual Savings Versus Network Peak Load Management

M. Roux, N.H. Naude, M.J. Booysen and A. Barnard

434

16:30 Development of a Demand Response Programme for an Open-Pit Coal Mine

C.B. Pretorius and H.J. Vermeulen

441

16:45 Short Term Load Forecasting Using ARIMA, ANN and Hybrid ANN-DWT

M.N. Dube, K.O. Awodele, O. Olayiwola and K.O. Akpeji

447
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Renewable Energy 2

15:30 Generating Wind Speed Time Series for Time Domain Simulation of Wind Turbines

A.N. Legesse, A.K. Saha and R. Pillay Carpanen

453

15:45 Design of a DC overcurrent Fault Detection and Protection Scheme for DC collectors of a Photovoltaic
Plant

I. Holland, P. Bokoro, B. Paul and E. Ndlovu

459

16:00 Energy Management in the Balance of System Components in a Stand-Alone Building Integrated
Photovoltaic System in Alice, South Africa

C.L. Buma, E.L. Meyer and R. Taziwa

464

16:15 Solar Photovoltaic Energy Progress in Zambia: A Review

K.C. Bowa, M. Mwanza , M. Sumbwanyambe and J.H.C. Pretorius

470

16:30 E↵ective Step-Up of Solar Energy Generation -Using Concentrated Thermal Photovoltaic Technology

O.A. Mafimidiwo and A.K. Saha

476

16:45 Investigation into the Impact of Wind Power on Power System Inter-Area and Local-Area Oscillation
Modes

C. Chidzikwe, J.M. Van Coller and T. Modisane

482

Smart Grids and Micro Grids

15:30 The E↵ectiveness of a Wireless Mesh Communication Network for Distribution Automation in Elec-
tric Utilities

T. Khan, N. Ramchunder and Y. Brijmohan

488

15:45 Analytical BER of OFDM power Line Communication at Di↵erent IAT of Impulsive Noise

S.O. Awino, T.J.O. Afullo and P.O. Akuon

496

16:00 Smart Grid Communications using Cognitive Radio with Prioritize Utilization of Available Spectrum

B. Groenewald and V. Balyan

502

16:15 Evaluation of Third Generation Power Line Communication through Transformers

J. Carinus and J. Beukes

507

16:30 A Comparison of Imputation Techniques for Sensor Fault Detection in a Smart Power Grid

D.S. Subramoney, K.J. Nixon and S.P. Levitt

513
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Wednesday, 1 February, 09:00 – 10:30

High Voltage Engineering 5

09:00 Selection and Coordination of Surge Arresters for Switching Transient Mitigation in a Photovoltaic
Power Plant

R. Oliveira, P. Bokoro, B. Paul and E. Ndlovu

518

09:15 Investigating the E↵ect of Fuse Wire Size on Energy Expended in Arc Flash Testing

A. Munhutu, I. Djurdjevic and J.M. Van Coller

524

09:30 Expanding Data Available From Partial Discharge Measurement Equipment

D.R. Cornish , C. Nyamupangedengu and I. Sigalas

530

09:45 Review on Fire Behaviour Under Transmission Lines

K.G. Ilunga, J.T. Agee and A.G. Swanson

535

10:00 The Impact of Lightning and Fault Current on the Current Distribution of OPGW installed In HV
environments and the Associated Thermal Impact

C. Govender, A.G. Swanson and M. Khan

541

10:15 Surface Discharge on Press-Board in Natural Ester Oils.

N. Okon, M. Jhazbay and A.G. Swanson

547

Transmission, Distribution and Reticulation Networks 2

09:00 Review on Frequency Support by Variable Speed Wind Turbine

N.T. Nkuna, K.A. Folly and M.A. Khan

553

09:15 Installation and Commissioning of a Step Down Transformer

F. Mhosho and A.K. Saha

559

09:30 Power Flow Dispatch Based on Transmission Line Reserve Operating Capacity Identification

D.E. Okojie, A.A. Jimoh, Y. Hamam and A.A. Yusu↵

565

09:45 Power System Stabilizer Design using Self-Adaptive Di↵erential Evolution

D.A. Dombo and K.A. Folly

571

10:00 Pipeline Grounding Condition: A Control of Pipe-To-Soil Potential for AC Interference Induced
Corrosion Reduction

K.B. Adedeji, B.T. Abe, Y. Hamam, A.M. Abu-Mahfouz, T.H. Shabangu and A.A. Jimoh

577

10:15 Developing a Simulation Tool for Ad Hoc LV DC grids with Decentralized Control

M. Are↵, W.A. Cronje and J.A. Naude

583
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Electrical Machines and Drives 3

09:00 Design Methodology for Rotor-Tied Doubly Fed Induction Generators

O.I. Olubamiwa and N. Gule

589

09:15 The Steady State Operation of a Rotor-Tied Doubly Fed Induction Generator

O.I. Olubamiwa and N. Gule

595

09:30 Eddy Current Yaw Damper for a Small-Scale Down Wind Turbine

C.J.J. Labuschagne, M.J. Kamper, A.S. Erasmus and J.J. Britz

601

09:45 Improving Starting Torque Quality of Wound-Rotor Induction Motor for Geared Fan Loads

M. Mabhula and M.J. Kamper

607

10:00 Investigation of Low-Cost PM flux Switching Machine for Medium-Speed Geared Wind Energy
Applications

U.B. Akuru and M.J. Kamper

613

Protection and System Automation 1

09:00 Algorithm for Mitigating Adverse Synchrophasor Measurement Latency and Packet Losses in Wide
Area Power Systems

E.M. Mthunzi and R.T. Tzoneva

619

09:15 Validation of Power Transformer Models for Assessing the Impact of Geomagnetically-Induced Cur-
rents

B.S. Rigby, C. Palhad, A. Bartylak and A. Perera

630

09:30 Value Added through Protection Performance Investigations

C. De Villiers

637
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D. Pillay and A.K. Saha

649
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E. Singh, I.E. Davidson and G.K. Venayagamoorthy

655
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N.M. Maphundu, T.I. Rakoma, A.M. Hank and C. Nyamupangedengu

660

11:15 Breakdown of CO2 in Uniform and Non-Uniform Fields Under Standard Lightning Impulse

K. Nankoo, M. Brown and A.G. Swanson

666

11:30 Experimental Determination of the Electrical Properties of Di↵erent Soil Types Under Lightning
Impulse Conditions

T.M. Rokebrand, R.W. Robinson and K.J. Nixon

671

11:45 An Overview of Research Relating to the Interaction of Lightning and Trees

M. von Poser and K.J. Nixon
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11:00 A Thermodynamic Cycle Model of a Transcritical CO2 Heat Pump for Energy-Visualisation

J.J.A. de Bruin, K.R. Uren, G. van Schoor and M. van Eldik
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W.D. Terblanche and H.J. Vermeulen
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A.C. Maraschin, J.T. Kühn and J.I. Braid
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707

10



Renewable Energy 3
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11:30 PV simulation Software Comparisons: PVSYST, NREL SAM And PVLIB

T. Gurupira and A.J. Rix
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T. Mahachi and A.J. Rix
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D.J. Iradukunda and W.A. Cronje
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A.F. Sagonda and K.A. Folly
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Distributed and Embedded Generation

11:00 Comparison of the Performance of Sensitivity-Based Voltage Control Algorithms In DG-Integrated
Distribution Systems

P.T. Manditereza and R.C. Bansal
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11:15 Discussion of Methods and Past Results of Grid Thévenin Equivalent Impedance (TEI) Estimation
in the Context of Distributed Generation (DG)

A. Knezevic, D.T.O. Oyedokun and B.G. Rawn

754

11:30 DC-link Based Control System for a Stand-Alone Variable Speed Wind Energy Conversion System
with Storage
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11:45 Feasibility Analysis of O↵-Grid Renewable Energy Solutions for Electrification of South African
Villages

H. Patel and S. Chowdhury

766
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K.O. Akpeji, K.A. Folly and K.O. Awodele

772
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X.M. Hu, M.A. Khan and P. Barendse

837
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W.K. Sing and K.O. Awodele

847
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COMPARISON OF INCIPIENT FAULT IDENTIFICATION IN OIL-
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MEMBERSHIP FUNCTIONS, IEC 60599 AND DUVAL TRIANGLE

G. K. Irungu*, A. O. Akumu**, J. L. Munda***

Faculty of Engineering and the Built Environment, Department. of Electrical Engineering, Tshwane
University of Technology, Private Bag X680, Pretoria 0001, Republic of South Africa
* kimaniirungu@yahoo.com
** akumuao@tut.ac.za
*** mundajl@tut.ac.za

Abstract: Incipient fault diagnosis in an oil-filled electrical equipment is an important exercise if
preventable failures are to be avoided. In most cases, failures develop whenever the insulation system
is subjected to excessive operational stresses beyond its designed limits. When this occurs, insulation
disintegrate slowly or suddenly with time to generate gases which dissolves in the oil. It is these gases
when extracted, their proportionate amounts and rate of generation signals the fault presence, type and
rate of evolution. There are numerous methods documented in literature used to identify the kind of
fault affecting an equipment from the extracted gases. None of these techniques yield 100% accuracy.
This work compares the accuracy of fault identification using fuzzy-logic with empirically derived
trapezoidal membership functions with minimum rules and several standard incipient fault
identification methods available in literature. This technique uses three hydrocarbon gases as inputs;
methane, acetylene and ethylene. One hundred and seventeen fault cases of visually inspected
equipment and documented in IEC TC 10 databases are used for verification. This method attains an
accuracy of 89.74% when compared with IEC 60599 76.9% and Duval triangle 90.6%. The proposed
fuzzy logic method is simpler as its output is a single numerical value which is easier to read unlike
IEC fault codes and is easily implementable in readily available MATLAB software compared to
triplot software for Duval triangle which is uncommon.

Key words: Dissolved Gas Analysis (DGA), Fault Gases, Fuzzy Logic, Incipient Fault, MATLAB
Simulink, Membership Functions (MFs).

1 INTRODUCTION

The incipient fault diagnosis for oil-filled electrical
equipment considered faulty is of great significance in
power system infrastructure. This is because they form the
backbone of the system [1]. Such equipment includes;
transformers, cables, bushing, reactors and capacitors.
These equipment owing to their high ratings are filled with
cooling and insulating oil in addition to the solid
insulation. When there is a fault due to an abnormal
operating stress, the insulation system decomposes at the
point of the fault into gases and other chemical byproducts
which dissolves in the oil. These gases when extracted,
their amounts, type and rate of generation signifies the type
of fault in action and its rate of evolution. This process of
extracting dissolved gases and applying it in fault
identification is known as dissolved gas analysis (DGA).
It is the most reliable, sensitive, comprehensive and widely
applied method for incipient fault diagnosis [2].
DGA has an added advantage of being non-intrusive, on-
line or off-line tool. An example most generator step-up
transformers have an on-line DGA owing to their
importance in the network [3-4]. The dissolved gases used
mainly in fault diagnosis are; hydrogen ( )2H , methane
( )4CH , ethane ( )2 6C H , ethylene ( )2 4C H , acetylene ( )2 2C H ,
carbon monoxide ( )CO and carbon dioxide ( )2CO [5 - 6].

There are various methods applied in fault identification
using DGA. They generally fall into two categories;
numerical and artificial intelligence (AI) techniques [7].
Typical examples of numerical techniques are; IEEE key
gas method [5], ratio techniques such as Doernenburg,
Rogers, IEC 60599 [6] and graphical tools like, Duval
triangles 1-7, Duval pentagons 1 & 2 [8-9]. Examples of
AI methods are; fuzzy logic (FL) [10], artificial neural
networks (ANN) [4,11], support vector machines [12],
evidential reasoning [7] and gene programming [13].
There are standard numerical techniques documented in
literature like; Duval triangles and pentagons, IEEE key
gas, Rogers and IEC 60599 gas ratios [5, 6]. None of these
tools are 100% accurate. According to [14], research done
using fault cases of equipment documented in IEC
database, Duval triangle can achieve 96% accuracy. The
AI methods depend on the expert knowledge and source of
data used for building and testing. Thus, to date no
standard AI technique has been agreed upon and
documented. This research compares the accuracy of FL,
with Duval triangle and IEC 60599 gas ratios.

2 METHODOLOGY

This section looks at a brief review of the Duval triangle
and the proposed FL fault identification methodology. For
comparison, faults are classified into five categories which
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are reliably, visually and distinctically identifiable. These
categories are [6];
• partial discharges (PD) of the cold plasma type
evidenced by X-wax formation and its deposition on
paper as well as small perforation punctures in solid
insulation;

• electrical discharges of low energy (D1) due to
sparking, treeing and tracking evidenced by significant
paper punctures, carbonization of paper surface plus
carbon particles in oil;

• electrical discharges of high energy (D2) e.g. arcing
with power follow-through evidenced by extensive
carbonization of paper and or oil, metal fusion and
sometimes tripping of equipment;

• thermal faults in oil and/or paper below 3000C (T1) if
the solid insulation has turned brownish and above
3000C (T2) but below 7000C if the paper has
carbonized;

• thermal faults in oil and/or paper of temperatures
7000C (T3) and above evidenced by carbonization of
oil, metal coloration and/or fusion.

2.1 Duval Triangle

This is an empirical tool developed in the early 1970’s,
the Duval triangle is a graphical technique which uses
three gases; 4CH , 2 2C H and 2 4C H to represent the three
axes of a triangle [8, 15]. Diverse faults maps onto
different locations of the triangle and this enables fault
identification as shown in Figure 1.

Figure 1. Duval triangle showing how different faults
map.

The coordinates of the triangular axes are formed by the
percentages of these gases as represented by equations (1)
to (3).

4
4

4 2 2 2 4

100% (1)CHCH
CH C H C H

=
+ +

2 2
2 2

4 2 2 2 4

100% (2)C HC H
CH C H C H

=
+ +

2 4
2 4

4 2 2 2 4

100% (3)C HC H
CH C H C H

=
+ +

Where 4CH , 2 2C H and 2 4C H are extracted gases
measured in parts per million (ppm). The main advantage
of this technique is that it always provides a diagnosis with
a low percentage of wrong diagnosis. Furthermore, it can
be used to track visually how a simple incipient fault
progresses with time to a more catastrophic one. Among
the known standard tools of fault identification using
DGA, Duval triangle has the highest accuracy of up to 96%
with a chance of giving 4% wrong diagnosis [14].

2.2 Fuzzy Logic

This is a technique of solving problems by using linguistic
variables (words) rather than crisp sets [10, 16]. Fuzzy
logic translates input vector to a membership function
(MF), MF into IF-THEN rules, IF-THEN rules into output
MF and finally output MF into output vector. The output
vector is normally a numerical value or a decision. The
three gases; methane, acetylene and ethylene are first
normalized against their sum as given by equations (4) to
(6) so that their range lies between zero and one.

4
4

4 2 2 2 4

(4)CHCH
CH C H C H

=
+ +

2 2
2 2

4 2 2 2 4

(5)C HC H
CH C H C H

=
+ +

2 4
2 4

4 2 2 2 4

(6)C HC H
CH C H C H

=
+ +

The schematic FL inference system with three inputs, one
output and one hundred and eighty rules is as illustrated
in Figure 2.

fuzzy
inference
engine

(Mamdani)
IF..THEN
180 rules

output
diagnosed
fault

input membership
functions

output membership
functions4CH

2 4C H

2 2C H

Figure 2. Schematic FL inference system with 3 inputs
and 1 output.

The pictorial representation of the steps in the proposed
fuzzy logic approach is as illustrated by Figure 3. After
analyzing faults documented in literature, it is possible to
empirically develop fuzzy trapezoidal MFs to identify
each or a combination of the five classes of faults
mentioned above. For each gas, different trapezoidal MFs
were constructed representing the probability of different
faults as the per unit gas value varies from 0 to 1.

SAUPEC 2017 15



start

read the inputs
H2, CH4, C2H4,
C2H6, C2H2

find the ratios
C2H2/C2H4<0.1, 0.1<CH4/H2<1,

C2H4/C2H6<1

does a fault
exists?ratios not

violated

NO YES
ratios
violated

Normalise CH4, C2H2,
C2H4 against their sum

fuzzify the inputs and apply
IF...THEN rules from
knowledge base

defuzzify the output and
identify the diagnosed fault

stop

Figure 3. Flowchart illustrating the steps in the proposed
fuzzy logic approach.

Trapezoidal MFs were chosen since they offer the best
transformation from the gases per unit values to
probabilities based on authors’ experience. They are also
simple, representative and convenient. Mathematically, a
trapezoidal MF is described by equation (7) [16].

( ); , , , max(min[ , 1, ], 0) (7)f x a b c d
x a d x
b a d c
− −

=
− −

Where the x coordinates of the corners of the trapezoidal
membership functions are given by the four parameters (a,
b, c, d) satisfying the constraint a b c d< < < .
These MFs showing the probabilities and type of fault(s)
each of the three gases support at a certain level are shown
in Figures 4, 5 and 6.

Figure 4. Fuzzy membership functions for methane.

Figure 5. Fuzzy membership functions for acetylene.

Figure 6. Fuzzy membership functions for ethylene.

The MFs from the three gases were combined using FL IF-
THEN rules. There are 180 (6x6x5) possible IF-THEN
rules but not all combination will yield a feasible fault and
the fact that also the following rule given by equation (8)
must hold. This leads to only 75 rules being useful the rest
105 being redundant.

4 2 2 2 4. . . 1 (8)CH pu C H pu C H pu+ + =

The output MFs chosen to represent the type of fault
diagnosed were triangular. These MFs are simple and
representative of the desired output compared to
trapezoidal used for transforming the inputs to fuzzy
variables. The output membership functions are as shown
in Figure 7.
Example of how the membership function combine using
fuzzy logic; IF methane MF1(D1, D2, T3) AND acetylene
MF5 (D1, D2) AND ethyleneMF4(T3, D2) THEN the fault
is D2 since its common in all the MFs representing the
three gases. The faults surface rule viewer for any two
inputs to the output are as shown in Figures 8 to 10.
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Figure 7. Fuzzy membership functions for output.

Figure 8. Faults surface rule viewer for methane and
acetylene.

Figure 8 shows four distinct regions as indicated by
arrows; none (no fault), D2, T3 and mixed thermal &
electrical faults.

Figure 9. Faults surface rule viewer for ethylene and
methane.

Figure 9 has three distinct areas as indicated by arrows;
none, D1, and D2 regions. In Figure 10, there are four
different regions as shown by arrows; none, D1, D2 and
T1T2 regions. The area where PD faults map on the surface
rule viewer Figures 8, 9 and 10 is so small that it is not
visible.

Figure 10. Faults surface rule viewer for ethylene and
acetylene.

A typical real example, a fault has the following DGA
results; hydrogen 530 ppm, methane 345 ppm, acetylene
250 ppm, ethylene 266 ppm, ethane 85 ppm, carbon
monoxide 3900 ppm and carbon dioxide 20000 ppm.
Applying equations (4) to (6), the corresponding per unit
values of methane, acetylene and ethylene are; 0.4, 0.29
and 0.31 respectively. IF methane (0.4 pu) MF1 (D1, D2,
T3) AND acetylene (0.29 pu)MF5 (D1, D2) AND ethylene
(0.31 pu)MF3 (T1&T2, D2) THEN the fault is D2 which is
an electrical discharge of high energy. This was due to
arcing in the windings of a transformer.

3. RESULTS

The fault identification methodologies were evaluated
using one hundred and seventeen cases of visually
inspected faults that are document in IEC TC 10 databases
[6] and summarised in Table 1. These fault cases were as
follows; 37 power transformers without communicating
OLTC (P), 22 power transformers with communicating
OLTC (U), 32 reactors (R), 12 instrument transformers
(I), 5 bushing (B), 2 cables (C) and 7 OLTC selector
switch compartment (S).

Table 1. Number and fault type per equipment
category.

Item I P U R C S B Total
faults

PD 7 0 1 0 0 0 1 9
D1 0 8 3 8 1 4 2 26
D2 1 15 12 17 1 2 0 48
T1&T2 4 6 2 2 0 0 2 16
T3 0 8 4 5 0 1 0 18
Total 12 37 22 32 2 7 5 117

Figure 11 shows how the faults mapped into different
regions of the Duval triangle. Table 2 shows the number
of faults which were correctly identified by each technique
based on the five fault categories as per IEC 60599
standards [6]. It is clear that the proposed FL with the
given empirical trapezoidal MFs has nearly the same
accuracy as Duval triangle and much better than IEC
60599 gas ratio technique. Since the triplot software to plot
Duval triangle is not easily available like MATLAB, one
can apply this FL scheme with the given MFs for fault
identification. Like the Duval triangles, the FL applied in
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this work cannot fail to give a diagnosis [17]. The
MATLAB Simulink diagram for simulating the fault
identification using FL, Duval triangle and IEC 60599
techniques is shown in Figure 12. In this figure the
equipment is tested first for fault condition using the
Rogers’ ratios for normal equipment C2H2/C2H4<0.1,
0.1<CH4/H2<1, C2H4/C2H6<1 [6-7]. If all these ratios are
satisfied, then the equipment is normal otherwise it is
faulty.

Figure 11. Duval triangle showing how the 117 faults
mapped into different regions.

Table 2. Fault identification using FL, IEC 60599 &
Duval triangle.

Fault
type

No.
of
cases

Correctly identified Percentage
accuracy

Duval
Tri.

IEC
60599 FL Duval

Tri.
IEC
60599 FL

PD 9 9 8 9 100 88.9 100
D1 26 22 21 21 84.6 80.8 80.8
D2 48 47 41 47 97.9 85.4 97.9
T1&T2 16 12 9 12 75 56.3 75
T3 18 16 11 16 88.9 61.1 88.9
Total 117 106 90 105 90.6 76.9 89.7

4. DISCUSSIONS

It is clear from the result that none of the method is 100%
accurate. The fault identification abilities for Duval
triangle and FL are comparable from one fault class to
another. IEC 60599 is less accurate relative to these other
two techniques. In [2], a graphical pentagon tool was
proposed and tested, it achieved 70% accuracy. Reference
[10] proposed FL approach incorporating Rogers, IEC
60599, IEEE key gas, Doernenburg and Duval triangle
methods but no final accuracy figure was given. In [4]
faults were classified into three classes, D (D1 & D2),
T1&T2 and T3. Based on this, and using a multinomial
logistic regression model and back-propagation neural
network, an accuracy of 97.7% was reported. If faults
were to be classified into three classes as in [4], the
proposed FL method will achieve 94.87%. This is because
the 5 D1 misdiagnosed faults appeared as D2 faults and the
1 misdiagnosed D2 fault appeared as D1 fault. Ramping D1

and D2 faults together as D faults will achieve 100%
accuracy in this fault class. In [18], two graphical tools are
proposed. One; using the relative percentage of the four
gases hydrogen, methane acetylene and ethylene, an
accuracy of 95.4% was reported. Two; using combination
of the relative percentage of any two of those four gases
only, 96.2% accuracy was attained.
It should be noted that different researchers/experts will
achieve different accuracies depending on how they
classify the faults and the source of their data. Thus,
comparison of results from different experts is a
challenging task. This can be eliminated only if the
researchers use the same database, classify faults into the
same categories and this must be faults that are reliably,
visually identifiable and clearly distinct. The proposed FL
technique will be improved by trying to use more inputs
and using more cases should such data of visually
inspected equipment become available.

5. CONCLUSIONS

Fault diagnosis in a mineral oil-filled electrical equipment
using FL, IEC 60599 and Duval triangle incorporated in
MATLAB Simulink has been presented. The FL model
developed here with seventy-five rules can also be adopted
as a standard tool in fault diagnosis just like the Duval
triangle. Since it is based on empirical trapezoidal MFs
which closely resemble the fault mapping areas of Duval
triangle looking at each of the three gases individually.
This could be the reason the two techniques have almost
the same accuracy.
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Abstract: The market for VSC-HVDC technology has been growing steadily. This is largely due to 
their flexibility that allow for easier interconnection between various power networks. Unfortunately, 
VSCs are vulnerable to DC faults. Such faults result in a DC voltage depression causing large current 
rise in a very short space of time and therefore potentially damaging the converters IGBT switches. It 
is thus important that robust protection devices be implemented. Existing HVDC protection schemes 
are not yet as mature as those in HVAC systems. This is evident by the continuing challenge to design 
a versatile circuit breaker for isolating DC faults and devising a robust fast protection scheme. As an 
alternative VSC systems can also configure their converter topology and control mechanisms to deal 
with DC faults. This paper aims to review the behavior of VSCs during DC faults and investigate 
existing power system protection schemes proposed to deal with such faults.  
 
Keywords: VSC-HVDC, DC faults, fault current, protection schemes. 
 
 
 

1. INTRODUCTION 
 

Electrical energy has become the backbone of our 
modern societies, with its demand increasing with the 
growing population. Recent concerns in climate change 
have however motivated the electric power industry to 
meet their demands while still ensuring a lower 
environmental impact. This has raised an interest in the 
business of interconnecting renewable energy sources 
like offshore wind farms with existing AC grids. 
Amongst existing technologies, voltage source converters 
(VSCs) are found better suited for such applications as 
they have the capability to control both active and 
reactive power, independently of each other [1]. Its 
advancements in the industry are also set to address 
conventional network issues such as bulk power 
transmission over long distances and interconnection of 
asynchronous networks. Its development is still however 
considered to be in its infancy when compared to other 
power transmission technologies [2]. Further 
development of VSCs will be of tremendous benefit in 
islanded power supplies and multi-terminal DC (MTDC) 
transmission.  
 
Research suggests that VSCs are better suited for MTDC 
systems as their power flow can be changed without 
changing the voltage polarity but by only changing the 
direction of current [3].The first recorded official VSC 
MTDC system was installed in 2013. It is based on the 
Modular Multilevel Converter (MMC) technology and 
was commissioned in China [4]. The main objective was 
to integrate wind power generated in Nan’ao Island into 
the inland power system. This link, being the first 
operating VSC-MTDC system, represents an important 
milestone in the development of future HVDC grids and 
perhaps the realization of the European HVDC ‘‘Super 

grid’’ and other related projects under development [5]. 
There are drawbacks that constraint VSCs from being 
extensively deployed and replacing classical HVDC 
converters in bulk power transmission. These include the 
limitations on the power capacity of Insulated Gate 
Bipolar Transistors (IGBTs) and the higher switching 
losses. 
 
Traditional HVDC systems such as the Line Commutated 
Converters (LCC) are known to be robust to DC faults as 
they are current-regulated with a large smoothing 
reactance connected in series with cables [3]. This 
prevents them from suffering from over-currents due to 
DC faults. VSCs on the other hand are limited by their 
low current withstand capacity. Thus, their vulnerability 
to faults and need for high speed protection scheme are 
major issues that constraint their development. 
Flourentozou [1]  indicates that the current limit of the 
converters has a significant influence on the dynamic 
response of the system. Hence faults on a DC line fed by 
VSCs must be limited and interrupted much faster than 
those of conventional HVDC systems. A VSC-HVDC 
system may typically be exposed to AC side faults, 
internal converter faults and DC side faults. The latter is 
said to occur more frequently and are more problematic 
to handle. To mitigate the challenges in DC fault 
protection, several research investigations have been 
presented analyzing the development of DC faults, DC 
fault detection and location methods, and the 
development of DC breakers. There is however limited 
in-depth analysis into converter behavior under DC fault 
conditions, this study sets out to improve the 
understanding of systems operation under DC fault 
conditions and thus aid in the development of effective 
DC protection methods and ultimately protective 
switchgears. A reliable protection scheme should quickly 
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detect, locate and isolate a fault before it causes damage 
to other healthy components in the network. Depending 
on the converters topology and parameters, DC protection 
system should operate in the order of 10ms from 
inception of the fault to tripping [2]. This paper aims to 
provide a detailed analysis on the behaviour of a VSC-
HVDC system during DC side faults. It further highlights 
current methodologies being implemented to detect, 
locate and isolate DC faults in a VSC-HVDC 
transmission system.  
 

2. FAULT ANALYSIS 
 

Although widely appreciated for their controllability and 
flexibility, VSC-HVDC systems are largely defenseless 
against DC side faults [6]. This highly affects the smooth 
and robust operation of the overall network. When a DC 
fault occurs, IGBTs lose control and the freewheeling 
diodes act as a bridge rectifier and feed the fault. This 
results in a significant rise in current which can damage 
any equipment close to it [6]. VSC-HVDC systems are 
commonly exposed to line-to-line (L-L) and line-to-
ground (L-G) faults. L-L faults are the most severe but 
less likely to occur, while L-G faults are less harmful but 
occur more frequently [7]. Both L-L and L-G faults can 
occur in either cables or in overhead transmission lines 
(OHL). In OHLs, most faults involve the arcing 
phenomena triggered by weather conditions. Cable faults, 
though less frequent are more permanent. They mainly 
occur as a result to insulation deterioration, physical 
damage, environmental stresses and electrical stresses 
[8].  A protection system should therefore be able to 
reliably discriminate between these cases and take 
appropriate action accurately and fast.  
 

2.1. Line-to-line fault analysis 
 
These types of faults occur as result of direct contact or 
insulation breakdown between the positive and negative 
conductors of a cable or OHLs. As shown in Fig. 1, 
during such faults the IGBTs are blocked and the anti-
parallel diodes carry the fault current. The response 
following the DC side fault can be categorized into three 
stages. 
 

 
Figure 1: VSC with cable line-to-line fault. 

 
Capacitor Discharge Stage: In the first few microseconds 
the converter valves are blocked as a means of protection 
against overcurrent. Freewheeling diodes are then forced 

to conduct in the reverse direction, protecting valves from 
large over-voltages [9]. Consequently there is a voltage 
drop, characterised by a high peaked current that 
eventually decays with time. 
 
Diode Freewheeling Stage: This is initiated when the DC 
fault commutates to the converter freewheeling. The DC-
link voltage is totally discharged reaching zero and thus 
the cable inductance drives the current around the 
freewheeling path. It is regarded as the most hazardous 
period as the circulating fault current has the potential to 
destroy anti-parallel diodes [2]. Although the initial diode 
currents are high, they decay with time. 
 
Grid side current feeding stage: During this stage, the 
DC-link capacitor and cable inductor have a forced 
current source response. The IGBTs are blocked and the 
converter behaves as an uncontrolled rectifier, injecting 
current from the AC system into the DC side fault via the 
freewheeling diodes.  
 

2.2.  Line-to-ground fault analysis 
 
L-G faults are usually triggered when insulation of the 
cable breaks and the line conductor touches the ground. 
Usually grounding arrangements of the system play a 
significant role as different current loops can be formed. 
These arrangements include grounding of the neutral 
point on the step-up transformer on the AC side and 
grounding of the DC-link midpoint [2, 9]. For a midpoint 
earthed DC link capacitor (shown in Fig. 2), the fault 
behaviour can be categorized into several stages:  
 

 
Figure 2: VSC with cable line-to-ground  fault. 

 
Capacitor discharge stage: The DC link voltage is 
disturbed but does not collapse to zero. This results in no 
free-wheeling diode conduction being present. It is 
important to note that even though the DC link voltage is 
sustained, the faulty pole voltage collapses to zero 
through the grounding fault impedance while the healthy 
pole voltage rises towards 2p.u. [10]. This raises concerns 
regarding the voltage insulation of individual conductors.  
 
Grid side current feeding stage: The main contributions 
of fault current include: the cable inductance, the AC 
transformer’s self-inductance and its grounding 
inductance [10]. Conduction of the free-wheeling diodes 
occurs when the DC voltage drops below the AC voltage. 
While IGBTs are rapidly blocked, the AC side fault 
current keeps feeding the fault through the converter 
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freewheeling diodes. The system settles to a steady state 
with a fault current consisting of the AC contribution and 
any DC link still feeding the fault. 
 
The fault characteristics discussed usually occur to 2-
level converters. Where, during a DC fault the 
capacitance is always discharged first through the anti-
parallel free-wheeling diodes. Investigations further 
suggest that this response can be similar even for 3-level 
converters [5]. However, in modular multilevel 
converters (MMC), the large DC link capacitance is 
replaced by cascaded capacitors and therefore the fault 
behaviour response is different to that earlier proposed 
[11, 12]. Yang [8, 13] presents a unique analysis which 
makes use of nonlinear circuits and the п-equivalent 
model to represent the DC cable. The analysis however 
does highlight aforementioned as the main stages that 
occur as a result of a DC fault. 
 

3. VSC-HVDC PROTECTION 

VSC-HVDC systems are known to effectively cope with 
grid side AC disturbances but are extremely vulnerable 
under DC faults. Therefore quick detection, location and 
isolation of the fault are of uttermost importance to 
ensure their reliability as an electric power delivery 
system. The basic function of the designed protection 
scheme is to continuously monitor the system for any 
possible failures without interfering with or limiting the 
normal operation of the system. Important factors 
considered include incorporation of features aimed at 
preventing failures and making provisions for mitigating 
the effects of failure when it does occur [5]. A feasible 
and versatile protection system is however a major 
challenge in the industry. 
 

3.1. Detection and location methods 

Accurate fault location techniques are considered as one 
of the most important characteristics since they 
consequently reduces maintenance and restoration times. 
Examples of protection techniques include detection and 
location methods such as the travelling wave methods, 
differential methods, current/voltage derivative methods, 
overcurrent and under-voltage [5, 14, 15]. The protection 
of point to point VSC-HVDC links is mainly based on 
travelling wave theories, while  current options to  best 
protect MTDC systems include differential methods with 
overcurrent protection as a back-up method [5]. 
Unfortunately these solutions are considered feasible only 
when reliable fast communication links are available. 
 
Travelling wave: Location of faults in these schemes can 
be based on measurements at one end or at both 
terminals. The single end method is considered 
economical, eliminating the use of fast communication 
links. However the two ended method is more reliable, as 
it needs synchronization of measurements at the two ends 
and therefore ensuring the accuracy of the information it 
releases [16]. Calculations involved with travelling wave 
based location schemes are simpler in theory, however 

their implementation is more challenging due various 
factors that contribute to errors (e.g. wave front detection 
algorithm) [2, 16]. Modern travelling wave methods 
usually include wavelet analysis, mathematical 
morphology, Hilbert Huang transform and independent 
analysis [16]. The derivate fault location methods are also 
considered as a form of travelling wave protection 
methods. They rely on accurate measurement of the rate 
of rising fault current or voltage [5].  
 
Most travelling wave protection methods that have been 
developed are more applicable to point to point VSC-
HVDC systems than to MTDC networks. Therefore it is 
important that the shortfalls that make them unsuitable 
for MTDC networks are improved. Solutions to improve 
these methods are currently being studied. Some of the 
already proposed solutions include the travelling wave 
dispersion effect, set to improve the robustness of the 
method [5]. Solutions set to improve travelling wave 
methods have the common objective of capturing, 
processing and extracting useful information about the 
fault accurately and at very high speeds to ensure 
protection of converters and DC breakers [2].  
 
Hybrid Approaches: These combine existing protection 
methods with novel algorithms. An example of such a 
scheme is the travelling wave based differential 
protection method proposed for use in bipolar VSC-
HVDC transmission lines. Lui [17] describes a mixed 
travelling wave methodology in detail for monopolar 
transmission line. In this algorithm a stationary wavelet 
transform is used to obtain useful information from the 
DC signal combined with the boundary protection 
principle to accurately identify internal and external 
faults. A similar approach presented by Kong [18] is 
based on boundary protection to detect the fault and 
travelling wave which determines the fault direction. 
Likewise this algorithm is able to identify the affected 
pole and distinguish between lightning faults and other 
disturbances.  
 
Using artificial intelligence is an equally promising 
approach due to its accurate ability to recognize patterns. 
During a study, Peng [19] suggests that a wavelet 
transform be used to pre-process the DC voltage signal, 
and then an Artificial Neutral Network (ANN) to 
effectively identify faults. There are several other 
protection methods applied in a HVDC systems that 
make use of artificial intelligence, these are presented in a 
study presented by Ramesh [20]. Frequency spectrum of 
voltage and current can also offer very useful sources of 
information for protection purposes. The natural 
frequency from the travelling wave reflection process in a 
transmission line can be useful when evaluating a fault 
situation [20]. Song [21] proposes a natural frequency 
protection method implemented by using Fast Fourier 
transform, band pass filters and other PRONY algorithms 
to extract useful data from the system and thereby 
detecting the fault occurrence. Alternatively, parameter 
identification is proposed as a possible solution, this is 
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evident in studies presented by Wang [22]. In this method 
measurements of capacitance are taken at both ends of the 
line, for analysis of faults. An internal fault is 
characterized by the simultaneous identification of the 
capacitance on both ends of the line, which is not true for 
an external fault. The method requires communication 
links and nothing complex since these are used only for 
status information. 
 
3.1. Isolation techniques  

 
Similar to any power system, in a DC scheme a short 
circuit or a fault in the VSC-HVDC system has the 
potential to cause very fast propagation on the VSC-
HVDC network, which can result in the disruption of 
power flow. The existing isolation strategies implemented 
to handle such disruptions include: 
 

� The use of AC circuit breakers (CB) to 
disconnect the entire VSC-HVDC system from 
the AC connected grids for all DC faults [23]. Its 
main drawback is that an extended time period is 
then required to re-establish active power 
transmission in the healthy parts. 

� Fault current contributions can also be 
interrupted by the use of either DC breakers on 
the DC terminals or by reversing the DC voltage 
on full bridge converters. The use of HVDC CB 
is regarded as technically superior since it 
isolates the faulted piece while the rest of the 
system continues to function normally [24]. 

 
Although AC devices have an advantage of being the 
more mature technology with lower costs and shorter lead 
time, DC devices are regarded a better option. This is due 
to the ability of DC devices to interrupt constant current 
faster than their AC counterparts to isolate faulted lines 
and maintain the operation of healthy lines. Fast fault 
clearing and active power recovery in case of DC faults is 
important to maintain power systems stability and 
integrity. DC circuit breakers are probably the most 
relevant DC protective switchgears. They are tasked with 
forcing the current to zero in order to interrupt the faults 
since DC current does not naturally have a zero crossing 
[9, 25].  
 
A circuit breaker must also dissipate the energy stored in 
the system inductance and withstand the voltage response 
of the network after current interruption [26]. 
Unfortunately when using DC CBs it becomes necessary 
to block all converter stations and to use mechanical 
switches to clear the faults. After selecting and 
eliminating the faulted line, the switches are reclosed and 
the IGBTs are unblocked to perform re-organization of 
power flow. This method is referred to as the 
Handshaking method [27]. Even though this technique is 
cheap to implement, because of the accompanying 
temporary outage of the entire DC system, this method 
has a negative impact on the reliability of the network. 
 

4. FUTURE OF VSC- HVDC TRANSMISSION 
PROTECTION 

 
Latest protection techniques are geared towards optimum 
accurate fault location, because it is considered a crucial 
task to detect and locate a fault current very quickly, in 
order to extinguish faults before they can affect the 
converter [28]. There have however been other 
commendable advances in other areas of VSC-HVDC 
protection. These techniques include isolation 
technologies and fault current limiting devices. Fast 
location and isolation techniques tend to be combined 
with distinct converters control, topological arrangements 
or fault current limiters to minimize the severity of a DC 
fault [29]. Studies carried out on methods for limiting 
fault currents conclude that they reduce DC faults 
severity. Superconducting fault current limiters are 
considered to be a promising option [30]. Peng [19] and 
Larruskain [26] provide more information about the 
effects of a superconducting fault current limiter. A 
similarly promising approach in protection is the 
development of new valve arrangements [31]. Alstom 
[31], a leading vendor in VSC technologies proposed a 
new hybrid VSC topology.  
 
This technology has been designed to deal directly with 
some of the main challenges posed by VSCs. The 
development of the hybrid combines concepts from 
conventional LCC converters with multi-level converters 
[31]. It provides advantages of low losses, low distortions 
(presented by half bridge multi-level converters) and DC 
fault blocking capabilities from full H-bridge converters 
[31]. The new hybrid VSC topology is also regarded as a 
good option for VSC-HVDC systems where converters 
are not only capable of isolating a DC fault but can also 
offer support to the AC system during the fault period 
[32]. Unfortunately, the approach developed by Alstom to 
protect a VSC-HVDC system, seems mostly feasible to 
converter stations still under development and not yet 
commercialized. Although existing converter stations can 
implement this solution by replacing their converters, it is 
uneconomical and may affect the power supplied to 
customers. Hence it is considered more feasible to 
develop isolators to perform the task of protecting 
existing VSC-HVDC system from being affected by 
faults. 
 
For an effective protection, an isolation device is always 
necessary in the system.  To clear a DC fault, no fault 
current should be fed to the fault for a period long enough 
that there is no possibility of re-striking when the voltage 
re-appears [27]. Studies show that for the past century 
one of the major drawbacks set to stunt the growth of 
VSC-HVDC transmission was the lack of suitable and 
efficient isolation devices [33]. DC switches are fast, 
mechanically operated switches but are incapable of 
interrupting fault current [29]. A feasible solution to 
combat this challenge would be to develop a breaker with 
low losses, high breaking speeds and appropriate for high 
DC voltages. The absence of this critical component is 
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one of the main factors that have limited VSC-HVDC 
topology to point to point configurations. ABB [33] 
developed a feasible unique hybrid HVDC breaker. The 
prototype is fast, reliable and has nearly zero loss. HVDC 
breakers and current limiters based on the hybrid HVDC 
breaker concept have been verified at component and 
system levels at ABB’s high power laboratories in 
Sweden and Switzerland, for HVDC voltages up to 320 
kV and rated currents of 2 kA [34]. This technology is 
also considered to be one of the key components for 
future grids.  
 
The hybrid HVDC breaker combines already existing 
power electronic devices with fast disconnecting gas 
insulated switchgear (GIS) technology to protect VSCs 
from line faults in DC grids [35]. When tested, the 
prototype showed impressive results, with an opening 
time of 5ms [33]. With this new product, ABB appears to 
have solved a decade old engineering problem. However 
the costs associated with this breaker would appear to be 
high [33]. The next step is to deploy the breaker in a 
practical HVDC delivery system to test it under 
continuous full load conditions. Thus, research 
investigations are continuing to obtain more cost effective 
and efficient solutions.  
 

5. CONCLUSION 
 
As the power industry continues to invest resources in 
HVDC transmission research, its objectives remain to 
eliminate obstacles constraining its deployment. These 
technologies prove easier to implement with the 
availability of a robust control and protection scheme 
with fast and reliable detection, location and isolation 
methods. Current schemes are quite expensive and 
therefore not feasible. Investigations have thus continued 
on finding more economical protection methods. 
Research also aims to close the technology gaps 
associated with detection and location algorithms. 
Methods that are somewhat faster but also more accurate 
and selective for the VSC–MTDC systems are the focus 
of many studies. When making reference to the main 
principles of  DC protection, the travelling wave 
detection and location methods seems to have a 
promising future in the protection of VSC-HVDC and 
more especially MTDC systems. This scheme is thus 
recommended for more analysis and review. 
Contributions to mitigate its current drawbacks and 
improve its location techniques may play a major role in 
advancing the protection methods of DC faults and thus 
promote the use of VSC-HVDC schemes to more 
consumers. Isolation protection schemes on the other 
hand mostly promote the design of DC CB and control 
strategies for fast and reliable detection and isolation of 
faulted lines. DC CBs need optimization of speed, on-
state losses and DC opening capability. Implementing a 
combination of several protection schemes is also 
encouraged as it eliminates drawbacks of individual 
methods. Ultimately the future of VSC-HVDC 

technologies may depend strongly on their capability to 
survive DC faults.  
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Abstract: High voltage equipment involves both electrical and electronic components. In electrical 
power network, which consist of rotating machine, power transformers and transmission lines, field 
enhancement at critical regions can lead to local break down (Partial discharges). The continuous 
occurrence of partial discharges can lead to complete breakdown. Power electronics such as power 
converters operate at voltage up to 6.5 kV. Sharp edges cannot be avoided during fabrication due to 
the miniature nature of the semiconductor device as a result high field regions exist while in 
operation. These regions are prone to partial discharge activities. Different power equipment operates 
at different voltages such as AC, DC, square voltage, pulse voltage, fast rise transient voltage etc. 
This work presents the influence of sinusoidal voltage, square voltage and fast rise voltage on two 
different geometries. Fast rise voltage has the lowest partial discharge inception voltage while the 
sinusoidal voltage has the highest. This is due to the presence of homo-charges which shield the 
electrode from early inception of partial discharges when sinusoidal voltage was applied. 
 
Key words: high voltage insulation, materials, partial discharges, electrical breakdown, fast rise 
voltage 
 
 

1. INTRODUCTION 
 

In recent years, quite a number of works has been done to 
obtain detailed information about partial discharges and 
electrical breakdown in dielectric solids and liquids in 
power equipment. There are various geometries in power 
equipment that could influence field distribution but the 
most favourable electrode configuration for high voltage 
experiment in laboratory has been the point-plane 
geometry. This geometry is often preferred because the 
point yields a high electric field even at moderate 
voltages. It is also easy to view the effect of polarity 
reversal on discharges with point electrode. In insulating 
liquid for example, it is commonly known that 
application of alternating electrical field generates free 
space charges in the liquid at the tip of the point 
electrode. This is due to electric field dependent ionic 
dissociation, electric field dependent molecular ionization 
and electrode mechanisms such as field emission and 
tunnelling. When charge is injected (homo-charge) in the 
bulk, they are transported away from the high field 
region. This charge will reduce the edge field during the 
first half cycle. In the second half of the cycle where 
polarity reversal occurs, the homo-charges becomes 
hetero-charges and enhances the field. The newly injected 
homo-charges remain within the high field region 
counteracting the influence of the hetero-charges [1]. The 
forces on the homo-charges dominate as the field within 
the vicinity of the charge is higher than the field around 
the hetero-charges. The newly created homo-charges 
closer to the triple point are transported away. The total 
electric field is changed by these space charges hereby 
influencing the probability of PD inception. This process 
has influence on the time for partial discharge inception. 

The electrode geometry and configuration as well as the 
voltage type has influence on this process, thereby 
affecting the partial discharge (PD) inception voltage and 
the PD magnitude. The transport of these injected charges 
may also be dependent on the presence of solid dielectrics 
adjacent to the point electrode. 
 
Real oil-filled power equipment has composite insulation 
system that consist of solid and liquid insulation of 
various shapes and configuration. The point-plane 
geometry in power equipment is often present in the 
shape of a conducting particle, either stuck at a barrier or 
freely moving in the bulk oil [2]. The conducting particle 
does not have to be in direct contact with an electrode to 
generate partial discharges and breakdown [3]. However, 
breakdown may also occur in power equipment as a result 
of local field enhancement due to unavoidable wedges, 
and the presence of moisture. 
 
In this work two electrode geometry types in oil 
insulation have been built for the experimental setup; a 
point-plane electrode and a point electrode on solid 
insulation. Three voltages type was used; sinusoidal 
voltage, slow rise square voltage and fast rise square 
voltage. The goal is to achieve discharge characteristics 
for each geometry and voltage type and how it affects the 
integrity of real power equipment/components. The 
characteristics could be used to identify PDs resulting 
from such geometries in power equipment. 
 

2. EXPERIMENTAL 
 

The laboratory experiment was performed in a test cell 
(pressure vessel). The point-plane electrode geometry 
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was mounted in the pressure test cell. It consists of a 
tungsten needle (etched to obtain a tip radius of 
curvature, rp of about 2 μm) facing a grounded plane. The 
gap distance was made to be 2.5 mm. The test cell was 
filled with Nynas Nytro 1OX transformer oil. The cell 
was connected to high voltage source inside a screened 
cabinet. The PD behaviour was recorded with Omicron 
system under different voltage sources. The point-plane 
electrode geometry was replaced by a printed circuit 
board (PCB). The PCB is a model of baseplate for HV 
power electronics. The board was metallized at both sides 
with copper sheet of thickness 420 μm. The metal plate 
was etched to create a trench of 2.5 mm through the top 
metallization layer. Microscopic study shows that the 
trench has sharp edge of radius of about 2 µm. The two 
electrode geometries used in this work are shown in 

Figures 1 and 2. 
 
Figure 1: Electrode model; point-plane geometry 
 

 
Figure 2: Electrode model; PCB card with trench 
 

3. RESULTS AND DISCUSSIONS 
 
The results from a point-plane gap and the PCB trench in 
insulating fluid is shown in Figures 3 to 6. Figure 3 
shows a typical PD pattern for positive and negative PDs 
in bulk oil at 26 kVpeak-peak applied voltage. 

 
Figure 3: Typical electrical PD pattern of point-plane in 
mineral oil under sinusoidal voltage at 50 Hz 
 
The applied voltage was increased by steps of 1 kV with 
a waiting time of 1 minute at each voltage level till the 
inception of partial discharge. The inception voltage was 
considered to be the voltage where the first few PDs 

occur within the 1 minute. The partial discharge inception 
voltage (PDIV) for sinusoidal voltage was obtained to be 
18 kV. At this voltage, few small negative PDs above 
1 pC were recorded. The number and magnitude of the 
discharges increased with voltage till the pattern in 
Figure 3 was obtained at 26 kV. Positive PDs was 
observed from 22 kV. 

Changing the applied voltage to a square voltage with rise 
time of 400 μs, produced PD inception voltage of 14 kV. 
At 18 kV, the PD pattern shown in figure 4 was obtained. 
The resulting PDs from the application of the square 
voltage has higher magnitude compared with what was 
obtained under sinusoidal voltage. The discharges were 
observed to concentrate on the slope of the square wave. 
As observe under sinusoidal voltage, the number and 
magnitude of discharges increased with voltage increase. 

 
Figure 4: Typical PD pattern of point-plane in mineral oil 
under slow rise square voltage at 50 Hz 
 
The applied voltage was then changed to unipolar square 
wave voltage with rise time of about 100 ns. This led to a 
sharp decrease in PD inception voltage. PD inception 
voltage of 9 kV was obtained for both negative and 
positive pulse voltages. As seen in the typical PD pattern 
obtained at 10 kV in figure 5, the discharges due to fast 
rise square voltage was observed to have occupied a 
narrower region along the slope (as shown with the 
arrow) compared with the slow rise square voltage. 
 

 
Figure 5: Typical PD pattern of point-plane in mineral oil 
under fast rise square voltage at 50 Hz 
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Changing the test object from point-plane geometry to 
PCB card sample shows a shift in the PD pattern for 
every cycle under sinusoidal voltage as shown in 
Figure 6. A comparison of electrical PD pattern 
(Figure 6) with what was obtained from point-plane gap 
(Figure 3) indicate that the patterns have moved towards 
0-crossing for every half-cycle. This is a clear indication 
of the existence of space charges. These space charges 
are hetero-charges remaining from the injection at 
previous half-cycle. PD activity will be concentrated at 
the triple region around the sharp edges of the high 
voltage plate due to potential towards the grounded plate 
under the PCB board. The net charge enhances the 
electric field at the triple region. The electric field stress 
may lead to local breakdown and partial discharge is 
initiated. 
 

 
Figure 6: Typical electrical PD pattern for PCB trench 
under sinusoidal voltage at 50 Hz 
 
PD patterns are known to be influenced by different 
waveforms. It will be interesting to compare the results 
obtained from point-plane under sinusoidal voltage with 
the obtained results under square voltages.  The PDs 
under sinusoidal voltages were observed to concentrate at 
the crest and trough of the waveform, while under square 
wave voltages the PDs were observed at rising and falling 
slopes of the square wave. The PD is contained between 
the PD inception time and the time when the voltage 
reaches maximum. This is referred to as PD time range 
[4]. The rise time of the applied voltage has influence on 
the time range and the inception time. The lower the rise 
time, the lower the PD time range. The PD formation 
processes under square voltage may likely be dominated 
by voltage rise time over hetero-charges. This may have 
led to the higher magnitude of PDs under fast rise square 
voltage. 

Electric field distribution for the two geometries was 
calculated using COMSOL Multiphysics, a software 
based on Finite Element Method (FEM). The plot from 
the calculation of the electric field distribution of the two 
different electrode geometries is shown in Figures 7 and 
8. Figure 7 indicate that electric field strength is maxima 
at the tip of the point electrode with a maximum electric 
field of about 80 kV/mm when voltage of 6.5 kV was 
applied. On the other hand, application of electric field on 
the PCB card produced maximum electric field strength 

at the triple junction region of the high voltage copper 
plate, liquid and the board interface as shown in figure 8. 
The triple junction for PCB model has maximum electric 
field of 130 kV/mm with voltage of 6.5 kV applied. This 
enhanced field at these regions can lead to ionization of 
the liquid within the region if the field strength is higher 
than the breakdown strength of the liquid. This will result 
in local breakdown also known as partial discharges 
(PDs). The triple point region of the PCB has a higher 
field compared with the tip of the point electrode. This 
account for the reason why the 2.5 mm trench on the PCB 
has lower PD inception compared with same gap for 
point-plane electrode system. 
 

 
Figure 7: Electric field distribution of point-plane 
geometry 
 

 
Figure 8: Electric field distribution at the triple region on 
the PCB trench 
 
The relative position of maximum electric field stress 
within the triple point region is a function of both the 
permittivity of the solid insulation and that of the 
insulating fluid. With the relative permittivity of the solid 
insulation higher than the insulating fluid as it is in the 
PCB-mineral oil system, the board attracts the discharges 
towards the surface due to charges. The discharges are 
then most likely pulled towards the board and become 
surface discharges by settling along the board interface 
parallel to the applied field. At higher voltages, PDs of 
larger amplitude were observed. These PDs may be 
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associated with creepage along the board surface. Further 
increase of the applied voltage beyond this point may 
lead to streamers that could bridge the trench, leading to 
breakdown. 
 
A number of factors such as air bubble and moisture can 
influence the field enhancement. Under high voltage, 
charge injection could result in localize Joule heating, and 
leading to a partial vaporization. Continuous heating 
process could cause a rise in the liquid temperature. This 
could exceed the boiling temperature under a long 
duration and molecular evaporation may occur. This 
could lead to internal generation of gases resulting in 
gaseous bubble in the liquid. Moisture is a contaminant 
that could significantly influence the electric field 
distribution. Moisture can be taken up through absorption 
or diffusion. These effects were simulated as air and 
water bubbles around the triple region produces an 
enhanced field as shown in Figures 9 and 10. 
 
 

 
Figure 9: Electric field distribution at the triple region on 

the PCB trench with air bubbles 
 

 
Figure 10: Electric field distribution at the triple region 
on the PCB trench with water bubbles 
 
As shown in figure 9, the existence of gaseous bubble 
enhanced the maximum electric field strength around the 
triple region. The magnitude of the maximum electric 
field which exists in the bubble is up to 223.7 kV/mm. 

That account for 72% increase in field enhancement. It 
was observed that the smaller the radius of the bubbles, 
the higher the enhanced electric field strength. The 
presence of water bubble significantly influenced the 
maximum electric field at the triple junction region as 
shown in 10. The magnitude of the maximum electric 
field which concentrate at the region between the bubble 
and HV electrode is up to 445.8 kV/mm. That account for 
about 243% increase in field enhancement. Moisture 
around the triple junction significantly enhanced the 
maximum electric field around the region and may be a 
major contributor to discharge process. 
 

4. CONCLUSION 
 
The results revealed that voltage slew rate dominates over 
other factors that influence PD inception and magnitude. 
Fast rise voltage has the lowest partial discharge 
inception voltage while the sinusoidal voltage has the 
highest. This is due to the presence of homo-charges 
which shield the electrode from early inception of partial 
discharges when sinusoidal voltage was applied. 
Numerical calculation reveals that the presence of 
impurities such as air and moisture has influence on field 
enhancement at the triple region. 
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Abstract: Low hanging conductors on medium voltage networks pose a significant public safety risk.
This risk is further increased if one considers that the condition is undetected by conventional electrical
protection systems. Low hanging conductors can be detected by the use of an accelerometer. A
conductor mounted device has been designed and developed using an Arduino Uno R3 with Xbee
S2 wireless communication modules and an ADXL325 accelerometer. A mild steel and aluminium
Faraday cage was used to protect the device from powerline noise and environmental conditions. Four
tests were carried out to prove that the device can detect and remotely communicate to a nearby
PC. The tests included laboratory experiment of a low hanging 0 kV conductor condition, wireless
communication test in the voltage range of 20 kV to 50 kV, wireless communication test under a 80 kV
gap discharge noise for 5 minutes and simulation of a low hanging 13 kV conductor condition.

Key words: Low hanging conductor, Accelerometer, Faraday cage, Power line noise, Threshold Value

1. INTRODUCTION

Low hanging medium voltage (MV) overhead transmis-
sion conductors are a major concern for power utilities as
they pose a major risk to the public as they may come into
contact with live conductors which could cause injury or
even death.

A low hanging conductor condition occurs when the
clearance between the MV conductor and the ground is
reduced due to support structure failure caused by pole
top fires, impact, storms, pole rot, vandalism, wildlife
interactions etc. The conductor does not make contact with
the ground and is therefore undetected by conventional
electrical protection devices. The problem is that the
reduced ground clearance increases the likelihood of
people or animals accidentally coming into contact with
a live conductor.

Power utilities traditionally rely on local residents to
identify and report on low hanging conductors. The paper
discusses the concept and design of a conductor mounted,
self powered, wireless device that detects a low hanging
conductor condition and transmits the status to the nearby
PC. Staff can then be deployed to normalise the situation.

This device was divided in to five different subsystems
which include the design and development of the
bandwidth of the ADXL325 accelerometer, programming
the Arduino to access and transmit accelerometer data
wirelessly, programming a GUI on Matlab to receive
and filter vibrations of accelerometer data and display
it on the nearby PC, configuration of the Xbee wireless
modules to transmit data under powerline noise that could
interfere with radio communications and broadcasting,
lastly the development of a Faraday cage that overcame the

electrostatic coupling effect, electromagnetic interference
and corona discharges of MV transmission lines that have
undesirable effects on electronic devices [1].

2. BACKGROUND

2.1 Low Hanging Medium Voltage Conductors

This distance between the ground and a transmission line
conductor is called clearance distance. A low hanging
conductor is dangerous because it is a condition wherein
the conductors lies below its minimum clearance distance.
This occurs when either the insulator breaks or the pole (or
cross-arm) is broken. This reduced clearance is a risk to the
public because they could accidentally come into contact
with a live line or they may create a conductive path that
increases the probability for flashover.

A flashover is when electricity jumps across an air gap to
create a conductive path. Flashovers may occur between
conductors or from conductors to the ground, this may be
seen as a flash or heard as an explosion or loud cracking
sound [2].

Flashovers are potentially life threatening to a person
standing in the near vicinity of the flashover. They can
also cause damage to power system equipment and can
also cause possible interruptions to the power supply to
homes and industry [2].

The problem is that a low hanging medium voltage
conductor does not make contact with the ground and is
therefore undetected by conventional electrical protection
devices. A utility is made aware of a low hanging
conductor by one of these methods:

SAUPEC 2017 30



• Routine line inspection

• Faults reported by a customer

• Report of public injury or fatality

• Increased ARC activity as a result of increased
flashover events

2.2 Detection of a Low Hanging Medium Voltage
Conductor using an Accelerometer

Accelerometers are devices that measure acceleration,
which is the rate of change of the velocity of an object,
in meters per second squared (m/s2) or in gravitational
units (g). They are electromechanical devices that sense
the static acceleration of gravity in tilt-sensing applications
or dynamic acceleration resulting from motion, shock, or
vibration. Accelerometers are either analogue or digital,
for this application an analogue accelerometer which has
signal conditioned voltage outputs is used. Accelerometers
with an analogue interface show accelerations through
varying voltage levels, these values generally fluctuate
between ground and the supply voltage level. An ADC on
a microcontroller can be used to read these varying voltage
values and display acceleration readings in g or m/s2.
Analogue accelerometers are generally less expensive than
digital accelerometers [3].

Analogue accelerometers allow the user to select the
bandwidth of the accelerometer using CX , CY , and CZ
capacitors at the XOUT , YOUT , and ZOUT pins. Bandwidths
can be selected to suit the accelerometer application. The
bandwidth is the amount of times per second a reliable
acceleration reading is taken. For slow moving objects
a bandwidth of 50 Hz is usually used. For fast moving
objects a bandwidth of several hundred Hz is required
[4]. Figure 1 illustrates the output response of a typical
accelerometer at different orientations when subjected to
a gravitational acceleration. It can be seen that when the
X,Y or Z axis is perpendicular to gravity it will experience
an acceleration of 1 g= 9.8 m/s2.

Figure 1: Output Response vs. Orientation to Gravity of
ADXL325 Accelerometer.

The net acceleration on a medium voltage conductor over
time is gravity, therefore an accelerometer can be used
to measure the gravitational acceleration experienced at a
point on the medium voltage conductor at an inclination.
This is referred to as inclination or tilt sensing, that uses

the gravity vector and its projection on the axes of the
accelerometer, to determine acceleration at an inclination
or the tilt or inclination angle. However in this project only
the acceleration at an inclination will be considered and not
the tilt or inclination angle [5].

Referring to basic trigonometry, the projection of the
gravity vector on the Z axis produces an output
acceleration equal to the sine of the inclination angle
q between the accelerometer Z axis and the horizon,
illustrated in Figure 2. The horizon is taken to be the plane
perpendicular to the gravity vector [5]. As illustrated in

Figure 2: Single axis used for tilt sensing.

Figure 3, when the accelerometer device is placed close to
the insulator on the conductor it will have an inclination
angle q which is < 90�, therefore the acceleration
gZ1=1g⇥sinq which is <9.8 m/s2 is experienced on the
accelerometer under normal conditions. As illustrated in

gZ1<9.8𝑚/𝑠2

𝜃

Accelerometer 
device

Figure 3: Medium Voltage Conductor with Accelerometer
Device.

Figure 4, when the insulator is damaged and the conductor
hangs low the accelerometer experiences an acceleration
gZ2⇡1g under faulty conditions. Note that the inclination
angle q in this case is ⇡ 90� and the sin of an angle of 90�
is 1.

Low Hanging 
Conductor

gZ2=9.8𝑚/𝑠2
𝜃

Damaged 
Insulator

Accelerometer 
device

Figure 4: Low hanging Medium Voltage Conductor
Accelerometer Device.

By using the method of tilt or inclination acceleration
sensing described above, the acceleration experienced
by the conductor at a point close to the insulator can
be transmitted wirelessly to a nearby PC to detect if
a low hanging conductor fault occurs. The logic used
is as follows, when the acceleration is less than 9.8
m/s2 the conductor is at normal conditions and when the
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acceleration is approximately equal to 9.8 m/s2 there is a
problem of a low hanging conductor. Vibrations from wind
could cause an error in results, this problem is overcome by
programming the device to filter this noise.

2.3 Faraday Cage

A Faraday Cage can be described as an enclosure created
by conducting materials that blocks both external static and
non-static electric fields. These shields/cages can be used
to protect different kinds of electronic equipment from
electrostatic discharges [6].

A Faraday Cage can be understood as an approximation
to an ideal spherical shell of radius a. Consider a thin
spherical conductive shell of radiusa that has a charge q+
evenly distributed over its surface [6].

The charge distribution is spherically symmetric, with a
surface charge density s=Q/As, where As=4pa2 is the
surface area of the sphere [6]. The electric field E must
be radially symmetric and directed outward illustrated in
Figure 5.

Figure 5: Electric field for uniform spherical shell of
charge.

Gausss law states that the electric flux through any
closed Gaussian surface is proportional to the total charge
enclosed by the surface:

F =
{

S

E.dA =
qenc

eo
(1)

where qenc is the net charge inside the surface [6].

A Gaussian surface is a closed imaginary surface in
3-dimensional space through which the flux of a vector
field is calculated, usually a gravitational, electrical or
magnetic field. The Gaussian surface choosen is a sphere
of radius r < a illustrated Figure 6.

Figure 6: Gaussian surface for uniformly charged spherical
shell for r < a.

The charge enclosed by the Gaussian surface is qenc = 0
since all the charge is located on the surface of the shell.
Thus, from Gauss’s law, F = qenc/eo, the Electric field
inside the Faraday Cage, E = 0 for r < a.

2.4 Power line noise

The electrostatic coupling effect, electromagnetic in-
terference and corona discharges of medium voltage
transmission lines have an undesirable effect on electronic
devices. In medium voltage power lines audible noise
is emitted, this is caused by the discharge of energy
that occurs when the electrical field strength on the
conductor surface is greater than the breakdown strength
of the air surrounding this conductor. These discharges
are responsible for radio frequency noise, disturbances
on electronic devices, a visible glow of light near the
conductor, an energy loss known as corona loss and other
phenomena associated with medium voltage lines [7].

The power line generates unwanted noise signals that
override or compete with desired radio signals. Power line
noise can impact, electronic devices, radio and television
reception and disruption radio communications [8]. The
problem of power line noise and corona on RF is overcome
by using a Faraday cage and a metal gauze over the antenna
to only pass high frequency signals respectively.

3. DESIGN

3.1 Accelerometer

The ADXL325 accelerometer was chosen for this design.
The ADXL325 is a small, low power, complete 3-axis
analogue accelerometer with signal conditioned voltage
outputs, the ADXL325 measures acceleration with a
range of ±5 g, where g=9.8 m/s2 [4]. The design
and development procedure for the ADXL325 involved
selecting a capacitor for each axis of the accelerometer to
set the frequency and building a PCB using the Ultiboard
software. The frequency determines the number of times
per second an acceleration reading is taken.

The ADXL325 has provisions for setting the frequency at
the XOUT , YOUT and ZOUT pins by adding a capacitor at
these pins. The equation for the 3 dB frequency is [4]:

f�3db =
1

2p(32kW)⇥C(X ,Y,Z)
(2)

Where f�3db = frequency.

Noise from vibrations on the medium voltage line from
wind will cause incorrect readings from the accelerometer,
the ADXL325 has the characteristics of white Gaussian
noise that contributes equally at all frequencies and the
noise is proportional to the square root of the bandwidth
of the accelerometer. The noise of the ADXL325 is
determined by [4]:

rms Noise = Noise Density⇥
p

f�3db ⇥1.6 (3)

Where Noise Density = 500µg/
p

Hz.

Using equation (2) and varying bandwidth, CX , CY and
CZ can be calculated, E12 series used. The rms Noise is
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calculated by equation (3). The peak-to-peak noise value
(95 % Probability) is 4 ⇥ rms Noise, g is gravity = 9.8
m/s2.

Table 1: Filter Capacitor Selection, CX ,CY and CZ

Bandwidth Cx, Cy &
Cz (E12)

rms
Noise

Peak-to-peak
Noise Estimate

95%
Probability

10 Hz 0.47 µF 1.9 mg 7.6 mg
50 Hz 0.10 µF 4.3 mg 17.2 mg

100 Hz 0.05 µF 6.1 mg 24.4 mg
200 Hz 0.027 µF 8.7 mg 35.8 mg
500 Hz 0.01 µF 13.7 mg 54.8 mg

Figure 7: Peak-to-peak Noise Estimate 95% Probability vs
Bandwidth

From Figure 7 it can be seen that the bandwidth must be
limited to the lowest frequency needed by the application,
to minimize noise, maximize the resolution and dynamic
range of the accelerometer [4]. A frequency of 50 Hz
was chosen to build the accelerometer circuit, that is 0.1µF
capacitors(2) was used at the CX ,CY and CZ pins which
have an equivalent rms Noise(3) of 17.2 mg. C1 at VS is
a bypass capacitor to reduce supply noise. The schematic
diagram of the ADXL325 is illustrated in Figure 8.

Figure 8: Schematic diagram of ADXL325.

3.2 Wireless Communication System

The wireless communication system uses two XBee S2
wireless modules to carry out wireless communications
between an Arduino Uno R3 microconroller and the
nearby PC. The four main subsystem components are as
follows:

• The Arduino Uno R3 microcontroller with Wireless
Shield

• The XBee S2 wireless module (Transmitter)

• The Xbee S2 wireless module (Receiver)

• Nearby PC (Windows PC)

Figure 9 shows a block diagram of the subsystem
components.

Analogue 
3-Axis 

Accelerometer 
±5𝑔

ADXL325

3 
Analogue 

Data 
streams

Arduino + Xbee RF 
Module(Transmitter)

Analogue Inputs
10-bit ADC

2.4GHz
Wireless

Data
Transmission

Xbee USB 
Explorer

Personal Computer 
Visual Interpretation 

of Data
Acceleration

In real time on 
Matlab

Xbee RF 
Module(Reciever)

Faraday Cage

Figure 9: Functional Block Diagram of Arduino with Xbee
wireless communication modules.

The Arduino Uno R3 has an Atmega 328 microcontoller
which was programmed using the Arduino software, to
read data from the accelerometer, pass it to the Xbee
transmitter thereafter transmit the data wirelessly to the
Xbee receiver on the nearby PC. At the nearby PC Matlab
code will access the data from Xbee receiver and display
it on a GUI in real time, this process repeats until it is
stopped.

3.3 Nearby PC

Accelerometer Threshold Slider: The Accelerometer
Threshold slider is used to set the threshold of the
acceleration data.

Filtering Intensity Slider: The Filtering Intensity Slider is
used to set the intensity of the filtering, the user is able to
select a value between 3 and 20.
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4. TESTING AND RESULTS

4.1 Test 1: Low Hanging Conductor simulation using the
Aluminium Faraday Cage at 0KV

The accelerometer device with the Aluminium Faraday
cage was installed on a 0kV conductor to simulate a low
hanging conductor condition. When the accelerometer
was placed on the conductor under normal conditions,
illustrated in Figure 10, an acceleration value of 0.86533
g m/s2 was observed, where g is 9.8 m/s2, illustrated in
Figure 12. The threshold value slider was set to 0.96 g
m/s2 and the Filtering Intensity slider was set to 20. A
low hanging conductor condition was then simulated by
pulling out the pin that attaches the insulator to the support
structure, illustrated in Figure 11. Under low hanging
conditions the acceleration value was 0.9267 g m/s2. This
value was higher than the threshold, 0.96 g m/s2, value
hence a Fault was indicated, illustrated in Figure 13. A
further test was done by moving the conductor horizontally
to simulate noise from wind. When the Filtering Intensity
was low noise was observed and when Filtering Intensity
was high no noise was observed.

Figure 10: Conductor under normal conditions.

Figure 11: Low hanging conductor condition.

Figure 12: Conductor under normal conditions.

Figure 13: Low hanging conductor condition.

4.2 Test 2: Wireless Communication test at different
voltages using the Mild Steel Faraday Cage

The Accelerometer device was placed in the Mild Steel
Faraday cage and connected to a water resister. Medium
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voltages were applied to the Faraday cage to observe if MV
interferes with the wireless communication. The circuit
used for this test is illustrated in Figure 14. Table 2 shows
the voltages at which wireless communication was tested.
The ratio is 1 V: 4 kV.

HV Supply

V oltage Divider

V

Faraday Cage

Water Resistor

Figure 14: Medium Voltage Test Circuit.

Table 2: Voltages at which wireless communication was
tested

Voltmeter Voltage (V) Actual Voltage (kV)
5.031 20.12
7.61 30.44
10.30 41.2
12.65 50.6

It was observed that there was no interference from the
medium voltage on the wireless communication between
the Accelerometer device and the nearby PC.

4.3 Test 3: Wireless Communication test under gap
discharge noise using the Mild Steel Faraday Cage

Electromagnetic disturbance from power lines is one of the
main sources of man made noise affecting communications
in the high frequency radio band. Most radio disturbances
generated by power lines are of two types: gap type noise
caused by electric discharges across line hardware, and
corona noise caused by the partial breakdown of the air
due to the high electric fields around transmission line
conductors [9].

A gap discharge generator experiment was set-up,
illustrated in Figure 15, to test if gap discharges
interfere with the wireless communications between
the Accelerometer device and the nearby PC, the
Accelerometer device was placed at different distances
from the gap discharge generator. This tests were carried
out for a duration of 5 minutes each for the different
distances, X. Table 3 shows the results.

In this experiment it was observed that there was no
inference from the gap discharge noise on the wireless
communication between the Accelerometer device and

HV Supply

V oltage Divider

V

Insulator

Water Resistor
Sphere

250 mm

1500 mm

Stray

Earth

X

Accelerometer Device

10 mm

Rod

Figure 15: Gap Discharge Experiment Setup.

Table 3: Gap Discharge Test Parameters

X, Distance
Between

Accelerometer
and Gap

Discharge (m)

(kV)
Gap

Distance
(cm)

Interference
on

wireless
communication

1 80 2 No
2 80 2 No

the nearby PC at the different distances between them.
This is a result of using high frequency of 2.4 GHz in
communication [10] and using a metal gauze to protect the
antenna, the metal gauze only allows the high frequency
signals to pass through it.

4.4 Test 4: Low Hanging Conductor simulation using the
Aluminium Faraday Cage at 13 kV

The accelerometer device with the Mild Steel Faraday cage
was installed on a 13 KV conductor to simulate a low
hanging conductor condition. Under normal conditions an
acceleration value of 0.67612 g m/s2, illustrated in Figure
16, was observed, where g is 9.8 m/s2. The threshold value
was set to 0.94 g m/s2. A low hanging conductor condition
was then simulated by pulling out the pin that attaches the
insulator to the support structure, illustrated in Figure 18.
Under low hanging conditions the acceleration value was
0.96119 g m/s2, illustrated in Figure 17. This value was
higher than the threshold value hence a Fault was indicated
when the conductor is low hanging.
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Figure 16: Conductor under normal conditions.

Figure 17: Low hanging conductor condition.

Figure 18: Low hanging medium voltage conductor.

4.5 Power Consumption

The wireless accelerometer device used five 1.2V, 1100mA
rechargeable AAA batteries as its 6V power supply. It
was found that the device draws a current of 80 mA.
Hence the battery will last for 13.75 hours which is
not feasible, a recommendation has being made in the
recommendation section for a solar panel power supply for

the Accelerometer device. The device also has a power
consumption of 0.48 W.

5. RECOMMENDATIONS

5.1 Wireless Communication using Cellular Networks

Cellular communications can be used as the Wireless
communication system for this design, as it is not feasible
to have several PC stations in the field. The advantage of
using a cellular network is that it provides access to devices
anywhere a cellular connection exists [11], that is have a
wireless communication over several 1000 Km’s.

5.2 Solar Panel Power Supply

The Accelerometer device could use a solar panel to
provide it with power, solar panels provide more power
to a rechargeable battery than it loses. This ensures that
the battery remains fully charged at all times. Solar panel
devices capture the sun’s energy using photovoltaic(PV)
cells. The cells convert the sunlight into electricity. PV
cells are made from layers of semi-conducting material,
usually silicon. When light shines on the cell it creates an
electric field across the layers. The stronger the sunshine,
the more electricity is produced [12]. Effective charging
hours is based on the movement of the sun, which is lower
in the winter and higher in the summer and is based on
average of a year [13]. Most areas in South Africa average
more than 2 500 hours of sunshine per year [14] which is
approximately 7 hours of sunlight per day. Using Solar
Panels would reduce the need for changing batteries which
reduces maintenance.

6. CONCLUSION

The wireless accelerometer device both detected and
remotely communicated a 13 kV medium voltage low
hanging overhead transmission conductor condition using
the ADXL325 accelerometer and an Arduino Uno R3
microcontoller that was programmed to receive and
transmit accelerometer data via the wireless XBee RF
modules to a nearby PC. The nearby PC received, filtered
and checked data for faults of a low hanging conductor.
The acceleration data was displayed on a GUI in real time.
Also there was communication between accelerometer
device and nearby PC under interference from a 80 kV gap
discharge.

6.1 Future Work

Future work on the product would include:

• Field test the device on a distribution line

• To compare the product against the accelerometer in
existing fault path indicators.
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Abstract: High voltage insulators operating under direct current high voltages (HVDC) normally 
experience high electric stresses which results into charge deposition and accumulation on gas-solid 
interfaces. The accumulated surface charge may become significant enough to alter the field 
distribution around HVDC insulators, which in turn may augment insulator ageing and flashovers. 
For a proper design of DC insulation, it is therefore important to understand the processes associated 
with charge accumulation dynamics on DC insulator surfaces. The phenomenon associated with 
surface charge accumulation involves several physical mechanisms with each of them becoming 
dominant under certain conditions. This paper presents a brief review of surface charge accumulation 
mechanism and its effect on the performance of DC insulators in high voltage transmission systems. 
The balance of the paper examines the effect of surface charge on the electric field and the DC 
flashover voltage as reported by various researchers. 
 
Keywords: DC insulation, High Voltage Direct Current, Charge accumulation, Electric field, DC 
flashover voltage, gas-solid interface 
 
 

1. INTRODUCTION 
 

The conventional High Voltage Alternating Current 
(HVAC) transmission has some technical drawbacks such 
as transmission capacity and distance constraints which 
can be resolved with High Voltage Direct Current 
(HVDC). HVDC offers several operation advantages over 
HVAC transmission systems. HVDC transmission lines 
have no frequency, and hence minimal problems of 
harmonics, oscillations or transients; they actually damp 
out transients. The ease of power flow control in HVDC 
lines makes it easy to achieve the maximum power and 
thermal capacity of transmission lines. It is also simple to 
control active power transfer at a predetermined level or 
even to modulate this to improve system damping.  
 
HVDC transmission has been perceived as an alternative 
to overcome HVAC transmission limitations, but it is 
now the established technology of choice for long 
distance transmission, subsea electrical transmission 
systems and interconnection of asynchronous AC grids. 
HVDC technology is expected to grow beyond its 
traditional position as a complement to AC transmission 
and play a leading role in modernization of the electric 
power system (Smart Grids), emergence of medium and 
low voltage DC distribution networks and renewable 
energy integration into the grid. 
 
The modernization of electrical transmission networks 
involving the installation of HVDC systems to connect 
the expanding geographical distance between energy 
generation and consumption have been clearly shown in 
recent studies [1], the operating voltage of HVDC-
systems have drastically increased over the last years up 
to ±800 kV [2] and will increase further.  

 
Electrical equipment for HVDC systems differ from and 
require different design compared to equipment for 
HVAC systems [3]. This is due to the different electric 
field distribution in insulating systems under Direct 
Current (DC) voltage stress which is mainly determined, 
amongst other properties [4], by the electric conductivity 
of the materials and not by their permittivity. Due to the 
high level of the DC voltage, the electric field distribution 
has slowly been changed from capacitive to resistive field 
distribution as a result of the accumulation of charges in 
the gas-solid interface along DC insulators [5-9]. These 
charges are referred to as the interface or surface charges. 
Surface charge can influence the dielectric strength of 
insulating systems, where the strength is reduced in case 
of transient voltage stress with a voltage polarity opposite 
the polarity of the interface or surface charges; as an 
example, for lightning impulse voltage [10,11] or polarity 
reversal of DC voltage [12]. It is necessary to take 
account of this for the design of the insulation. 
 
The influence of surface charges on the dielectric strength 
of DC insulating system is generally well known and 
accepted, Lutz [9] explained that the mechanisms which 
majorly control the surface charge accumulation are not 
always apparent and the relationship between the amount 
of accumulated surface charge, applied DC voltage, the 
surface and volume conductivity of insulator material 
inside the insulating system and the strength of the 
electric field have not yet been fully studied nor 
understood, especially with gas insulated systems. 
 
This paper presents a review of surface charge 
accumulation and its effects. It evaluates and highlights 
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existing research investigations conducted and published 
by various researchers. 
 

2. SURFACE CHARGE ACCUMULATION 
 

It is generally accepted today that the processes 
influencing charge accumulation on DC insulators 
according to several studies [13-18] are more than one. 
Rather, a number of these factors are collectively liable 
for the phenomenon. Extensive studies have been carried 
out on the accumulation of surface charges on HVDC 
insulating materials, this is partly due to the evolution of 
new HVDC systems for ultra-high voltage electric power 
delivery systems. Other factors include: the effects of 
various parameters, such as: the polarity, magnitude and 
duration of the applied DC voltage, the shape of the 
electrode configuration and the geometry of the insulating 
system. Lastly are the environmental factors (such as 
pressure, humidity and temperature) on the accumulation 
and distribution of surface charge along the surface have 
also been clearly explained [4, 8, 19].  
 
It has been shown that the properties of both phases at the 
interface affect the deposition of surface charge in a gas 
(air)-solid interface. That is, electrical conductivities and 
permittivities of the solid material (bulk and surface) and 
parameters corresponding to the surrounding gas 
medium, such as conduction due to free ions, electric 
field distribution and rate of ion pair generation rate due 
to natural radiation [9, 20, 21]. The mechanisms involved 
in the accumulation process include: 
 
� Electrical conduction within the gas volume 
� Electrical conduction through the insulator volume 
� Electrical conduction along the insulator surface  

 
Wang [8] demonstrated that in most practical cases, 
taking only one mechanism into account when 
investigating surface charge accumulation will not give a 
detailed explanation about the process because it involves 
the competitive action of several processes which are 
triggered during high voltage application. According to 
several authors [22,23,24], the first mechanism is 
strongly affected by the geometry of the insulating 
system, electric field distribution, ion pair generation rate 
due to natural radiation and other mechanisms by which 
charge species may be produced under high electric field 
conditions. Such mechanisms may include as an example: 
partial discharges (PD), which may occur in high voltage 
equipment like Gas Insulated Switchgear (GIS) due to the 
presence of dust and metallic particles, emission of 
electrons from the electrodes or infinitesimal outgrowth 
at the electrode surface which can cause micro-corona. 
All these effects have one thing in common, they result in 
an increased density of gas ions, which leads to an 
increase in electric conduction within the gas volume.  
 
In several studies [12,21,25], the quantified surface 
charge density distributions have also been allotted to 
volume conduction which is due to a non-linear volume 

conductivity or surface conduction due to a non-uniform 
surface conductivity of the solid materials. Winter [26] 
explained that the leakage current along a gas-solid 
interface can be influenced by the surface conductivity of 
the insulating material and the tangential component of 
the electric field strength. The accumulation of surface 
charge can be obtained by solving the equation (1) [26, 
27, 28]: 
 
 

 
    (1) 

 
 
 

Where: 
 
Jin  is the normal component of the current density 

on the insulator surface due to conduction 
through the insulator volume, 

JGn  is the normal component of the current density 
on the insulator surface due to gas conduction, 

Et  is the tangential component of the electric field 
on the surface, 

γs  is the surface conductivity, 
ρ  is the surface charge density.  
 

3. EFFECT OF SURFACE CHARGING ON THE 
ELECTRIC FIELD 

 
According to several authors [26-32], in an HVAC 
insulation system, the electric field is influenced by the 
geometry and permittivity of the insulating media, the 
field distribution in this case is called capacitive. In 
HVDC, the electric field is more intricate due to the 
presence of accumulated charges at the surface (or 
interface) and in this case the field transits from 
capacitive to resistive. Hering [31] explained that the 
field is affected by temperature-dependent conductivities 
of the insulating materials and confirmed this by 
developing a computational fluid dynamic model to pre-
calculate the temperature distribution at different 
electrode temperature after energising the system with a 
DC voltage, it was concluded that the accumulation of 
both space and surface charge contributes to the field 
transition from capacitive to resistive. 
 
The calculation of the electric field of a gas-solid 
insulation system under DC voltage has been described 
by several authors [5,32,33,34]. In these studies, the 
authors developed a gas model considering both the 
dielectric properties of the insulator material and the 
physical processes in the insulating gas.  
 
In their analysis, the positive direction of the normal 
component of the electric field on the gas-insulator 
interface is defined from the insulator to gas, as shown in 
fig 1 [32] 
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Figure 1: The thin layer of thickness on the gas-insulator 

interface. 
 
Winter [5] developed a simulation model for electrical 
field calculation in a gas-solid insulation system 
energised with a DC voltage, taking into account the 
generation, motion and recombination of charge species 
due to the diffusion in gases and the electric field, the 
distribution of the field along epoxy resin insulators was 
investigated and it was concluded that the field transition 
(capacitive to resistive) is closely associated with the 
charge accumulation at the insulator surfaces. Qin [32] 
developed a surface charge accumulation model of 
operating an HVDC insulation system so as to be able to 
investigate the field distribution and strength by varying 
the volume conductivity of the insulator material, and it 
was concluded that the degree of stationary field 
alteration rises with an increase in the volume 
conductivity. 
 
Equation (1) was used to calculate the time rate of change 
of the surface charge density and the state for stationary 
resistivity of the field distribution is given by [32]: 
 

                                   
                                         (2)
     

              
Calculation of the electric field in the insulator is given 
by the equation of continuity [32]: 
 
 

   
          (3) 

 
 
Where: 
 
Ji  is the current density in the insulator,   
D  is the Electric flux density, 

γv  is the volume conductivity of the solid insulating 
material, 

E  is the electric field strength. 
 
According to Qin [32] and Hasegawa [33], the current 
density of the gas volume should not be express as ohmic 
current because the relationship between electric field and 
conductivity of the gas medium in the insulation system 
is non-linear. The generation, motion and recombination 
of charge particles due to an electric field and diffusion 
can be described in the form of a transport equation (4) 
[33]: 
 

 
  (4) 
 

 
Where: 
 
Jg  is the current flow through the gas medium, 
e  is the elementary electric charge, 
E  is the electric field, 
b+  is the mobility of positive ions, 
b-  is the mobility of negative ions, 
D+  is the diffusion coefficient for positive ions, 
D-  is the diffusion coefficient for negative ions. 
 
The diffusion and recombination coefficients were 
calculated with the Einstein-equations [5] and Langevin-
equation [29]. The electric field at the surface can be 
surface electric potential dependent. The relationship 
between the electric potential and the charge density is 
then described by Poisson equation [28]: 
 

                    (5) 
 
� �
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Where: 

ᵠ   is the electric potential, 
σ  is the charge density, 
E  is the electric field. 
 
When a gas is energized by an external electric field, the 
charge carriers experience an electrostatic force which 
causes them to move with a drift velocity along the mean 
free path and diffusion due to local differences in the 
concentration of charge particles. The generation, motion 
and recombination of positive (n+) and negative (n-) ions 
can be used to describe the time rate of change of the 
charge carrier (n+ and n-), according to the drift-diffusion 
equation (7,8)[28]: 
 

 
  (7) 
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   (8) 
 

 
Where: 
 

IP is the ion pair generation rate, 
b+ is the mobility of positive ions, 
b- is the mobility of negative ions, 
D+is the diffusion coefficient for positive ions, 
D- is the diffusion coefficient for negative ions. 
 
Equations (1) to (8) can be combined in the model for 
charge accumulation and the emanating non-linear 
differential equation is solved using the finite element 
method. That is available in software packages such as: 
ANSYS and COMSOL Multiphysics.  
 
According to some authors [35-38], surface charge 
accumulation along the gas-solid interface magnifies the 
local electric field intensity and also supplies charges for 
creeping discharge, thus leading to flashovers. 
 
 

4. EFFECT OF SURFACE CHARGE ON THE 
FLASHOVER VOLTAGE 

 
In the experimental investigations carried out by 
Hammam [39], the effect of charge accumulation on 
polymer surfaces was analysed by carrying out a 
flashover test with both positive and negative polarity, 
under three different environmental conditions: first, 
under dry condition, second, after the immediate 
immersion of the upper shed and the insulator’s body in 
saline water and third, immediately after a complete 
immersion of the insulator in a saline water. 
Investigations were also carried out using prototype 
insulators. Jun [10] carried out an investigation on the 
effect of surface charge on impulse flashover voltage, the 
insulators were contaminated with metallic particles and 
clamped between two parallel plane electrodes. 
Semere[40] also carried out flashover tests on cylindrical 
polymeric insulators made of poly-dienethylsiloxane by 
developing a surface charge deposition system which is 
based on dc corona discharge. According to these 
authors, it was found that the flashover voltage (FOV) is 
strongly dependent on surface charges and it was 
concluded that the presence of negative charges leads to 
an increase in the FOV while positive charges reduces the 
FOV characteristics.  
 
Bo [38] investigated the effect of surface charge on the 
surface flashover characteristics of DC insulators under 
DC and AC voltage. It was concluded that in both voltage 
applications, the higher the quantity of charge 
accumulated on the insulator surface, the more the 
reduction in the surface flashover voltage of insulator. 
Under the application of DC voltage the surface flashover 
may be decreased by 23% and AC voltage by 10.2%, 
which explains better that the accumulation of charge on 

insulator surface indeed has effect on its flashover 
voltage. According to Kumara [7], the presence of 
negative surface charges under the application of negative 
applied DC voltages reduces the electric fields in the high 
field region and this in turn leads to higher flashover 
voltages. In the presence of positive charges, the 
magnitude of the electric field is increased near the high 
field region, this leads to a decrease in the flashover 
voltages.  
 
From the investigation carried out by Kumara [41], it was 
concluded that flashover voltages varied linearly with the 
concentration of both positive and negative charges. 
From the investigation of the electric field and 
corresponding effective ionization coefficient at the 
insulator surface carried out in this study [41], it was 
detected that the observed variations in the DC flashover 
voltages were due to the modification of the electric field 
in the cathode region. In the study by Kato [42], the 
magnitude and location of surface charges were altered. It 
was observed that a positive charge lowered the flashover 
voltage and a negative charge increased the flashover 
voltage when surface charges were found near the 
cathode electrode. None of the charge (positive or 
negative) lowered the flashover voltage when surface 
charges were found at the discharge path. 
 
 

5. CONCLUSION 
 
This paper provides a detailed overview of surface charge 
accumulation and its effect on HVDC insulators as 
reported by previous researchers, considering its effect on 
the electric field distribution and DC flashover voltage. 
Despite of the fundamental information on surface charge 
accumulation in HV systems obtained in previous studies 
by various researchers, newly emerging applications 
require more detailed knowledge and a comprehensive 
understanding of the associated physical processes.  
 
There are a number of unanswered questions arising from 
the practical use of DC insulators. This is in relation to 
the accumulation of surface charge on insulator interface, 
dynamic changes of electric field due to charge 
deposition on various HVDC insulators and different 
factors influencing surface charge accumulation. The 
extensive review of surface charge accumulation and its 
effect will enable researchers and engineers of electrical 
power system have a better insight into considerations in 
the design and operation of these delivery systems. The 
purpose is to stimulate further research on the subject. 
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Abstract: The electrocution of large birds such as eagles and vultures when making simultaneous 
contact between a phase conductor and the top of the pole on medium voltage woodpole distribution 
lines is addressed. This phenomenon has been investigated by measurement of the resistance of 
woodpoles used in the field, as well as measurement of the impedance of recently deceased birds. 
This has previously been used to compile a simple electrical model. The aim of this paper is to 
compile a detailed model that is used to estimate the risk posed to large birds by this mode of 
electrocution. The results show that only a few scenarios exist whereby a bird may be at risk, which 
ties in with field experience. 
 
Key words: Bird electrocution, medium voltage electricity distribution, utility woodpoles, electrical 
model. 
 
 
 

1. INTRODUCTION 
 

Large birds such as eagles and vultures are at risk of 
electrocution on the structures of medium voltage (MV) 
overhead distribution lines because their wing-span is 
comparable with clearances at these voltages (mostly in 
the 11-33 kV range). Such electrocutions may occur in 
one of two ways: phase-to-phase or phase-to-earth. 
Phase-to-phase electrocution occurs when a bird makes 
simultaneous contact between two energised objects, 
usually two phase conductors. Phase-to-earth 
electrocution occurs between a phase conductor and an 
earthed object, such as a steel tower.  
 

 
 

 
 

Figure 1: Illustration of phase-to-phase (above) and 
phase-to-earth (below) bird electrocution modes 

The two modes are illustrated in Fig 1. Phase-to-phase 
electrocution can be prevented by either placing the 
phases in such a way that the bird cannot make contact 
with more than one conductor, e.g. by placing at least the 
outside two phases below a cross-arm or by covering the 
one or more conductors with an insulating cover (at least 
the centre phase), as shown in Fig 2.  
 
Phase-to-earth electrocution on conductive structures, e.g. 
those made out of steel, may be prevented by using an 
insulating cover for phase conductors and/or by providing 
the cross-arm with an insulating cover [1]. 
 
 

 
 

 
 

Figure 2: Prevention of phase-to-phase electrocution 

Contact with two phase 
conductors 

Contact with one phase 
conductor & earth 

(conductive cross-arm 
assumed for illustration 

purposes) 
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Poles made out of wood, on the other hand, rely on the 
insulating properties of the woodpole to ensure adequate 
insulation coordination, as well as to protect the bird. 
However, some (infrequent) cases of phase-to-earth 
(referred to as “phase-to-pole” going forward) mode have 
been observed in the field [2,3], showing that birds may 
still be at risk to electrocution in this way in certain cases. 
The assumption is that the wood may be sufficiently 
conductive in some instances to put a bird in danger. 
 
It was therefore decided to investigate this further by 
measuring the impedance of woodpoles used on MV 
lines, and by measuring the resistance of recently 
deceased vultures [2]. The results of these measurements 
were used to compile a simple model to estimate the risk 
posed to such birds. The results show that the risk is 
relatively small [2]. However, a more detailed model was 
required, since aspects such as capacitance, source 
impedance and pole earth footing resistance were not 
included. The aim of this paper is therefore to present this 
detailed model, as well as the results of various scenarios 
modelled. The result is a more accurate estimate of the 
risk of bird electrocution. 
 
The paper is structured as follows: section 2 describes the 
model while section 3 shows how the model was 
implemented and summarises the values used for the 
various parameters in the model (based on test results). 
Section 4 presents the results of applying the model to 
various scenarios. The work is then concluded. 
 

2. DESCRIPTION OF THE MODEL 
 
The model is illustrated in Fig 3. 

 

 
 

Figure 3: Schematic of the model 
 
The components in Fig 3 are defined as follows: 
• Vs = phase-to-earth supply voltage. 
• Vb = voltage across the bird (voltage across Rb//Cb in 

series with Rc). 
• Is = current drawn from the supply. 
• Ib = current flowing through the bird. 
• Rs = source (phase conductor) resistance. 
• Ri = (phase) insulator (surface) resistance. 

• Rc = contact resistance between the bird and the 
conductor. 

• Rw = wood resistance. 
• Re = pole footing (earthing) resistance. 
• Rn = supply neutral earthing resistance. 
• Ci = (phase) insulator capacitance. 
• Cb = bird capacitance. 
• Cw = wood capacitance. 
 
The previous (simplified) model [2] only took into 
account the bird and wood resistance, the other series 
impedances (resistances), i.e. conductors, pole earthing, 
contact resistance and neutral compensation, were not 
included. The effect of any leakage current across the 
phase insulator was also not included – this current is 
electrically in parallel with the bird. Capacitance has also 
not yet been included in the model. 
 

3. MODEL IMPLEMENTATION 
 
3.1 Model parameters 
 
The parameters used are listed in Table 1.  
 

Table 1: Model parameters 
 
Quantity Unit Min Max Notes 

Vs kV 12.7 12.7 
Phase-to-phase voltage 
(22 kV) converted to 

phase-to-earth 

Rs Ω 0.1 139 

Depends on distance to 
source and type of 

conductor 
(max is for 100 km of 

Acacia) 

Ri kΩ 18.14 12,700 

Depends on insulator 
pollution, wetting etc. Min 

is for 700 mA leakage 
current, max is for 1 mA 

Ci pF 1 1,000 
Not known, arbitrary 

figures inserted initially 
and varied later 

Rc Ω 10 10,000 Not well known, estimated 

Rb kΩ 10 100,000 

Min = body, max = 
extremities (based on [2], 
but modified from further 

measurements) 

Cb pF 1 1,000 
Not known, arbitrary 

figures inserted initially 
and varied later 

Rw MΩ 0.045 100,000 Measured [2] 

Cw pF 1.81 261 Measured: min is dry, max 
is wet 

Re Ω 10 10,000 

Depends on the type of 
structure (with or without 

equipment), soil 
conditions etc. 

Rn Ω 17.5 35 
Max = 1x neutral earthing 
resistor (360 A), min = 2x 

such resistors (720 A) 
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It is clear that several assumptions had to be made when 
selecting the values in Table 1, these assumptions were 
based on the following: 
1. Bird impedance is assumed to be mostly resistive. The 

effect of power factor is taken into account by varying 
the capacitance. 

2. The capacitances of the bird and insulator are not 
known, so a range is used for the simulations to 
determine the sensitivity of the results to these values. 

3. The inductance of the supply neutral earthing 
resistance (Rn) is negligible – the maximum value of 
the allowable inductive reactance (Xn) specified by 
Eskom is less than the minimum allowed resistance 
[4]. 

 
3.2 Determination of wood capacitance 
 
The wood capacitance was measured using a dielectric 
response analyser [5]. Two 0.5 m wood samples were 
tested, one from 2009 and the other from 2012. The wood 
sample ends were prepared to have a smooth and flat 
finish. Aluminium plates were fixed onto each end and 
had holes drilled at the corners and placed at the flat ends 
of the wood sample. Nylon strings and turnbuckles were 
then used to tighten the plates against the sample and 
graphite was used to ensure that the entire surface of the 
sample is conductive. This is shown in Fig 4. 
 

 
 

 
 

Figure 4: Wood samples for capacitance measurement 

The suitability of the measurement was tested by 
measuring the capacitance of a known capacitor; this was 
accurately achieved. The test circuit is shown in Fig 5. A 
tan-delta measurement was performed on the samples. 
The tester is capable of performing dielectric 
measurements over a frequency range of up to 5 kHz. The 
output and channel 1 connections were connected to the 
aluminum plates by means of cables provided with the 
instrument. It can be seen that the connection allows for 
simultaneous voltage and current measurements. The 
input voltage amplitude selected was set to 200V; 
however a lower voltage may be used if required. 
 
The instrument calculates the capacitance of the sample 
under test from the measured voltage and current. 
 

 
Figure 5: Wood capacitance measurement circuit 

 
3.3 Modelling software 
 
The model was implemented using the free circuit 
simulator LT Spice [6]. The correct implementation of 
the model in this simulator was checked by comparing 
the results of a simulation using an arbitrary set of 
parameters (listed in Table 2) against the results of a 
manual calculation using Microsoft Excel. The results 
obtained for bird voltage and current (Vb and Ib in Fig 3) 
were 3.45 kV and 202 mA using the Excel model and 
3.43 kV and 201.9 mA by manual calculation. The 
simulation therefore gave acceptably accurate results. 
 
Table 2: Parameters used to check model implementation 
 

Quantity Unit Value 
V

s
 kV 12.7 

R
s
 Ω 1 

R
i
 kΩ 1,000 

C
i
 pF 1,000 

R
c
 Ω 10 

R
b
 kΩ 17 

C
b
 pF 1,000 

R
w
 MΩ 0.045 

C
w
 pF 1,000 

R
e
 Ω 100 

R
n
 Ω 35 
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4. SIMULATION RESULTS 
 
4.1 All resistances at their minimum values 
 
The first set of simulations was performed with all 
resistances set at their minimum values and all 
capacitances set at 1000 pF. The aim was to approximate 
close to the worst case situation. The values of interest 
are, once again, bird voltage and current (Vb and Ib), and 
are plotted in Fig 6. Comparing the obtained values of Ib 
to  the current required to induce ventricular fibrillation in 
90% of farm birds (120 mA [7]), shows that only a small 
set of scenarios in this graph is expected to result in 
danger to the bird (circled). The voltage appearing across 
the bird is also relatively small. 

 

 
 

 
Figure 6: Simulation results for Ib (above) and Vb (below) 
as functions of RW and Rb with all other resistances set to 

minimum and all capacitances set at 1 nF 
 

4.2 Insulator resistance set to maximum 
 
Next, the insulator resistance, Ri, was set to maximum, 
with the intention of reducing the current flow in parallel 
with the bird – this was hence also expected to be close to 
the worst case. The results are shown in Fig 7, with the 
smallest and largest values from Fig 6, and show that 
there is a small increase in the current flow through the 
bird, as expected. However, almost full phase-to-earth 
voltage appears across the bird if it makes contact with its 

wings (highest value used for Rb) and low wood 
impedance – this is in effect a voltage divider between 
the parallel bird-insulator combination and the rest of the 
circuit. “Danger” values are again circled. 
 

 
 

 
 

Figure 7: Simulation results for Ib (above) and Vb (below) 
as functions of RW and Rb with Ri set at maximum, all 

other resistances set to minimum and all capacitances set 
at 1 nF 

 
4.3 Series resistance increased 
 
The simulations were then repeated with the only change 
being the pole footing resistance, Re, being set to its 
maximum value. The aim of this was to illustrate the 
effect of changing any of the resistances in series with the 
bird and wood. The results are plotted in Fig 8, and show 
that Re (and by extension RS, Rn and Rc) have only a 
small effect on Ib and Vb. Again this is expected. Note 
also that Re is very unlikely to reach 10 kΩ, and is less 
than 1 kΩ in most cases. 

 
4.4 Effect of capacitance 
 
Measurements in the laboratory revealed a significant 
variation in wood capacitance between dry and wet wood, 
as shown for CW in Table 1. These figures are still less 
than the 1 nF originally selected (refer to the previous 
sections).  
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Figure 8: Simulation results for Ib (above) and Vb (below) 
as functions of RW and Rb with Ri and Re set at 

maximum, all other resistances set to minimum and all 
capacitances set at 1 nF 

 
The simulations were therefore repeated using a new 
(lower) value of 1 pF. Resistances were all set at their 
minimum, except for Ri which was at its maximum. The 
results are shown in Fig 9, and show that a bird would 
likely be at less risk if the parallel capacitance is reduced 
to 1 pF. However, the effect of capacitance is significant. 
 

5. CONCLUSIONS 
 
The following may be concluded: 
x Taking only resistances into account indicates that 

birds are only at a small risk of electrocution in phase-
to-pole mode since the current flowing through a bird 
is mostly below the best estimate of current likely to 
cause ventricular fibrillation in farm birds. 

x However, the effect of wood capacitance on this 
current, and the voltage appearing across the bird, 
when making phase-to-woodpole contact is 
significant, but does not affect the estimate of the risk 
the a bird is exposed to in a substantial way, since the 
current flowing through the bird remains below the 
120 mA threshold in most cases. 

 
 
 

 
 

Figure 9: Simulation results for Ib (above) and Vb (below) 
as functions of RW, Rb and parallel capacitance; all other 

resistances set to minimum 
 
 

x This is in line with field experience, which indicates 
that only a small number of scenarios pose a risk to 
birds. 

x A 1 nF capacitance causes both bird voltage and 
current to be less dependent on circuit resistances than 
1 pF does. This is, however, a high estimate of 
capacitance and so the effect in reality is expected to 
be less pronounced. 

x Resistance is therefore an acceptable estimate of the 
risk of phase-to-pole electrocution to birds on 
overhead woodpole distribution lines. 

x However, a more accurate estimate of the threshold 
current allowed to flow through the bird (Ib) is 
required, i.e. the margin below the 120 mA level from 
the literature, since that value is a 90% fibrillation 
level. 
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Abstract: For direct model predictive control with long horizons, the sphere decoding algorithm is
reformulated as a non-recursive algorithm. The algorithm is well suited for the use in practical systems
using an FPGA to solve the optimization problem. A case study with a three-phase neutral point
clamped inverter with an RL load is used to show the effectiveness of the algorithm.

Key words: Model predictive control, Finite control set, Integer least-squares, Sphere decoding, FPGA

1. INTRODUCTION

In recent years, model predictive control (MPC) has gained
interest in the power electronics community. MPC involves
using a model of the system to predict future states.
In this paper, finite control set model predictive control
(FCS-MPC) will be used. FCS-MPC is also known as
direct MPC, as this scheme involves the controller, using
a discrete finite set of outputs, directly manipulating the
inverter switch positions. Therefore, a modulator is not
required. Extending the prediction horizon (i.e., how many
discrete time-steps Ts into the future the system behaviour
is predicted) leads to an increased performance of the
system [2]. This, however, necessitates to solve a more
complex integer optimization problem, with computational
complexity that increases exponentially with the length of
the prediction horizon (due to the exponential increase in
the number of possible solutions). It is worth noting that
the number of admissible switch positions and phases of a
system also increases the computational complexity. Even
with modern microprocessors and field-programmable
gate arrays (FPGAs), a brute force exhaustive search
method is still not viable. To efficiently solve the integer
optimization problem at the start of every sample, methods
such as branch-and-bound (e.g., sphere decoding) [1] and
nearest neighbour quantization (e.g., Voronoi cells) [5]
have been investigated. The sphere decoding has been well
documented and displays encouraging simulations results
[2–4].

The simulations in [2–4] were run offline, ignoring
real-time requirements. In a practical environment,
however, timing is of great concern. The optimization
problem must be solved as quickly as possible at the start
of every sample. If the optimal solution is not found during
a sample period, it might result in a suboptimal switching

state applied to the converter. This paper focusses on
a practical implementation of the sphere decoder in an
FPGA.

This paper is arranged as follows: Section 2 gives a brief
overview of MPC. This includes the modelling of the
system, formulation of the control law and an introduction
to sphere decoding. The reader is referred to [1] for an
in depth explanation of MPC with long horizons and
sphere decoding. Section 3 explains the non-recursive
sphere decoding algorithm and Section 4 presents real-time
simulation results of MPC using the proposed algorithm.
Lastly, a conclusion is given in Section 5.

2. OPTIMAL CONTROL PROBLEM

2.1 Modelling and control law

For this paper, the three-phase neutral point clamped
(NPC) inverter with an RL load in Fig. 1 is considered.
The neutral point voltage is at a fixed potential. The output
voltage of a phase arm (with respect to the neutral point
N) is given by vx =

Vd
2 ux, where x denotes the phase with

x 2 {a,b,c}, while ux denotes the switch position for a
given phase arm with ux 2 {�1,0,1}.

The modelling can be simplified by transforming the
three-phase variables (abc) to a stationary orthogonal
coordinate system (ab) by using a modified Clarke
transformation, ⇠ab =K⇠abc where

K =
2
3


1 � 1

2 � 1
2

0
p

3
2 �

p
3

2

�
.

The inductor currents i of the system can be described by
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Figure 1: Three-phase three-level NPC inverter with fixed
neutral point driving an RL load.

the continuous-time state-space model

di(t)
dt

= Fi(t)+Gu(t), (1)

where

i(t) =


ia
ib

�
, u(t) =

2

4
ua
ub
uc

3

5 ,

F =�R
L


1 0
0 1

�
and G=

Vd

2L
K.

The continuous time state-space model is then dis-
cretizated by using the exact discretization, and the discrete
time state-space model is given by

i(k+1) =Ai(k)+Bu(k), (2)

where

A= eF Ts and B =�F�1(I2 �A)G,

with Ts as the sample period and I2 representing the 2⇥2
identity matrix.

MPC involves using the sampled state of the system i(k)
to predict the future state trajectories for all the admissible
switch positions by using the state-space model in (2). To
help decide on an optimal solution (or the optimal switch
position), a cost function is evaluated. Most frequently,
in power electronics the performance criteria that is of
importance are the total harmonic distortion (THD) and the
efficiency of the system. In the given system where current
tracking is applied, the performance criteria relate to the
error between the reference current and predicted current

ie(k+1) = ire f (k+1)� i(k+1) (3)

and the switching effort

Du(k) = u(k)�u(k�1). (4)

The cost function for a prediction horizon of N (i.e., N

sample instances Ts predicted into the future) is defined as

J =
k+N�1

Â
l=k

kie(l +1)k2
2 +lu kDu(l)k2

2 , (5)

where lu is known as the weighting factor (i.e., how
much switching is penalized, and dictates the switching
frequency fs).

By substituting (2), (3) and (4) into (5), the cost function
can be simplified to

J =
��� i(k)+⌥U(k)�Ire f (k)

��2
2

+lu kSU(k)�Eu(k�1)k2
2 ,

(6)

where the reference current over the prediction horizon is
represented by Ire f (k) and the switching vector sequence
(with the length n = 3N) is introduced as

U(k) =
⇥
u(k) u(k+1) · · · u(k+N �1)

⇤T
. (7)

The matrices � , ⌥ , S, and E are defined in the appendix.

By reformulating (6) as an integer least-squares (ILS)
problem [1], the optimization problem is formulated as

Uopt(k) = arg min
U(k)

kHU unc(k)�HU(k)k2 , (8)

where Uunc is the unconstrained optimal solution (i.e.,
the solution if the integer constraint of the switches is
neglected), [1]

Uunc(k) =�Q�1⇥(k) (9)

with
Q= ⌥ T⌥ +luS

TS (10)

and

⇥(k) = {[� i(k)�Ire f (k)]T⌥ �lu[Eu(k�1)]TS}T ,
(11)

and H is a triangular matrix

H =

2

664

H11 0 · · · 0
H12 H22 · · · 0

...
...

. . .
...

H1n H2n · · · Hnn

3

775 ,

given by the Cholesky decomposition [7] of Q so that

Q=HTH. (12)

MPC is represented graphically in Fig. 2. The quadratic
optimization problem can be solved in an exhaustive
manner by testing every possible switching solution.
This, however, very quickly becomes cumbersome due to
the number of candidate solutions given by 33N (for a
three-phase NPC inverter). Even with a horizon of one
there are still 27 possible solutions. When the horizon is
extended to two, the number of solutions exponentially
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Figure 2: Control diagram of MPC as ILS.

grows to 729. Note that once the optimal solution is found,
only the first set of switch positions is applied (i.e., u(k)
in (7)). The entire optimization problem is then repeated at
the next sampling instance. This is known as the receding
horizon principle.

2.2 Sphere decoding

A branch-and-bound technique known as sphere decoding
can be used to efficiently solve the optimization problem
in (8) [1]. A sphere is constructed with a radius given by

p(k) =
��Ūunc(k)�HU(k)

��
2 (13)

and is centered at the transformed unconstrained optimal
solution, Ūunc(k) =HU unc(k). The H matrix is known as
the lattice generator matrix, as it generates the search space
that consists of a truncated lattice, where the lattice points
represent candidate solutions. The optimal solution is the
point in the lattice with the shortest Euclidean distance
to the transformed unconstrained optimal solution. The
principle of sphere decoding involves the tightening of the
sphere until only one point lies within the sphere, which is
the optimal solution.

The initial sphere radius must be chosen as small as
possible so that the most of the candidate solutions can
be eliminated from the start, but not too small so that
the sphere contains an empty set of candidate solutions.
Two effective methods to calculate an initial radius are
the educated guess [1] and the Babai estimate [6]. In
this paper the educated guess is used. This involves
using the previous optimal solution and shifting the
entries one time step forward and repeating the last
entry. For example, in the case of a prediction horizon
of 2 with a previous optimal solution of U(k � 1) =⇥
U1 U2 U3 U4 U5 U6

⇤T , the educated guess will
be Ued(k) =

⇥
U4 U5 U6 U4 U5 U6

⇤T . The initial

U1

U2

U3

�1 0 +1

Figure 3: A ternary search tree with depth of n = 3. Uj
corresponds to the j’th entry in U(k).

Algorithm 1 Sphere Decoder

1: function Uopt = SPHDEC(U ,d2, j, p2,Ūunc)
2: for each u 2 {�1,0,1} do
3: Uj = u
4: d02 =

��Ūunc, j �H( j,1: j)U1: j
��2

2 +d2

5: if p2 � d02 then
6: if j < 3N then
7: SPHDEC(U ,d2, j+1, p2,Ūunc)
8: else
9: Uopt =U

10: p2 = d02

11: end if
12: end if
13: end for
14: end function

sphere radius can then be calculated from (13).

The recursive sphere decoder is shown in Algorithm 1. By
exploiting the triangularity of the H matrix, the evaluated
solution is assembled level by level (a level is referred to
as the j’th index of U(k)). The sphere decoder operates by
traversing a search tree (and in the case of an NPC inverter,
a ternary search tree) with depth n. An example of a search
tree is shown in Fig. 3. At every level node of the search
tree the intermediate radius of the evaluated solution, that
is being assembled level by level, is calculated. If the
intermediate radius exceeds the sphere radius, the rest of
the branch is pruned and the sphere decoder backtracks to
examine unexplored nodes. When a bottom node (known
as a leaf node) is reached and the evaluated solution is
within the sphere, the sphere radius is updated and that
solution will be the incumbent solution unless a better
solution is found.

The computational burden of computing the radius is
alleviated by the fact that the radius is calculated level by
level and there is no need to recalculate the accumulated
intermediate radius above the j’th level.

3. NON-RECURSIVE SPHERE DECODER

In order to efficiently implement the sphere decoder on
an FPGA, the algorithm should not be recursive. Whereas
programming languages such as C/C++ use stacks for
recursion, an FPGA will synthesize the same process
multiple times to accommodate the maximum recursion
depth. In the case of the sphere decoder, the algorithm will
be synthesized n times (the depth of the search tree), which
will lead to n times the number of resources used.

The non-recursive sphere decoder is based on Algorithm
1, but traverses the search tree with the aid of two different
types of pointers. The first type of pointer is the current
level (in Algorithm 2 this refers to j), and there is one such
pointer. The pointer ranges from 1 to n. The pointer keeps
track of which level is being explored in the search tree,
which relates to the j’th index of U(k). The second type
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Algorithm 2 Non-Recursive Sphere Decoder

1: function Uopt = SPHDEC(U ,n, p2,Ūunc)
2: Initialize:
3: j = 1
4: set each element in sp =�1
5: set each element in d= 0
6: while solutionfound = 0 do
7: Uj = sp j

8: d02 =
��Ūunc, j �H( j,1: j)U1: j

��2
2 +d2

j

9: if p2 � d02 then
10: if j = n then
11: Uopt =U
12: p2 = d02

13: sp j ++
14: else
15: j++
16: d2

j = d02

17: end if
18: else
19: sp j ++
20: end if
21: for q = n downto 2 do
22: if spq > 1 then
23: spq =�1
24: j = q�1
25: sp j ++
26: end if
27: end for
28: if sp1 > 1 then
29: solutionfound = 1
30: end if
31: end while
32: end function

of pointer is a switch pointer (in Algorithm 2 this refers
to sp j) and there are n of such pointers stored in an array.
The pointer ranges from �1 to +1, which relates to the
admissible switch positions. This pointer keeps track of
which switch position is being evaluated at every level.

To explain how the algorithm traverses the search
tree, consider the example in Fig. 4. The algorithm
starts with the current level equal to 1 and with all the
switch pointers equal to � 1 (Fig. 4a). The first entry in
U(k) (i.e., U1) is then equal to �1. If the intermediate
radius of the evaluated (partial) solution is smaller than
the radius of the sphere, the sphere decoder explores the
branch further and the current level is increased to 2. The
second entry in U(k) (i.e., U2) is now set to �1. If the
intermediate radius of the evaluated solution (currently
U(k) =

⇥
�1 �1

⇤
) exceeds the sphere radius, there is

no need to explore the branch any further and the rest
of the branch can be pruned from the search procedure
(Fig. 4b). The switch pointer of the current level (i.e.,
sp2) is incremented and the second element in U(k) is
now 0 (Fig. 4c). The intermediate radius of the evaluated
solution (currently U(k) =

⇥
�1 0

⇤
) is now smaller than

lvlc1 =�1

lvlc2 =�1

lvlc3 =�1

�1 0 +1
Current level = 1

(a)

lvlc1 =�1

lvlc2 =�1

lvlc3 =�1

�1 0 +1

Current level = 2

(b)

lvlc1 =�1

lvlc2 = 0

lvlc3 =�1

�1 0 +1

Current level = 2

(c)

lvlc1 =�1

lvlc2 = 0

lvlc3 =�1

�1 0 +1

Current level = 3

(d)

lvlc1 =�1

lvlc2 =+1

lvlc3 =�1

�1 0 +1

Current level = 2

(e)

Figure 4: Sphere decoder traversing the search tree. The
colours represents the following nodes: grey = unexplored,
black = explored, red = outside sphere, blue = incumbent
solution.

the sphere radius and the level pointer is increased to 3.
The third entry in U (i.e., U3) is now �1. If this (complete)
solution (U(k) =

⇥
�1 0 �1

⇤
) is inside the sphere, the

incumbent solution is updated to U(k) and the sphere
radius is tightened to d0 (Fig. 4d). The switch pointer of
the current level (i.e., sp3) is incremented to test the next
solution. Suppose both of the next two evaluated solutions
(U(k) =

⇥
�1 0 0

⇤
and

⇥
�1 0 +1

⇤
) fail to be within

the sphere. The switch pointer sp3 is again increased, but
to 2, which is not an admissible switch position. The
statements in line 21 to 26 in Algorithm 2 enable the
sphere decoder to backtrack and visit the next unexplored
node (Fig. 4e). Whenever the current level is decreased,
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Figure 5: The 50 Hz phase currents with a magnitude of 2 A, demonstrating the effectiveness of the FPGA implementation
with a comparison to the MATLAB simulation results. ”ix FPGA” represents the data captured from the FPGA, ”ix sim”
represents the data from the MATLAB simulation, while the black dashed lines represent the reference currents.

the previous switch pointer is set back to �1. The sphere
decoder terminates when sp1 > 1, which means the entire
search tree has been traversed and the incumbent solution
is for certain the optimal solution.

Another modification to Algorithm 1 relates to the
calculation of the accumulated intermediate squared radii
from level 1 to j � 1, as well as to how they are stored.
Algorithm 2 uses the array d2

j to store the squared radii
(whereas Algorithm 1 uses a stack).

When calculating the squared intermediate radius of
the evaluated solution (in line 4) in VHDL, an easy
(and efficient) method is to store the H matrix in an
one-dimensional array (with the columns of H being
stored left to right) and the calculation then becomes

d02 = (Ūunc, j �HjU1 �Hj+nU2 �Hj+2nU3

� · · ·�Hj+n(n�1)Un)
2 +d2

j .
(14)

4. RESULTS

The real-time simulation was written in VHDL. The
prediction horizon was extended to 3, which results in
19683 possible solutions. The weighing factor lu was
chosen as 0.2, which results in a switching frequency fs of
approximately 710 Hz. The system parameters are shown
in Table 1.

An Altera Cyclone V 5CSEMA5F31C6 FPGA was used.
The process was clocked at 10 MHz, which results in 250
clock cycles per sample period Ts in which the calculations
have to be computed.

The FPGA data was captured using SignalTap. A full
simulation was done on the FPGA to ensure the algorithm
functions correctly in a dynamic system. In Fig. 5 it
is shown that the FPGA implementation does function
correctly since the results are identical to those of the

MATLAB simulation. This means that the non-recursive
sphere decoder calculates the same optimal solution as
the MATLAB recursive sphere decoder within a 50Hz
cycle, confirming its effectiveness. The number of clock
cycles required for the execution of the control law (i.e.,
the calculations of the unconstrained optimal solution and
those performed by the sphere decoder to acquire the
optimal solution) for all 800 sample instances within one
50Hz cycle was investigated. The mean was found to be 44
clock cycles, the minimum 40 clock cycles, the maximum
85 clock cycles. The clock cycle distribution is shown in
Fig. 6.

To test the transient response of the controller, a reference
step change was implemented from 2A to 3A, as shown in
Fig. 7. Furthermore, in Fig. 8 the same reference step was
tested, but at a different time instant. In the case of Fig. 7,
the control law took 85 clock cycles to execute (whereas
without the reference step the same sample point took
40 clock cycles). During a transient, the unconstrained
optimal solution might not be located in the convex hull
of the truncated lattice (i.e., the hull enclosing the lattice
points) and therefore the initial sphere radius is larger than
when the system operates at steady state.

In Fig. 8, however, the algorithm did not terminate within
the 250 clock cycles and therefore it is possible that
a suboptimal solution was applied to the inverter. The

Table 1: System parameters.

Parameter Description Value
Vd Bus voltage 30 V
R Load resistance 2.8 W
L Load inductance 2 mH
Ts Sample period 25 µs
lu Weighting factor 0.2
N Prediction horizon 3
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Figure 6: Distribution of the clock cycles required for the
calculation of the optimal solution during one fundamental
period.
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Figure 7: A reference step from 2A to 3A, demonstrating
the transient response of the algorithm..
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Figure 8: The same reference step as in Fig. 7 was applied,
but at a different time instant.

distance the unconstrained optimal solution is situated
from the lattice during a transient is depended on, but not
limited to, the previous optimal solution (in the case of
using the educated guess). When using the educated guess
and applying a reference step, there exists the possibility
that the previous optimal solution is completely different
to the optimal solution (and therefore a poor guess).

This implies that the initial sphere may enclose many
lattice points (i.e., candidate solutions). The Babai estimate
should (in most cases) offer similar or better transient
performance than the educated guess, since the initial
sphere of the Babai estimate involves rounding off the
unconstrained optimal solution to the nearest admissible
switch positions. Therefore, the initial radius is more likely
to contain equal or less lattice points than the educated
guess.

5. CONCLUSION AND FUTURE WORK

A non-recursive sphere decoding algorithm was presented.
It was demonstrated that the algorithm offers identical
results to the recursive sphere decoder, and can be
efficiently implemented in an FPGA. As of this writing,
a single-phase NPC inverter is in the process of
being practically implemented. The single-phase system
prediction horizon will be extended to 9, which has the
corresponding complexity of a three-phase system with a
prediction horizon of three.

6. APPENDIX

The � , ⌥ , S, and E matrices are defined as follow

� =

2

6664

A
A2

...
AN

3

7775
, ⌥ =

2

6664

B 02⇥3 · · · 02⇥3
AB B · · · 02⇥2

...
...

. . .
...

AN�1B AN�2B · · · B

3

7775
,

S =

2

66664

I3 03⇥3 · · · 03⇥3
�I3 I3 · · · 03⇥3
03⇥3 �I3 · · · 03⇥3

...
...

. . .
...

03⇥3 03⇥3 03⇥3 I3

3

77775
and E =

2

66664

I3
03⇥3
03⇥3

...
03⇥3

3

77775
.
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Abstract: This paper takes an in-depth look at the accuracy of small-signal models for an
asymmetrically regular sampled pulse-width modulator control loop. An accurate discrete-time
state space small-signal model is derived for a single-phase system and compared to the simplified
zero-order hold small-signal model. The accuracy of the small-signal models is verified for a
single-phase PI current regulator system with a series RL-load. It’s shown that duty cycle of the
pulse-width modulator affects the stability of a closed loop system. Since the zero-order hold model is
an approximate model it ignores the influence of the duty cycle on the stability of the control loop and
therefore is less accurate. It’s also shown that the accuracy of the zero-order hold model depends on
the time-constant of the RL-load.

Keywords: small-signal model, regular sampled pulse-width modulation, zero-order hold, digital
pulse-width modulator

1. INTRODUCTION

The improvement in performance of digital signal
processors (DSPs) during the past decades necessitated
more complex and accurate digital control algorithms
[1]. Figure 1 is an example of a digital current control
loop, separated into two time domains, the discrete-time
and the continuous-time domain. The digital current
regulator together with the digital pulse-width modulator
(DPWM), also called the regular sampled pulse-width
modulator (RSPWM), are represented in the discrete-time
domain, while the series RL-load is represented in the
continuous-time domain.

S1

S2

i(t) L R

i(k)  

Analog-Digital 
Converter

f(k)e(k)

c(t)

Digital 
Current 

Regulator

1

-1

+VDC

-VDC

i*(k)

v(t)

p(t)

Figure 1: Typical example of a digital control loop where a
discrete-time reference current i⇤(k) is applied to the input and

results in a regulated continuous-time output current i(t).

The difference between the current reference i

⇤(k) and the
discrete-time output current i(k) results in the discrete-time
error signal e(k). The discrete-time error signal e(k)
is applied to the input of the digital current regulator
and results in a discrete-time modulating signal f(k).
Depending on the value of the digital modulating signal

f(k), the DPWM will produce the switching states p(t) in
the continuous-time domain. In [2] this process is referred
to as the interpolation process, or the digital pulse-width
modulation. The DPWM is therefore the interface between
the digital-time domain and the continuous-time domain.
It’s well known that the switching behaviour of the DPWM
contributes to the non-linearity within a PWM control loop
[3]. It is therefore important that an accurate DPWM model
is obtained in order to design optimal performance digital
PWM control loops.
According to [4], using small-signal models of pulse-width
modulators, the stability of PWM control loops can be
predicted to a high-degree of accuracy. The accuracy of the
DPWM small-signal model will depend on how accurately
the stability limits can be determined. In order to achieve
optimal performance from these digital current regulators,
it’s important to be able to find the stability limits of a
system. This will ensure that the optimal loop gain is
obtained.
In previous literature [5], [2], [6] different PWM
small-signal models have been derived. In [6] small-signal
approximations have been used to find Laplace domain
transfer functions for different RSPWMs. In [2] it’s
shown that a zero-order hold (ZOH) transfer function can
be used as a general RSPWM small-signal model. This
simplifies the design process of RSPWM control loops
significantly, but the accuracy of this ZOH model have yet
to be discussed. This ZOH model represents an averaging
method that does not consider the effect of the change in
duty cycle in the control loop. In previous research it has
been noticed that, for a certain set of parameters, some
of these control loops become unstable in simulation and
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during testing [4], while the theoretical models predicts it
should be perfectly stable.
In this research the accuracy of the ZOH model is
investigated and a more precise state space small-signal
model is proposed to predict the stability margins with a
higher-degree of accuracy. Bifurcation diagrams are used
to accurately determine the stability limits of the actual
system through simulation.

2. ANALYSIS USING SMALL-SIGNAL MODEL

Due to the pulse-width modulator introducing non-linear
effects into the control system, it’s difficult to analyse the
stability of such a system using the conventional models.
The main non-linearity in most switch-mode controllers
exists in the comparator of the pulse-width modulator [7].
This non-linear response of the pulse-width modulator
affects the stability of power converters; therefore it’s
important to be able to predict the non-linear behaviour of
the pulse-width modulator.
Especially in PWM control loops it’s found [4] that, if an
accurate small-signal model can be derived for a specific
pulse-width modulator, the stability of the large-signal can
be predicted more accurately. The large-signal is referred
to as the steady-state input signal of the pulse-width
modulator. In [8] a small-signal model is defined as a
linearisation around a specific operating point.
To develop a small-signal model a small-disturbance signal
is superimposed on the large-signal in order to characterise
the behaviour of a pulse-width modulator with respect
to its normal operating point. In Figure 2 a typical
PWM control loop is shown where a small-disturbance
ĩ

⇤(k) is superimposed on the large-signal i

⇤(k). The
output of the digital current regulator also experiences
a small-disturbance signal, because of continuity of
the control loop, where the large-signal input of the
pulse-width modulator is f(k) and the small-disturbance
signal is f̃(k). The output current will also initially
experience a small-disturbance.
By means of block diagram manipulation, Figure 2 can
be separated into two separate control loops, one for the
small-disturbance (also called the small-signal) and another
for the large-signal, as shown in Figure 3. The small-signal
control loop is a linearization around the large-signal
solution and could be used to analyse the stability of the
large-signal control loop.

3. DERIVATION OF THE SMALL-SIGNAL MODEL
OF AN ASYMMETRICAL REGULAR SAMPLED

PULSE-WIDTH MODULATOR

Using these principles a small-signal model for the
asymmetrical RSPWM, where the continuous-time output
current i(t) is sampled at the positive and negative peaks
of a triangular carrier using an A/D converter, can be
derived. In Figure 4 if only the large-signal is applied
to the input of the pulse-width modulator and compared

to a triangular carrier a pulse-train p(t) is produced
at the output of the pulse-width modulator. However,
when the small-disturbance signal is superimposed on the
large-signal, the rising and falling edges of the pulse-train
are slightly shifted in time and results in p(t) + p̃(t).
To consider the effect of the small-disturbance alone the
original pulse-train p(t) produced by the large-signal is
subtracted from the pulse-train p(t) + p̃(t) generated from
the superimposed signal. This results in the series of
narrow rectangular pulses shown in Figure 5, that can be
approximated by a series of impulses. The small-signal
model of the DPWM is therefore represented by an impulse
generator, which agrees with the literature in [9].
Theses impulses occurs where the large-signal intersects
the triangular carrier signal. The strength of the impulses
are determined from the area of the narrow rectangular
pulses represented by the small-signal model and is called
the small-signal gain K

ss

. The small-signal gain K

ss

depends on the gradient of the line between the intersection
of the large-signal and small-signal with the carrier and
results in

K

ss

= f̃(k)
T

c

2
(1)

where T

c

is the switching period.

3.1 Continuous-Time State Space Model of Single-Phase
RL-Load

State space methods are used to derive a small-signal
model for the RSPWM in order to describe the relationship
between the input to the small-signal model f̃(k) and the
output ĩ(k). Considering the fact that the large-signal
and small-signal control loops can be separated from
one-another, as shown in Figure 3, a differential equation
for the small-disturbance output current ĩ(t) through the
RL-load can be expressed by:

dĩ

dt

= Aĩ(t) + Bṽ(t) (2)

where ṽ(t) = K

ss

�(t � t

x

) and A = �R

L

, B = 1
L

are the
system variables. Solving (2), a relationship between the
input to the small-signal model f̃(t) and the output ĩ(t) can
be determined. The time t

x

indicates the position of the
impulse.

3.2 Solving Non-Homogenous System

The continuous-time state space equation (2) defines a
non-homogeneous system, due to the presence of ṽ(t). By
integrating (2) the following solution is obtained

ĩ(t) = e

A(t�t0)
ĩ(t0) +

Z
t

t0

e

A(t�⌧)Bṽ(⌧)d⌧ (3)

The state transition equation (3) describes the change of
state variable relative to the initial conditions ĩ(t0) and
the input ṽ(t) [10]. To describe the interface between
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Figure 2: Small-disturbance superimposed onto the large-signal.
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Figure 3: Representation of the large-signal control loop and its linearised small-signal model.

p(t)+p(t), 
p(t)

t

+1

-1

0

Figure 4: The pulse-train p(t) produced by the large signal only
(solid line). The pulse-train p(t) + p̃(t) produced when a

small-disturbance signal is superimposed onto the large-signal
(dotted line).

the discrete-time and the continuous-time systems the
discrete-time equivalent (4) of the continuous-time state
transition equation (3) is used.

ĩ((k+1)T
s

) = e

ATs
ĩ(kT

s

)+

Z (k+1)Ts

kTs

e

A((k+1)Ts�⌧)Bṽ(⌧)d⌧

(4)

p(t)

t

+1

-1

0

Figure 5: The narrow rectangular pulses p̃(t) representing the
small-signal model.

where the initial state t0 = kT

s

. Using (4) and the concept
of dummy state variables a discrete-time equivalent state
space model is obtained, as will be explained in the next
section.

3.3 Discrete-Time Equivalent State Space Model

In Figure 6 the series of impulses is shown that represents
the small-signal model for asymmetrical RSPWM. During
the rising edge of the triangle carrier an impulse occurs at
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t

x

= d1
Tc
2 and the falling edge of the triangle carrier at

t

x

= (1 � d2)
Tc
2 . The duty cycle d1 and d2 is associated

with the large-signal, where the large-signal intersects the
triangle carrier. The duty cycles d1 is defined for the
rising edge while d2 is defined for the falling edge. The
state space variable ĩ1(k) describes the small-signal output
current for the first half cycle of the switching period T

c

,
while ĩ2(k) describes the small-signal output current for
the second half of the switching period. Dummy state
variables are used to prevent the problem from becoming
non-linear. The sample frequency is equal to twice the
switching frequency f

c

.

First Half
Second 
Half

First Half
Second 
Half

t

Tc

f(k)

Ts

t

Tc

2d1

Tc

2(1-d2)

carrier

f2(k+1)
Tc

2

f1(k+1)
Tc

2

f2(k)
Tc

2

f1(k)
Tc

2

Figure 6: The series of impulses representing the small-signal
model.

i(t)

t
i1(k) i2(k) i1(k+1) i2(k+1)

Figure 7: Derivation of the discrete-time equivalent small-signal
model of the pulse-width modulator.

Figure 7 shows the typical small-signal output current.
It shows that the current value of the output current of
ĩ1(k + 1) is determined by the previous sample value
ĩ2(k), the value sampled at the maximum peak of the
triangle (indicated in blue), and the small-signal input
f̃2(k) representing the impulse generated during the falling

edge of the triangle carrier. The small-signal output current
for the first half of the carrier is expressed by

ĩ1(k + 1) = e

�Tc
2⌧
ĩ2(k) +

T

c

2

1

L

e

� d1Tc
2⌧

f̃2(k) (5)

The same principle is used to find a solution for the
small-signal output current for the second half of the
carrier, which results in

ĩ2(k+1) = e

�Tc
2⌧
ĩ1(k+1)+

T

c

2

1

L

e

� (1�d2)Tc
2⌧

f̃1(k+1) (6)

where the time constant is ⌧ = � 1
A .

Combining (5) and (6) the following system matrices is
obtained

F
ol

=

"
0 e

�Tc
2⌧

0 e

�Tc
⌧

#
,G

ol

=

"
Tc
2

1
L

e

� d1Tc
2⌧ 0

Tc
2

1
L

e

� (1+d1)Tc
2⌧

Tc
2

1
L

e

� (1�d2)Tc
2⌧

#

(7)

4. STABILITY OF CLOSED LOOP SYSTEM

The stability of the closed loop system is analysed by
adding the PI current regulator in Figure 8 and an one
sample period computation delay [11] into the closed loop
system. The open loop state space equations (5) and (6) is
extended to find the closed-loop state-space model system
matrices. From the system matrices the eigenvalues of the
closed loop system is calculated to find the closed loop
poles.

4.1 Proportional Integral Current Regulator

Figure 8 shows the block diagram of a single-phase PI
current regulator.

x(k)

Kp

Ki

Kp

Ki

z-1

b(k)

a(k)

e(k)

z-1
f(k)

Figure 8: Representation for a proportional integral current
regulator and the computational delay.

Discrete-time state space equations can be derived for the
output of the integral term b(k) and the output of the
proportional term a(k) in term of the individual gains and
the error signal e(k). Adding the computational delay the
following discrete-time closed loop state space equation for
the small-signal model is obtained

y(k+1) = G
cl

�1F
cl

y(k)+(K
p

+K

i

)G
cl

�1z(k+1)+K

i

G
cl

�1u(k+1)
(8)

SAUPEC 2017 60



where

y(k) = [ i1(k) i2(k) x1(k) x2(k) b1(k) b2(k) f1(k) f2(k) ]T ;
z(k) =

⇥
0 0 i

⇤
1(k) i

⇤
2(k) 0 0 0 0

⇤
T

;

u(k) =
⇥
0 0 0 0 i

⇤
1(k) i

⇤
2(k) 0 0

⇤
T

and the F
cl

and G
cl

matrices is given by

G
cl

=

2

66666664

1 0 0 0 0 0 0 0
0 1 0 0 0 0 �G22 0

K

p

+K

i

0 1 0 0 0 0 0
0 K

p

+K

i

0 1 �1 0 0 0
K

i

0 0 0 1 0 0 0
0 K

i

0 0 �1 1 0 0
0 0 0 0 0 0 1 0
0 0 �1 0 0 0 0 1

3

77777775

;

F
cl

=

2

6666666664

0 F12 0 0 0 0 0 G11

0 F22 0 0 0 0 0 G21

0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0

3

7777777775

The values of F12, F22, G11, G21 and G22 originates from
the open loop system matrices in (7). Also interesting to
see is that the integrator of the PI current regulator and
the computational delay add 4 extra state variables to the
discrete-time state space system. The F

cl

and G
cl

matrices
are used in the following section to determine the position
of the closed loop poles.

5. MODEL VERIFICATION

Two different approaches are compared to one another to
investigate the inaccuracy of the ZOH model, a bifurcation
diagram and a root locus plot. For the root locus plot the
closed loop poles describe the stability of a system and
therefore only they would be plotted.
A root locus plot is used to observe the closed loop system
poles of the individual small-signal models. The loop gain
is incremented while the closed loop poles are plotted on
a root locus diagram. The value of the loop gain at which
the closed loop poles exit the unit circle of the root locus,
represents the value of the gain margin of the system.
The system parameters and controller gains are given in
Table 1. The design strategy introduced in [5] is used to
calculate the controller gains.
Figure 9 shows the closed loop poles according to the
ZOH model, as well as the closed loop poles given
by the proposed small-signal model. Unlike the ZOH
model, the proposed small-signal model is able to take into
consideration the changes in the duty cycle values.
A simulation in Matlab c� of the discrete-time control loop
is used where the loop gain is increased gradually over 6000
switching periods from 1 to 2.5. The duty cycle is then
measured and stored in an array twice over one switching

Table 1: System Parameters and Controller Gains
Inverter Parameters

Load Inductance (L) 1 mH
Load Resistance (R) 1 ⌦
DC-bus voltage (V

d

) 200 V
Switching frequency (f

c

) 625 Hz
Sample frequency (f

s

) 1250 Hz
Controller Gains

K

i

0.5288T
s

K

p

0.0073

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

 1S/T

0.9S/T

0.8S/T

0.7S/T
0.6S/T 0.5S/T 0.4S/T

0.3S/T

0.2S/T

0.1S/T

 1S/T

0.9S/T

0.8S/T

0.7S/T
0.6S/T 0.5S/T 0.4S/T

0.3S/T

0.2S/T

0.1S/T

Real Axis

Im
a
g
in

a
ry

 A
x
is

Gain Margin = 2.3960

Gain Margin = 2.3960

Gain Margin = 2.3948 
& 2.4318

Gain Margin = 2.3948 
& 2.4318

Figure 9: Root loci of ZOH model (blue) and the proposed
small-signal model with Iref = �40A (black) and Iref = 80A

(red).

period. Another simulation is then used which import these
duty cycle values into the proposed small-signal system
matrices. From the closed loop form the eigenvalues of
the system matrix are calculated, solving the closed loop
pole positions. A root-locus is then constructed using the
position of the closed loop poles.
To analyse the influence the duty cycle will have on the
stability of the single-phase system, two simulations were
done using different current reference values. It’s also
important to note that, according to the ZOH model, the
duty cycle has a no effect on the stability of the closed loop
system.
In Figure 9 it can be seen that a change in duty cycle
does influence the gain margin of a single-phase current
regulated system. From Figure 9 it shows that for large
current reference value (also a large duty cycle) the gain
margin of the system becomes more dependent on the duty
cycle values.

5.1 Gain Margin

The accuracy of the separate small-signal models can be
verified by comparing the gain margin predicted by the
individual small-signal models to the gain margin of a
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practical simulation of the system. By slowly ramping up
the loop gain and analysing the duty cycle, a bifurcation
diagram can be constructed to analyse the stability of the
system.
A Matlab c� simulation is used where an additional gain
is added before the input to the pulse-width modulator to
increase the loop gain. The value of loop gain at which the
instability occurs, identifies the value of the gain margin
of the system. For the system to avoid going straight into
unstable operation, the loop gain should be incremented
slowly. In simulation the loop gain is increased from 1 to
2.5 over period of 500⇥ 106 switching periods.
A bifurcation diagram is constructed with the sampled
duty cycle on the y-axis and the loop gain on the x-axis.
The duty cycle is only sampled at the rising edges of
the triangular carrier to find an accurate value for the
bifurcation point. In Figures 10 and 11 the bifurcation
diagrams are shown for the same current reference values
used to construct the root loci. The red dotted line shows
the theoretical gain margin predicted by the eigenvalues of
the proposed small-signal state space system.
From Figure 9 it should be noted that a change in duty cycle
does influence the gain margin of the system and that the
proposed small-signal state space model is able to predict it
very accurately, unlike the ZOH hold model. From Figure
9 the ZOH model predicts the gain margin to be 2.3960
regardless of the duty cycle, compared to the gain margins
predicted by the proposed small-signal model of 2.3948
and 2.4318 respectively. Although the difference between
the two small-signal models is very small the influence
which the duty cycle have on the stability of the control
loop may become more dominant for other types of loads.
Another simulation was done to evaluate the effect the
time constant of the RL-load will have on the system’s
gain margin. The time constant of the RL-load is ⌧ =
L

R

. Instead of a 1 mH inductor used in the previous
simulations an 18 mH inductor was used to increase the
time constant. The ZOH model predicted the gain margin to
be 1.6596 while the proposed small-signal model predicted
it to be 1.6598 for a current reference of 80 A. The root
loci of these small-signal models are shown in Figure 12.
Compared to the bifurcation diagram in Figure 13 both
small-signal models are able to predict the gain margin of
the system accurately.
For a larger time constant of the load it seems that both
the small-signal models are able to predict the gain margin
accurately.

6. CONCLUSION

This paper showed that small-signal model of an
asymmetrically RSPWM is more complex than originally
predicted by the ZOH model. The accuracy of the
small-signal models are verified by comparing the gain
margins predicted by the root loci to the gain margins of
the practical system by using bifurcation diagrams.
The accuracy of the ZOH model is compared to the

proposed state space small-signal derived in this paper. It’s
shown that the duty cycle does influence the gain margin
and that the proposed state space small-signal model can
accurately determine the gain margin. However, since the
ZOH model ignores the effect of the duty cycle it becomes
inaccurate, especially when the time constant of the load is
relatively small.
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Abstract: This paper discusses some attempts to monitor the internal state of an IGBT module, while 
it is operating. An investigation of the removal of the silicon gel and gaining access to the interior of 
the module is described. This allows inspection and measurements to be undertaken while the IGBT 
is operating. Some of the issues related to temperature measurements of parts of the module’s interior 
is discussed, as well as the possible effects of the hot spots found. 
 
Key words: IGBT, silicon gel, IGBT measurements 
 
 
 

1. INTRODUCTION 
 

Power semiconductor devices have greatly benefited 
from the advancement of microelectronics and as a result 
their use is rapidly increasing in industry. These 
advancements have contributed to the general knowledge 
of power device materials, processing, fabrication, 
packaging, modelling and simulation [1]. 
 
Power semiconductor devices include but are not limited 
to MOSFETS, Insulated Gate Bipolar Transistor 
(IGBT’s), Bipolar Junction Transistors (BJT’s), 
Thyristors. IGBT’s are commonly used and gaining 
continued popularity because they have low switching 
losses and they are easy to drive [2]. 
 
Reliability of power electronics is of major concern [3] 
and is essential especially when it comes to the more 
sensitive applications in which these devices are used. 
 
The reliability of semiconductor devices depends on their 
ability to resist stressors that are applied to the device 
which will have an impact on the lifetime of the device. 
These stresses include mechanical stress, thermal stress 
[4-6], and stressors brought about due to external 
environmental conditions . 
 
The failure mechanisms experienced in semiconductors 
can be due to the natural wear out and deterioration of 
materials otherwise known as intrinsic failure or can be 
due to the unintended defect and deviations during the 
manufacturing of the module, also known as extrinsic 
failure [7]. 
 
A number of mechanisms may cause eventual 
catastrophic device failure and these may include bond 
wire fatigue, crystal defects, cosmic rays, electro-
migration [3].  However, there is little agreement on the 
most common failure causes with age. The 2012 study in 
[8] on failures of converters in wind turbines found that 
the main cause of failures seemed to be related to 
lightning strikes.  It was thought that condensation may 
have caused some of the failures, but that bond wire lift 

off was not a major cause.  However, it is claimed that 
with severe thermal cycling it could be a problem.  There 
have also been reports of degradation of the thermal paste 
between the IGBT and the heatsink [9]. 
 
In non electric utility, it is thought likely that lightning 
strikes are unlikely to be a major issue, hence it seems 
that stresses from thermal effects are likely to be the 
major source of failures. This initial investigation is 
concentrating on accessing the bond wires due to their 
accessibility to real time monitoring. 
 
The two major failure mechanisms related to wire bonds 
are lifting of bond wires and heel cracking [10]. Bond 
wire lift-off is caused by the stress that comes about due 
to the coefficient mismatch between the Al and Si [11]. 
Bond wire lifting creates a domino effect in that it leads 
to non-homogenous distribution of current between the 
remaining wires after the initial lift-off. This then leads to 
higher temperatures in the IGBT module thus causing 
further lifting off of wires which eventually leads to 
catastrophic failure of the module [6].  It is claimed that 
bond wire heel cracking does not occur as often as bond 
wire lift off does in advanced IGBT multichip modules 
[10]. 
 
The coefficient of thermal expansion mismatch between 
the copper base plate and the ceramic direct copper layer 
causes thermo-mechanical stress in the solder joints 
during thermal cycling [12]. Cracks are then formed in 
the solder as a result of this thermo-mechanical stress 
brought on by the temperature swing. The reason for this 
is that the solder layer experiences quite a significant 
temperature swing as they make up the thermal path from 
the chip to the copper baseplate which happens to be the 
most critical interface in IGBT modules [3, 10]. Cracks 
and voids in the solder are the main observed 
characteristics associated with solder fatigue and the 
creation of cracks in the solder will in-turn increase the 
thermal impedance between the chip and the copper base 
plate [13]. Voids in particular can lead to other failure 
mechanisms like bond wire lift off since they increase the 
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peak junction temperature of both IGBT’s and diodes 
[10]. 
 
A major way to investigate the deterioration of a power 
transistor is to make measurements while it is operating.  
One such technique is to be able to open the transistor to 
gain access inside during its operation. 
 
The measurements that are of interest are those of the 
temperature surrounding the different bond wires at the 
pads or junctions.  
 

2. OPENING THE MODULE 
 

The experimental module investigated is the Semikron 
SKm 75GD 123D, shown in figure 1 [14]. 

 
 

Figure 1:  SKm 75GD 123D schematic diagram taken 
from the datasheet. 

 
It consists of a metallic base with a plastic casing around 
the IGBT modules (figure 2). There are four screws 
fixing the plastic cover onto the metallic case.  
 

 
 
 

Figure 2:  SKm 75GD 123D [12] 
 
Once these screws had been removed, the plastic case 
was cut off the base with a Dremel drill, as it had been 
glued onto the metallic base. Care has to be taken when 
cutting it off so as not to cut too deep into the package 
and damaging the IGBT modules on the inside.  
 
With the plastic cover successfully removed, the IGBT 
modules coated with silicon are now visible and ready to 
be experimented with.  However, to maintain 
connections, the case had to be firmly reattached, but the 
central cover could be unclipped, allowing good access to 
the inside and all electrical connections were intact 
(figure 3). 

 
 

Figure 3.  The SKm 75GD 123D opened up. 
 

3. REMOVAL OF SILICONE GEL 
 

To be able to see the bind wires clearly, the encapsulating 
silicone gel needed to be removed from the IGBT 
modules. 
 
For this, the module was soaked in acetone for a few 
hours. After the soaking process, the silicone was found 
to have softened but not dissolved.  
 
A toothbrush with soft bristles was used to lightly scrub 
the softened silicon off the IGBT modules.  This had to 
be done with some care so as not to apply too much 
mechanical stress to the aluminium wires of the IGBT.  
They are very easily deformed with slight force, and can 
easily break.  This was particularly difficult, as the 
silicon, even after having been softened, was still quite 
sticky, and as a result most of the wires were deformed 
by this process (figure 4). 
 

 
 

Figure 4:  Bent bond wires from the effect of removing 
the silicone gel with a soft toothbrush. 

 
Later in the experiments it was discovered that the silicon 
could be removed by simply pulling it off the module as 
it sticks to itself better than it sticks to the IGBT 
components and wires. With this process however there 
were small amounts of the silicon gel left on the IGBT, 
especially around the wires. It should be noted that with 
this technique, there was little or no external mechanical 
stresses added to the bond wires (figure 5) 
. 
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Figure 5:  Effect of pulling off the silicon gel from one 
IGBT transistor in the SKm 75GD 123D. 

 
4. MAINTAINING CONNECTION 

 
The gate and emitter of the IGBT of interest on which the 
experiment was connected to the positive and negative 
terminal respectively of a 15V power supply as gate 
voltage.  
 
For the unused IGBT’s the gate and emitter were 
connected together to turn them off.  
 
The collector of the module and the emitter of the IGBT 
of interest were connected to a supply in series with a 
resistor to regulate the current through the IGBT to 5.5A.  
 

5. TEMPERATURE MEASUREMENT 
 
Low cost techniques were attempted to be used to 
measure the temperatures of both ends of the bond wires.  
The techniques included (figure 6-8): 

 
i.  infra-red spot 
temperature sensor (Jaycar 
QM7226 approx. ZAR2000) 
 
 
 
 
 

 
Figure 6:  Infra-red spot 
temperature sensor 

 
 

ii. inexpensive 
Seek thermal camera 
(approx. ZAR1500) 

 
 
 

Figure 7: SEEK 
Thermal camera 

 

 
 

 

iii. high cost 
Testo 875 thermal 
camera (approx. 
ZAR54,200) 
 
 
 
 
Figure 8:  Testo 875 
thermal camera  
 
The QM7226 had a measurement area of approximately 
3mm. It had a 0.1oC temperature measurement resolution, 
whereas the SEEK camera had only a 1 ºC temperature 
resolution. The Test 875 has a temperature resolution of 
80mK.  None of the systems can resolve the temperatures 
of the wires themselves, but are able to resolve the 
average temperature of the ends of the wires together 
with their connecting pads, junctions and substrate. 
 

6. BOND WIRE TEMPERATURES 
 
To investigate thermal effects, a steady current was 
passed through one of the IGBT modules in the SKm 
75GD 123D inverter pack and the temperature change of 
the different parts of the chip was measured using the 
infrared thermometer (figure 6).  The bond wires (figure 
9) connect between the silicon and the copper pads. 
 

 
 
Figure 9: Bond wires connected between the silicon chip 

(black area) and the copper plate (light area). 
 
The temperature was measured of the area where the 
bond wires are connected to the silicon chip and 
compared to the temperature of the bond wires that are 
connected to the copper plate.  
 
For the initial tests, the module was mounted onto a piece 
of wood with two metallic screws to help maintain the 
sprung connections.  This limited the cooling effect of a 
heat sink, representing an accelerated heating situation.  
 
It should also be noted that the infra-red camera was 
mounted 50 mm above the IGBT and all measurements 
were taken at this distance so as to provide some form of 
consistency with regards to the temperature 
measurements.  This was also done with the 
measurements taken with the infra-red spot thermometer. 
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7. RESULTS 
 
Temperature differences were noticed between the 
different parts of the IGBT module and also between the 
bond wires that are connected to the silicon chip and the 
copper plate (figure 10). 
 

 
Figure 10:  Thermal image with markers showing the 
different temperatures on the bond wires connected to the 
silicon and those on the copper taken with the Testo 875 
thermal camera. M1 = junction of bond wire to silicon.  
M2 = junction of bond wire to copper. 
 
In the figure above, M1 is 37.6 ºC and M2 is 33.4 ºC. 
 
Figure 11 below shows the thermal image taken with the 
Seek thermal camera of the active IGBT. A difference in 
the resolution of the images in figure 10 and figure 11 can 
clearly be seen. 
 

 
 

Figure 11:  Thermal image of IGBT taken with Seek 
thermal camera. 

 
Temperature was measured in 3 different places on the 
IGBT chip i.e. the left corner, centre and right corner of 

the IGBT chip. The temperature of the diode and the 
baseplate was also measured (figure 12). 
 

 
Figure 12:  Temperatures on the IGBT module. 

 
The temperature of the bond wires at the silicon chip end 
and those bond wires at the copper end of the module 
were also measured (figure 13). 
 

 
 

Figure 13:  Temperatures of the ends of bond wires 
(silicon chip and copper plate ends) 

 
The case to junction thermal coefficient  is   
 Rɵ = 0.32K/W [12-14] 
 
If it is assumed that the case temperature is constant, then 
the junction temperature can be calculated to be; 
 

Tj = (Vce * Ic) * 0.32 + Tc = 27.1C 
 
Where: Vce = 1.2V 
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Ic (max) = 5.5A 
Tc  = case temperature = 25C 
 

It can be clearly seen that hot spots can easily develop in 
an IGBT.  This is to be expected with thermal cycling, 
where the steady state temperature conditions are not 
established.  This could be a contributing factor to the 
deterioration of IGBT by way of bond wire lift-off.   

8. DISCUSSION 
 
By removing the plastic top of the IGBT module, it is 
possible to view the internal workings of the module as it 
operates.    
 
Removing the transparent silicon gel, which is over much 
of the internal parts of the IGBT has proved challenging.  
No method of reliably dissolving the silicon has been 
found.  The best method found so far has been to roll it 
off using tweezers.  With care, there is minimal damage 
to the wires.  However, improved ways of removing the 
silicon would be advantageous. 
 
An infra-red spot thermometer and infra-red cameras 
have been used to measure the temperatures in the IGBT 
module.  The inexpensive units cannot resolve the 
temperatures of the individual bond wires, but a 
significantly more expensive infra-red camera is able to 
just discern the wires. An intermediate cost solution 
needs to be found. 
 
The temperature results do show that the end of the wires 
at the silicon are hotter than the end at the copper (figure 
13) with the maximum measured temperature of the 
silicon wires as 35.4°C and that of the copper wires being 
34°C.  
 
The maximum measured junction temperature on the 
IGBT module was 35.4°C, indicating hot spots not 
calculable from the published thermal coefficients.  The 
existence of these hotspots could be a contributing factor 
to the deterioration by bond wire lift-off.  Future work 
will look at the distribution of temperature of the IGBT 
case to assess its usefulness for predicting the internal 
temperatures. 
 
This temperature difference, combined with the large 
difference of the thermal expansion coefficient of silicon 
compared to that of the aluminium wires, will contribute 
to increased fatigue of the wires and pads at the silicon 
junction end. 
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INTEGRATING SMPS AND CAPACITIVE TOUCH SENSING - AN
OVERVIEW
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Abstract: Luminaire design in the last few years have undergone numerous changes. These are
made possible by the constant development in different fields, especially LED- and LED driver-,
communication and user interface-technology. This paper present our journey in SMPS luminaire
design using capacitive sensing user interface, integration of capacitive sensing user interface within
a SMPS controller IC.
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1. INTRODUCTION

The Light Emitting Diode (LED) has its the discovery
attributed to Losev [13] in the 1920s [24]. During the past
decades we have seen an increasing trend⇤in research⇤⇤and
commercial⇤⇤⇤ interest in this technology (see Fig.1) [17].
With an estimated increase of 35% in light-points expected
[16] by 2030 and continual introduction of new driver,
sensing, communications and user interface technologies
the future for new applications incorporating LED looks
bright.

Figure 1: Number of patents and research hits for LED lighting

Some example applications of LEDs are: Flash-lights and
headlamps, architectural-, agricultural-, street-lighting,

⇤. Google Trend: https://www.google.com/trends/explore?

date=all\&q=\%2Fm\%2F04myn

⇤⇤.. Google Scholar data from: https://scholar.google.co.za/

scholar?q=Light+Emitting+Diode+Light-Emitting+Diode\&hl=

en\&as_sdt=1\%2C5\&as_vis=1

⇤⇤⇤... Number of Granted Published patents from: https:

//patents.google.com/?q=Light+Emiting+Diode\&q=Light\

&q=Emitting\&q=Diode\&q=F21V,F21S

luminair design and retrofitting of existing incandescent
lighting with incorporated day night sensing and move-
ment sensors to name a few [5]. By combining different
user interfaces and technologies for controlling the LED,
designers are able to enhance and improve the functionality
and apeal. Touch and proximity interfaces is an example
of such an interaction method, which find applications in
white-goods and decorative lighting luminaires [18] [7].

This paper will discuss the integration of touch technology
with SMPS LED drivers as proposed by Bruwer [3].
By taking a ”Lessons learnt” approach based on a
Touch Lamp project which Azoteq (Pty) Ltd executed
for an international client. Firstly, capacitive touch
sensing measurement will be discussed briefly to give
the reader a understanding of the technology, how this
works and the problems that were addressed during
integration. Secondly, in designing the luminaire, the
topology involved is presented for conventional discrete
solution. Lastly, based on the experience with the
discrete solution a new approach is proposed and its
implementation and preliminary results discussed.

2. CAPACITIVE TOUCH SENSING

Various touch, proximity and gesture technologies are
employed for user or man-machine interfaces today.
Some of these are:† resistive(1888) [10] , RF(1924) [12],
RF-Noise [4], capacitive(1963) [6], optical(1970) [15]
sensing and computer vision [11].

Azoteq develops touch sensors based on the
Switched-Capacitor [14] [22] measurement technique††.

The principle (Fig. 2) works on the basis that an electrode
with an unknown capacitance under measurement CCUM is
charged with a reference voltage Vre f , while S1 is closed.
This equates to a fixed charge, since Q =CV . This charge
is then transferred to the integrator by opening S1 and the

†. Dates are given only as an indication and older works are
anticipated

††.. In literature reference to Charge Transfer is also made
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Figure 2: Simplified Switched Capacitor measurement circuit
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Figure 3: Illustration of field interference

closing S2. The voltage VQ increases proportionally and the
accumulator Â is updated. Each clock cycle these steps are
repeated, until VQ exceeds Vcmp and the comparator trips.
The value of the accumulator is latched in a result register
CÂ.

It will be appreciated that for a large CCUM charged with
the same reference voltage Vre f , the amount of charge
Q transferred during every cycle will be correspondingly
large, resulting in a lower number of transfer cycles CÂ
before the comparator trips. By analogy the smaller the
capacitance of CCUM the longer it will take to integrate and
will result in a high CÂ.

There are numerous non-idealities associated with absolute
capacitive measurements using this technique [20].
However, for proximity and touch detection, the relative
change or short-term variation can be used. This variation
of capacitance CD is achieved by the user disturbing or
changing the electric field distribution associated with the
electrodes of the sensing circuit. One of the teqniques used
for touch sensing is measurement of self capacitance of the
electrodes. By touching the sense electrode capacitance
is added to the circuit and hence a relative increase in
measured capacitance as illustrated in Fig. 3 is achieved.
Deviating the capacitance by a predetermined threshold
from the long term average environment levels a touch or
proximity event is generated.

Over the years Azoteq has developed and refined
algorithms and controllers hardware for robust touch and
proximity detection. One of these worth mentioning is
the Antenna Tuning Implementation (ATI) algorithm [21].
This algorithm reduce the effect of parasitic elements and
ensures that for steady state conditions the value of CÂ is
within a pre-defined target range.

Figure 4: Side of luminaire showing touch sensor underneath
lense

3. LUMINAIRE DESIGN BY USING DISCRETE
COMPONENTS

The concept and mechanical implementation was designed
and mechanical samples were supplied supplied to Azoteq
by our international client. The luminaire consisted of a
number of LED PCB’s arranged in a geometric pattern to
illuminate vertical lenses. The power supply and touch
controller was placed in the center of the assembly.

The user switch the lamp on or off by touching on the metal
sides underneath the lenses (Fig. 4) for a short period. In
addition, the user interface allows dimming of the lamp
by pressing on the metal for a longer duration, wherein
the lamp goes into a repetitive higher-to-lower-to-higher
dimming cycle as long as the prolonged touch is detected.

Azoteq was responsible for the integration of the touch
interface. During the course of the development
various recommendations regarding the power supply were
communicated to our international clients to improve the
signal to noise ratios.

The implementation for the product was based on a typical
isolated flyback power supply (see Fig 6). The touch
detection IC chosen for this project was the IQS143
[1]. This was controlled by another micro controller to
optimize the interface and allow flexibility for addressing
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Figure 5: Illustration of Physical Electronics Assembly

problems that arise as development continues. The IQS143
ATI target was set at charge transfer value of CÂ = 1000

3.1 AC coupling

The first issue which required solving was the capacitive
coupling of the mains network with the luminaire. This is a
common problem in capacitive sensing [9] and was solved
by increasing the reference plane of capacitive sensing
circuit as follows:

• The base of the luminaire used as a stand was isolated
from the PSU-and LED-metal housing by making the
central pillar and base from plastic.

• Inside the base a reference wire was placed on the
edge of the base and connected to the secondary side
of the power supply. (See Fig. 7)

• The mains cables running thought the pillar was
shielded using this reference by placing conductive
tape around the mains wires (See Fig. 8).

3.2 Shielding

The LEDs were placed inside the metal housing on FR4
PCB. In order to dissipate the heat of the LED’s good
thermal design was needed. This necessitated thin layers of
isolationwhich increases the parasitic capacitance between
the touch electrode (the metal lamp body) and the ground
reference. To curb this phenomenon an active shield
was used [23] and a layer was inserted on the PCB
between the LED pad and the housing. The active shield
layer inserted ensures that the metal close to the thin
isolation is driven to be at the same potential as the touch
electrode to be measured, located on the opposite side of
the isolation, thus prohibiting charge flow and reducing
parasitic capacitance. In addition heat conductive tape was
used between the PCB and the metal enclosure.

3.3 Touch Performance: Results and measurements

The above measures in Section 3.1 and 3.2 increased the
sensitivity to acceptable levels and with a reference of
CÂ = 1000 allowed for the following results to be achieved:

Load Conditions Noise Touch Deviation % Noise
Off 3 445 0.7%

Full Load 7 385 1.8%

3.4 Current Control

Another issue which was unexpected was the interaction
between the power supply controller and the touch
controller. The power controller was carefully designed to
ensure low power consumption in the off state to comply
with Energy Star [2]. As a consequence of this design
a rather large current overshoot occurred during startup
which caused irritating flash of light. This was addressed
by decreasing the start-up ramping period through use of
the micro-controller PWM signal.

4. INTEGRATION OF CAPACITIVE SENSING INTO
THE SMPS DRIVER

4.1 Motivation

Integration of a SMPS driver and a capacitive sensing
controller was proposed by Bruwer [3]. This reduces
complexity, evident from a comparison of Fig 6 and Fig.
9, and has the following benefits:

• Lower cost

• Simpler design

• Quicker Time to market

• Accurate User Interface and reduction of noise levels

Lower cost and simpler Power Supply design: Less
components are required, which in turn results in smaller
board space. In terms of product reliability and production
cost lower component count is always desired.

Quicker Time to Market: This is based on the a
pre-programmed user interface and a pre-defined power
supply topology , e.g.: A simple low side switch buck,
boost or flyback converter running in discontinues mode.

Since only a LED load is expected design parameters are
even further simplified, since no over voltage protection is
required, unless the load can be disconnected or product
safety is a concern.

Accurate User Interface: Since the capacitive sensing
circuitry is integrated with the switch mode controller,
detection algorithms can be optimized to increase signal to
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Figure 6: Discrete Solution Topology

Figure 7: Increasing the reference area using a coiled wire on the
plastic base, connected to secondary ground

Figure 8: Shielded mains cable with conductive tape and pigtails
that connected to secondary ground increases the reference plane

noise ratios. An advantage of locating the touch controller
on the primary side of the PSU is the resultant ease of
mains frequency synchronization. This may eliminate the
need for shielding requirements in Section 3.1.

4.2 Implementation

This concept was first tested on an existing touch controller
platform (See Fig. 10) and by using spare comparators and
flip-flops to implement the SMPS controller.

PWM and dimming: Due to the limited hardware available
on the IC, the following constraints were used to simplify
the implementation:

• The discontinues buck, boost and flyback converter
topologies were chosen.

• Only LEDs is considered as load.

• The maximum duty cycle was limited to 50%

• Cycle by Cycle Peak Current Control was used [19]

• The switching frequency was scaled from the system
clock to 125kHz, which falls into an expectable range
for both efficiency, component size and manageable
RF band.

Dimming was implemented by blanking the PWM of the
switching output with a slower hardware PWM, resulting
in a form of Pulse Density Modulation [8].
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Figure 10: Integrated SMPS and Touch Controller implemented
on 0.35µm CMOS process

Since the load is LED’s, (barring component and system
tolerances) a constant voltage is assumed to be present at
the outhput and hence for the design the following equation
holds:

Pout =
Non

NÂ
h1

2
Lm ˆim

2 fs (1)

and hence
Iout =

Vled

Pout
(2)

where:

• Iout = Current in LED load

• Vled = Forward Voltage of LED load

• Pout = Power transfers to LED load

• h = System Efficiency

• Lm = Magnetising Induction of transformer or
inductor

Figure 11: Discrete vs Integrated SMPS and Touch Lamp PCB
Layout

• ˆim = Peak Current limit

• fs = switching frequency

• Non Number of pulses on for the PDM and

• NÂ Total pulses available for 100% PDM

4.3 Results

A prototype was built using the integrated touch and SMPS
controller. An initial prototype yielded similar signal
to noise ratios as the discrete solution in Section 3.3).
Notably the reduction in component count as can be seen
from Fig. 11.

5. CONCLUSION

This paper presents some of the challenges experienced
during the product development of a touch lamp for
an international client. This development provided
some unique insights which led to the integration of a
capacitive touch controller and SMPS controller into a
single IC, as proposed by Bruwer [3]. In the process total
system cost have been reduced by simplifying the system
topology. Development times have been reduced due to a
pre-developed user interface. The impact of mains noise
has been reduced due to synchronization with the mains
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frequency, which prevents aliasing. By combining the
SMPS and user-interface technology, new applications are
possible and indeed the future looks bright!
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Abstract: This paper considers a model predictive controller with reference tracking that manipulates
the integer switch positions of a power converter. It can be shown that the optimal switch position can
be computed in a new coordinate system by solving the closest vector problem in a lattice by iterative
slicing. A list of Voronoi relevant vectors defining the basic Voronoi cell of a lattice is used to find the
Voronoi cell containing the unconstrained optimum in an iterative manner. This concept is exemplified
for a three-level single-phase converter with an RL load.

Key words: Model Predictive Control, Voronoi diagram, Voronoi relevant vectors, Closest vector
problem, Iterative slicing.

1. INTRODUCTION

Model predictive control (MPC), or receding horizon
control, uses a model of the system to predict over a finite
horizon the future evolution of the system’s controlled
variables. Using MPC over extended horizons has the
potential to improve the performance significantly [1, 2].
Unfortunately, this leads to an exponential increase in
the number of possible control sequences. In practice
this implies more computations to be performed during
each sampling interval. In power electronic systems with
short sampling intervals, this computational burden is a
challenging factor when considering an extension of the
MPC horizon.

The main purpose of our research is to reduce the online
computational burden of the controller so as to practically
implement extended horizon MPC for a multilevel inverter.
To achieve this, it is necessary to find the solution to the
optimization problem, i.e. the predicted control vector
of minimum Euclidean distance to the unconstrained
optimum in a transformed solution space. The work
presented here is a continuation of our previous work done
in addressing the same challenge [3]. Instead of utilizing a
binary search tree for solving the nearest neighbor problem
we now address the challenge via lattice theory and the
classic mathematical problem of closest vector problem
(CVP) as noted in the study of geometry of numbers
[4]. The general closest vector problem, as a function of
the dimension, has been shown to be non-deterministic
polynomial-time hard (NP-hard) [5], implying that all
exact solutions have exponential complexity. Approximate
solutions are faster and terminate in higher dimensions but
have also proven to be NP-hard for a certain degree of
optimality/exactness [6]. NP is formally referred to as the
set of decision problems solvable in polynomial time by a
theoretical non-deterministic Turing machine [7].

Three main approaches exist for solving the CVP,
namely enumeration based algorithms, space saturation
algorithms and Voronoi based algorithms. Enumeration
based algorithms following the Pohst [8] strategy have
traditionally been used as a practical tool [9]. This research
is aimed at implementing an alternative Voronoi based
method with pre-processing to find the exact solution
to CVP and subsequently optimizing the MPC problem.
The work applies the lattice slicing algorithm to the
unique lattice structure generated by the MPC optimization
problem in an attempt to evaluate performance and
practicality of the off- and on-line computational burden.

Section 2 introduces the mathematical background of the
MPC problem with the resulting state-space and geometry
laid out in section 3. In section 4 the lattice approach and
CVP solver are presented. The inverter implementation
and pre-processing requirements are stipulated in section
5. Section 6 concludes the paper.

2. MODEL PREDICTIVE CONTROL

The control action is determined by solving a finite horizon
open-loop optimal control problem at each sampling
instant, using the current state of the system, searching
for an optimal control sequence over the horizon and then
applying the first control action in the sequence to the
system. MPC applied to a single-phase Neutral Point
Clamped (NPC) inverter controls the inverter switches in
such a manner so as to generate an output current i in the
load that tracks a reference current ir as closely as possible
with minimal switching losses in the power switches. The
inverter topology is shown in Figure 1 with the neutral
point voltage assumed constant.
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Figure 1: Single-phase Neutral Point Clamped inverter

2.1 Mathematical modeling

The NPC inverter leg can deliver three voltage levels of
�0.5VDC, 0VDC and +0.5VDC across the load which can be
represented by the integer values u 2 {�1,0,+1} defining
the state of the switch positions. The voltage applied to the
RL load is v(t) = 0.5VDC · u(t). The differential equation
describing the RL load in the continues time domain is:

v(t) = Ri(t)+L
di(t)

dt
. (1)

Converting (1) to the discrete time domain with sample
period Ts results in the predictive load current model i(k+
1) with input u(k) and state i(k) as noted in

i(k+1) = Ai(k)+Bu(k) (2)

with A = e�Ts/t, B = VDC
2R (1�A) and t = L

R .

2.2 Cost function

To find the optimal control input to the inverter, we define
over a finite horizon N the quadratic cost function

J =
k+N�1

Â
l=k

(ir(l +1)� i(l +1))2 +lu (Du(l))2 . (3)

This function is similar to the cost function defined in [1]
and consist of two terms, (ir(l +1)� i(l +1))2 to quantify
tracking error from the reference current ir, and lu (Du(l))2

the switching cost. A tuning factor lu is used to adjust
the weight of the switching cost. J is a function of
the switching sequence U = [u(k)u(k+1)...u(k+N �1)]T

which leads to an exponential increase in possible
switching sequences over the horizon to evaluate.

Figure 2: HU input vectors in the H-coordinate solution space
for horizon N = 2.

2.3 Optimization problem

The optimization problem for finding the optimum
switching sequence Uopt can be stated formally as

Uopt(k) = argmin
U(k)

J, (4)

subject to

i(l +1) = Ai(l)+Bu(l) (5)

u(l) 2 {�1,0,+1}
8l = k, ...,k+N �1.

A solution to the optimization problem (4) can be found by
rewriting the cost function in terms of the unconstrained
optimal solution Uunc(k) as derived in [1] and [10]

J = kHU(k)�HUunc(k)k2
2 . (6)

H is an invertible lower triangular matrix that transforms
the switching sequence U(k) and the unconstrained
optimal Uunc(k) to the m-dimensional H-coordinate
solution space with m = N.

3. SOLUTION SPACE PARTITIONING

3.1 Solution space

Solving the optimization problem (4) with cost function
(6) translates into the nearest neighbor search of
the m-dimensional vector HUunc(k) to the set of
m-dimensional input vectors HU(k) in Rm Euclidean
space. Figure 2 depicts the spatial arrangement of the
3N input vectors in the H-transformed coordinate space
for the horizon N = 2 case. It can be observed that the
arrangement constitutes an m-dimensional parallelotope
with 2m orthants. The convex hull of the parallelotope is
defined by 2m hyperplanes of dimension m�1.
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Figure 3: Voronoi diagram for the HU sites in the H-coordinate
space for horizon N = 2.

3.2 Voronoi partitioning

Polyhedral partitioning of the H-solution space into a
Voronoi diagram results in a number of convex Voronoi
cells, each consisting of all vectors in Rm nearest to their
respective HU Voronoi site [11]. The Voronoi cell V of an
individual site s 2 HU can be defined as

V (HU,s) = {x 2 Rm : kx� sk  kx� jk} (7)

8 j 2 (HU) , j 6= s.

The Voronoi diagram for the horizon N = 2 case is
shown in Figure 3 with 16 hyperplanes partitioning
the H-coordinate space and defining the borders of the
subsequent Voronoi cells.

4. CVP SOLVER

4.1 Voronoi cell of a lattice

The spatial arrangement of the HU input vectors can also
be defined in lattice theory as

L(H) = L(h1,h2, ...,hn) = {HU |U 2 Zn} . (8)

The lattice L is generated from the full-rank base matrix
H with linearly independent column vectors h1,h2, ...,hn 2
Rm. The dimension and rank of the lattice are denoted by
the number of rows m and columns n of the base matrix H,
respectively. The two base vectors h1,h2 for the horizon
N = 2 case are indicated in Figure 2 with the darkened
orthant highlighting the span of the lattice base.

The Voronoi cells for a lattice structure are convex
polyhedra and are symmetrical in reflection through its
Voronoi site s. This can be observed in Figure 4 from

Figure 4: The Voronoi relevant vectors defining the basic
Voronoi cell of a lattice and the translation thereof to all lattice

points in the H-coordinate space (N = 2).

the shaded Voronoi cell enclosing the origin s = 0 also
known as the basic Voronoi cell of a lattice. The borders
defining the m-dimensional basic Voronoi cell are (m �
1)-dimensional hyperplanes derived from their respective
Voronoi relevant vectors v. Voronoi relevant vectors
are lattice points closest to a specific lattice point; in a
m-dimensional lattice a maximum of 2m+1 � 2 Voronoi
relevant vectors can exist [12]. Each Voronoi relevant
vector is bisected orthogonally at its midpoint 1

2 v by a
hyperplane defining the border between the Voronoi site
and its Voronoi relevant vector. A border hyperplane is also
known as a facet of the respective Voronoi cell. In Figure
4 the Voronoi relevant vectors to the origin are indicated
by the 6 blue arrows with their respective facets defining
the basic Voronoi cell. The translative nature of the basic
Voronoi cell to all other lattice points is illustrated by the
dotted lines. The Voronoi relevant vectors can be described
as a subset S(L) ✓ L of the lattice, defining the basic
Voronoi cell as

V (L,0) = {x 2 Rm : kxk  kx� vk} (9)

8v 2 S(L),v 6= 0.

Due to the symmetrical nature of the Voronoi cell V (L,0)
the Voronoi relevant vectors are also reflections and for
every v the vector �v is also a Voronoi relevant vector.
The Voronoi cell can thus be defined in terms of Voronoi
relevant vector pairs {v,�v}. This simplifies S(L) to a
minimal set S0(L) ✓ L where only one representative of
each Voronoi relevant vector pair is used to define the set.
The basic Voronoi cell can now be defined by

V (L,0) = {x 2 Rm : kxk  kx� vk ,kxk  kx+ vk} (10)

8v 2 S0(L),v 6= 0.
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Figure 5: Slicing of the H-coordinate space (N = 2) with
Voronoi border pairs located at ± 1

2 v.

This clearly halves the number of Voronoi relevant vectors
required to define the basic Voronoi cell of a lattice. The
advantage obtained from the symmetry and the translation
of the basic Voronoi cell in a m-dimensional lattice is
that all the borders defining the Voronoi diagram of the
solution space can be determined from 2m �1 single-sided
Voronoi relevant vectors. For the horizon N = 2 case this
equals 3 single-sided Voronoi relevant vectors representing
3 hyperplanes or facets needed to describe the Voronoi
diagram consisting of 16 hyperplanes in total.

4.2 Iterative slicing algorithm

In the quest to find the closest lattice point to a vector
the algorithm developed by [13] achieves the objective
by iteratively calculating which Voronoi cell of the lattice
contains the given vector. Determining the closest lattice
point s to a vector x 2 Rm is done by finding the lattice
point s2L with the error vector e= s�x that resides inside
the basic Voronoi cell V (L,0). To verify the containment
of x in V (L,0) a number of slicing operations are required
using the pre-calculated list of Voronoi relevant vectors.
Instead of using distances, the basic Voronoi cell is
re-defined in terms of inner products to give

V (L,0) =
⇢

x 2 Rm : |x · v| 1
2
kvk2

�
(11)

8v 2 S0(L),v 6= 0.

Geometrically |x · v| translates into the orthogonal projec-
tion of x onto v, where the Voronoi border pair defined by
v is orthogonal and located at ± 1

2 v. This slice through Rm

is illustrated in Figure 5. The algorithm typically starts
with the lattice point at the origin s = 0 and iteratively
updates s until the resulting error e is found to be between

all the slices defined by the set v 2 S0(L). At first glance
this search process seems to be exhaustive in nature but the
algorithm implements two principles for speeding up.

Firstly, the Voronoi relevant vectors v 2 S0(L) are sorted
in an ascending order in terms of their Euclidean norm
during the pre-calculation stage. This arrangement is
then utilized during the on-line operation of the algorithm
when the error vector is evaluated by kek2 < 1

4kvk2 for
a specific Voronoi relevant vector v. Geometrically this
verifies if e resides within a sphere of radius 1

2 v. If so
then it is not necessary to verify containment of e by the
rest of the Voronoi relevant vectors in the ranked set of
increasing Euclidean norm thus eliminating unnecessary
computations.

Secondly, a further reduction in computational complexity
is obtained by not initializing the algorithm from the
typical lattice point s = 0 but from an estimated lattice
point closer to the given vector x. This will ensure e =
s� x to be smaller, resulting in less iterations and faster
termination of the algorithm. This estimation can be
achieved by various methods of which the Babai rounding
technique is a good example. The method estimates a
lattice point by

s = H
⌅
xH�1⌥ , (12)

with H the lattice basis of full rank. Although this rounding
method is not guaranteed to solve CVP exactly, it is simple
and has been proved by Babai that ks� xk is within an
exponential factor of the minimal value if the lattice basis
is LLL-reduced [14]. Due to length constraints on this
paper, any further details on the lattice slicing algorithm
is deterred from but the reader is referred to [13] for a
comprehensive description.

5. IMPLEMENTATION

5.1 Off-line requirements

The load model parameters are required to determine the
H-transformation matrix for the horizon N. The lattice
slicing algorithm requires the basic Voronoi cell of a lattice
to solve the closest vector problem. This is a task that is
also deemed to be NP-hard [15], but since this operation is
only to be done once in the off-line process, we opted for
using an altered sphere-decoder from [9] to calculate the
2m+1 � 2 closest vectors to the origin. These vectors are
in ± pairs and only one representative one-sided Voronoi
relevant vector of each pair is stored and ranked in terms
of their Euclidean norm. Another off-line computation
required is defining the convex hull of the m-dimensional
parallelotope by its 2m, (m�1)-dimensional hyperplanes.
This is done for reasons explained in the on-line procedure.

5.2 On-line requirements

Implementing MPC in an multi-level inverter equates
to solving the closest vector problem (CVP) in the
N-dimensional H-solution space as described in section
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3.1. The lattice slicing algorithm solves CVP in a lattice
and it is not valid for finding vectors located outside the
lattice structure. In our three-level inverter application, the
lattice of the HU sites is as defined in (7) but with the
limitation that U 2 {�1,0,+1} (the lattice is truncated).
The valid region of operation for the slicing algorithm
for our lattice is the area enclosed by the basic Voronoi
cell and all translations thereof to the surrounding lattice
points limited to {�1,0,+1} in m-dimensions. This area
is graphically illustrated in Figure 4 by the bounding
dotted line. The Voronoi diagram partitioning the solution
space for the HU-sites are similar to the Voronoi cell
translation of the HU-lattice only inside the described
parallelotope. Outside the parallelotope the partitioning
differs because our lattice is bounded by {�1,0,+1}
resulting in un-bounded Voronoi cells.

Therefore we must consider two possible scenarios that
might occur. One, in which HUunc is inside the convex
hull of the parallelotope and another one in which HUunc
is located outside the parallelotope. The first situation is
the norm under stable continuous operation of the inverter
and the second usually occurs under transient conditions.
In addressing the second scenario it can be observed that
all Voronoi borders exiting the parallelotope are orthogonal
to the hull of the parallelotope. Thus if HUunc is located
outside the parallelotope we project HUunc orthogonally
to a point with minimum distance on the hull of the
parallelotope. HUunc is then updated with this new
hull-point which is valid for the lattice slicing algorithm to
solve. To initialize the algorithm, an approximated lattice
point is determined by utilizing (12)

HUest = H
⌅
UuncH�1⌥ . (13)

The algorithm finds the closest HU lattice point to HUunc
which relates to the optimal control sequence Uopt for the
inverter over N-horizons. From this sequence only the first
control action u(k) is selected and applied to the inverter.
A flowchart for the on-line process is shown in Figure 6.

5.3 Simulation

The proposed off- and on-line procedures were im-
plemented in a MAT LAB© simulation model of the
single-phase NPC three-level inverter. The validity
and performance of the control actions selected by the
iterative slicer were compared to those of the benchmark
exhaustive search method and an adapted version of the
sphere-decoder. The sphere-decoder applied the standard
top-down search method and was initialized with a sphere
radius equal to the initial error vector as introduced in the
lattice slicing algorithm

e = kHUest �HUunck . (14)

A typical example with the following parameters is
considered. Sampling interval of TS = 25µs, load-
resistance of R = 2W, and inductance L = 2mH. The rated
r.m.s. output voltage of the inverter is VAC = 3.3kV with
an input dc-link voltage of VDC = 5.2kV. Base quantities

Figure 6: Flowchart of the on-line process for attaining the
optimal inverter control action during every sample period.

are used to establish a per unit system and the current
reference is assumed to be 0.8pu amplitude. A tuning
factor lu of 0.02 was selected. To determine the straight
out performance of the respective algorithms in terms of
their CVP solving capability we opted for a random set
of input vectors i(k) that limited HUunc to stay within
the borders of the HU parallelotope. Using random
values instead of a reference sine-wave ensured that no
sequence or function is followed that can possibly assist
in the prediction of HUest . Limiting the input values and
thus Uunc to values between {�1,+1} eliminated possible
variations in performance due to the different approaches
used in addressing transient conditions. The performance
in terms of average processing time by the respective
algorithms for 1000 samples over horizons 1 to 9 is plotted
in Figure 7.

The exhaustive search method enumerates all switching
sequences; the exponential increase in the computational
burden when extending the prediction horizon is shown in
Figure 7. This method is practical only in horizon 1 and
2 applications. We used it as benchmark and to verify the
correctness of the control actions determined by the other
two methods. Over the respective horizons the control
sequence (Uopt ) determined by both the iterative slicing
and sphere decoding methods correlated 100 percent with
the sequence obtained using the exhaustive search method.
In terms of algorithm termination time the iterative slicing
method outperformed the sphere decoder for horizons
N < 6 or dimensions m < 6. In higher dimensions,
its performance deteriorated due to the rapid increase in
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Figure 7: Algorithm termination times per 1000 random samples
over N-horizons.

complexity of the basic Voronoi cell. Containment of a
specific vector in a Voronoi cell is verified by the iterative
evaluation of 2m �1 single-sided Voronoi relevant vectors.

6. CONCLUSION

We presented the application of iterative slicing as
alternative to the traditional enumeration method in
solving the closest vector problem and thus the MPC
problem for a single-phase NPC inverter. The method
obtains the exact solution to the problem and performed
well in dimensions below seven. Although the desired
performance in higher dimension has not been achieved,
some progress compared to our previous work was
obtained in the pre-processing time. This is due to the
calculation of the basic Voronoi cell of a lattice and storage
thereof in terms of the single-sided Voronoi relevant
vectors compared to storing all the Voronoi borders in
the Voronoi diagram of the partitioned solution-space.
Future work on reducing the computational burden will
include the possible improvement in initial lattice point
approximation and optimization of the search sequence
through the lattice structure.
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Abstract: The purpose of this paper is to provide an overview of the Intelligent LED Street Light
project. This project aims to address the energy inefficiencies of traditional street lighting systems by
incorporating the ability to sense motion. When no motion is detected, the street lights are in a dimmed
state, consuming less energy. When motion is detected by a street light, it brightens. The street light
also communicates with surrounding street lights requesting that they brighten as well, ensuring that
pedestrians and motorists are always surrounded by a safe circle of light. Ambient light sensors are
used to determine when the street lighting system should turn on or off, and PC base station software is
able to control and monitor all the street lights on the network.

Key words: LED, street light, XBee, microcontroller, buck converter, feedback, wireless mesh network.

1. INTRODUCTION

Traditional street lighting systems turn on in the evening
and turn off in the morning. They emit light at a constant
level of brightness (and therefore consume a constant
amount of power) for the entire time that they are on for.
This use of power is quite wasteful, as areas are potentially
being illuminated when nobody is around. Attempts have
been made to decrease the energy consumption of street
lights by changing to LED based technologies (a typical
sodium vapor or halogen street light consumes between
70 W and 250 W, whereas a typical LED street light
consumes between 17 W and 60 W). Despite this change,
street lighting systems still emit light at a constant level of
brightness for the entire time that they are on for.

This project aims to address the energy wasted by the
unnecessary lighting up of areas during the night. It does
so by placing motion sensors on each street light. When
there are no pedestrians or motor vehicles around, the
street lights are in a dimmed state. When a pedestrian
or motor vehicle’s motion is detected by a street light,
it will brighten. The light will also communicate with
neighbouring street lights and request that they also
brighten. This way, the pedestrians and motorists are
always surrounded by a safe circle of light. In a bid to use
as little power as possible, this project made use of LED
technology as the light source.

The concept of using a motion sensor with a relay to turn a
light on has been used for many years. Since a relay makes
use of a moving part, it can be prone to failure under certain
conditions. A relay also does not allow for the control of
the brightness of the light (it merely turns the light on or
off).

None of the technologies used in this project are new.
This project’s value is the combination of motion sensing,
power electronics and LED technology (reduced energy
consumption with no moving parts and the ability to dim

each light), wireless communication between street lights
(increased safety), and the ability to control and monitor
street lights remotely. This project gives a plausible
approach to reducing unnecessary electricity consumption
by street lighting systems. Two systems were built in order
to show proof of concept.

2. SYSTEM ELEMENTS

This chapter discusses the individual elements that make
up the intelligent street lighting system. A block diagram
of these elements (and the interactions between them) can
be seen in Figure 1.

Figure 1: Intelligent LED street light block diagram.

In order to determine what properties were important for
a LED street light to have, existing LED street lighting
modules were investigated.

The Bridgelux ES Rectangle Array Series model
BXRA-35E0800-B-00 was the LED of choice for the
project. It is a 10 W LED (it has a forward voltage of
20.7 V at a current of 500 mA) [1]. This LED has a
colour temperature of 3500 K (LEDs with a warmer colour
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temperature are far less likely to negatively impact sleep
cycles [2], as well as reduce the amount of nighttime glare
experienced by motorists [3]), is cost effective (less than
a 10th of the cost of a commercially available LED street
lighting module), and still outputs a significant amount of
light (980 lumen). Although this LED did not consume
the same amount of power as an actual LED street light
(usually upwards of 17 W), and therefore did not output
the same amount of flux (usually upwards of 2000 lumen),
it was still large enough to show proof of concept. Driver
circuitry was still required to power this LED. Should one
want to scale the system up, the driver circuitry can easily
be modified to handle multiple of these LEDs in parallel.

An Ambient Light Sensor (ALS) is used to determine
when to turn the street lighting system on or off. This
sensor makes use of a phototransistor to measure the level
of ambient light. When this level drops below a set
threshold (about 400 lux) then the sensor outputs a ”high”
signal. The microcontroller then turns the LED on. The
ALS requires a PWM signal to sync on (generated by a
dedicated timer on the microcontroller).

Motion detection is accomplished by means of a passive
infrared (PIR) sensor. The sensor makes use of a
pyroelectric sensor which generates a surface electric
charge when infrared radiation falls upon it. This
electric charge is measured with a sensitive FET-based
device. The sensor operates by detecting variations in
the amount of infrared radiation falling upon it. A
comparator compares the measured infrared radiation with
the background infrared radiation level stored upon start
up. If the measured infrared radiation is higher than the
stored background infrared radiation level, then the sensor
outputs a high logic level. The sensor has a detection
angle of 180 degrees, and a range of 10 metres. Its
sensitivity can be set using a potentiometer on the rear of
the sensor. This is a cost-effective, simple, and reliable
approach. The disadvantage of using this sensor is that
if a person were to remain perfectly still, the sensor
would detect no movement after a short while. This
issue can be mitigated by turning up the sensitivity of
the sensor, however this new setting may be too sensitive
and detect unwanted movements (such as those of small
mammals). If the sensor is not set sensitively enough, then
this weakness may be exploited by slow-moving thieves
(possibly resulting in a loss of public amenity).

Light-to-light communication is realised by means of a
wireless mesh network. The wireless mesh network
is implemented using XBee Series 2 modules, which
make use of the ZigBee networking protocol. The
microcontroller writes to and reads from the XBee as
if it is a simple UART between two lights. The
ZigBee protocol uses the IEEE 802.15.4 standard, which
incorporates CSMA/CA in order to avoid conflicts on the
network. These devices were range tested indoors at a
range of 60 m (further apart than any street lights), in an
electromagnetically noisy environment with many devices
on the 2.4 GHz band. They were found to communicate
speedily and reliably. The main disadvantage with using

these modules was the high unit cost (they were the most
expensive components in the project).

The Arduino Leonardo is used as the microcontroller in
this project. It has sufficient digital output pins (one for the
PWM signal for the LED driver, one for the sync signal for
the ALS, and one for the Enable signal for the PIR sensor),
digital input pins (one for each of the ALS and PIR sensor
output signals), a hardware UART (for communication
with the XBee module), and a USB Virtual COM Port (for
communication with the PC base station).

A PCB was designed and built in order to connect the
microcontroller with the sensors and the XBee module.
This PCB includes a power supply that provides power to
each of the components. The microcontroller PCB, with
all devices connected to it, can be seen in Figure 2.

Figure 2: Microcontroller PCB with attached devices.

3. DESIGNS

This chapter details some of the more important designs
used in the intelligent street lighting system.

3.1 LED Driver

An LED with a power consumption of 10 W could not
simply be driven with an output pin from a microcontroller.
A driver circuit was therefore necessary. The driver
receives a PWM signal from the microcontroller and
regulates the brightness off the LED according to the duty
cycle. A higher duty cycle relates to an increased level of
brightness.

Input Filter Stage: The first segment of the input filter
stage is an optocoupler circuit that provides protection to
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Figure 3: LED driver system block diagram.

the microcontroller in the case that the driver circuitry
malfunctions.

The second segment of the input filter stage is a buffer
circuit. The buffer circuit is a non-inverting amplifier with
unity gain that prevents the upcoming filter stage from
loading the output of the optocoupler circuit.

The signal is then passed through the two Butterworth
filters in a cascade configuration. Butterworth filters were
chosen due to their low pass-band ripple. These filters are
responsible for obtaining a DC reference signal from the
input PWM signal. The method of equal components was
used in order to simplify the design process. The cutoff
frequency of the second filter is double that of the first.
Two filters were used in a cascade configuration increase
the usually shallow roll-off of a Butterworth filter. This
resulted in a filter with both little pass-band ripple and a
steep roll-off.

Feedback Stage: The feedback stage was realised by
means of a Hall effect sensor. This sensor measures the
current flowing through it by monitoring the magnetic field
around the conduction path. As the output gradient of
the chosen Hall effect sensor is only 0.4 V/A, and the
maximum average current that flows through the LED is
about 500 mA, a non-inverting amplifier of gain 2.8 was
added at the output of the Hall effect sensor. This increases
the output gradient to a more usable 1.12 V/A.

Comparator: A comparator is used to compare the input
DC reference signal with the current feedback obtained
from the Hall effect sensor. The comparator’s output
is used to drive the switch in the buck converter. It
was important to include hysteresis in the design of
the comparator. Without hysteresis, as soon as the
feedback voltage would be slightly higher or lower than
the reference voltage the comparator would output a
low or high signal, respectively. There would be no
”middle region” where the comparator maintained its
current state, as it would be constantly switching. This
constant switching would result in excessive switching
losses, and possible system instability. This method of
using hysteretic current control was used by [4, 5]. The
circuit used for the comparator can be seen in Figure 5.

Figure 4: Inductor current ripple.

Figure 5: Comparator with hysteresis circuit.

The operational amplifier circuit used for the comparator
assume that the operational amplifier is ideal. One should
note that an ideal operational amplifier has infinite input
impedance (and therefore has zero input current). As a
result, one can make the assertion that the reference voltage
vre f is equal to the voltage of the node vr, i.e.

Vre f =Vr (1)

The equations describing the operation of the comparator
are derived as follows. Firstly, an expression for the
voltage (Vr) could be written.

Vr =Vin +
Vout �Vin

R1 +R2
R1 (2)

The expression was then rewritten for the input voltage
(Vin).

Vin =
Vr(R1 +R2)

R2
� VoutR1

R2
(3)

Next, the high and low threshold voltages of the
comparator’s hysteresis curve are defined. This is done by
determining the input voltage (Vin) such that the positive
terminal of the comparator (Vr) is equal to the reference
voltage for the two cases where the output increases to
reach Vcc and decreases to reach ground (denoted as VGND
for this derivation).These input voltages are the high (VT H )
and low (VT L) thresholds of the hysteresis curve.

VT L =
Vr(R1 +R2)

R2
� VccR1

R2
(4)
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VT H =
Vr(R1 +R2)

R2
� VGNDR1

R2
(5)

Equation 5 is then written in terms of Equation 4, and
simplified.

VT H =VT L +
VccR1

R2
� VGNDR1

R2
(6)

=VT L +
(Vcc �VGND)R1

R2
(7)

Equation 7 is then rearranged to equal the resistor ratio.

R1

R2
=

VT H �VT L

Vcc �VGND
(8)

The comparator’s hysteresis DVT is then written as

DVT =VT H �VT L =

✓
R1

R2

◆
(Vcc �VGND) (9)

R1 was chosen as 100 W and R2 was chosen as 10 kW.
Vcc for the comparator is 10 V. This gives a theoretical
hysteresis of 0.1 V.

Buck Converter: A buck converter was chosen to power the
LED, since there was little difference between the supply
voltage of 24 V and the LED rated forward voltage of 20.7
V. The output of the comparator is used to drive the switch
in the low-side switched buck converter. Since the switch
in the buck converter is driven by the comparator, the
traditional design process for designing a buck converter
has to be reversed. From the hysteresis designed into the
comparator, one can calculate the inductor current ripple,
and then work backwards to find the switching frequency.

The Hall effect sensor has an output gradient of 0.4 V/A.
This signal is passed through a non-inverting amplifier
of gain 2.8, giving a total output gradient (bFeedback) of
0.4 x 2.8 = 1.12 V/A . This gradient is used to calculate
the expected inductor current ripple DiL. Note that
the measured hysteresis from the constructed comparator
(around 1 mV) is used for this design.

DiL =
DVT

bFeedback
=

0.001 V
1.12 V/A

= 0.0892 mA (10)

Where the comparator’s total hysteresis is represented by
DVT .

Table 1: Closed-loop buck converter specifications.
Parameter Value

Inductor 180 mH
Capacitor 1 µF

Vd 24 V
Vo 20.7 V
Io 0.5 A

DiL 0.892 mA

The supply voltage Vd was chosen as 24 V. This added the

possibility of the system being converted to make use of
renewable energy (perhaps by adding a solar panel on top
of the light, along with the necessary charging circuitry) at
a later date, as two 12 V batteries could be put in series
to obtain this voltage. The output voltage Vo was chosen
as 20,7 V, since this was the rated forward voltage Vf of
the LED (at a current of 500 mA) [1]. A large inductor
L (180 mH) was chosen, as this allowed a small ceramic
filter capacitor C (1 µF) to be chosen (avoiding the use of
an electrolytic filter capacitor which may have decreased
the lifespan of the system).

In order to begin the process of calculating the duty
cycle and switching frequency of the buck converter, the
following gradients (m1 and m2) are defined

m1 =
Vd �Vo

L
=

24 V�20.7 V
0.18 H

=
55
3

V/H (11)

m2 =
�Vo

L
=

�20.7 V
0.18 H

=�115 V/H (12)

An expression for the maximum inductor current iL,max
could then be written as

iL,max = iL,min +d1Tsm1 (13)

The minimum inductor current iL,min can then be expressed
in a similar manner

iL,min = iL,max +(1�d1)Tsm2 (14)

Equation 14 can then be inserted into Equation 13, and
simplified.

iL,max = iL,max +(1�d1)Tsm2 +d1Tsm1 (15)

0 = (1�d1)m2 +d1m1 (16)

�m2 = d1m1 �d1m1 (17)

=) d1 =
�m2

m1 �m2
= 0.8625 (18)

Now that the duty cycle has been obtained, one can
calculate the period Ts and switching frequency fs using
Equation 13, and by substituting the result from Equation
10.

iL,max = iL,min +d1Tsm1 (19)

iL,max � iL,min = d1Tsm1 = DiL (20)

Ts =
DiL

d1m1
=

1
fs
= 56.465 µs (21)

fs =
d1m1

DiL
= 17.710 kHz (22)

Equation 22 shows that the switching frequency is linked to
the duty cycle, as well as the inductor current ripple (which
is controlled by the hysteresis in the comparator). A the
size of the inductor is inversely proportional to the gradient
m1, which also affects the switching frequency. Note
that a lower duty cycle would produce a lower switching
frequency. This dependence of the switching frequency on
the duty cycle is the disadvantage of using hysteresis in the
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comparator to control the inductor current ripple.

The theoretical switching frequency used in this project
was 17.710 kHz. This is outside of the bandwidth of the
human eye (which is about 100 Hz), therefore no flickering
is detectable. This switching frequency is, however, still
audible to children and animals at close range. The LED
driver should be placed at the top of the street light, both to
minimize voltage drop between the driver and the LED and
to reduce the possibility of creating an audible disturbance.
If the switching frequency remains problematic, it should
be raised.

Now that the buck converter’s duty cycle d1 and switching
frequency fs have been calculated, the rest of the system’s
theoretical specifications can be calculated using the
traditional design equations.

The output voltage ripple DVo can be calculated as in
Equation 23 (Taken from [6]).

DVo =
Ts

2Vo

8LC
(1�d1) = 6.3019 mV (23)

The switch used was the IRF540NPbF. Its specifications
are shown in Table 2.

Table 2: IRF540NPbF specifications (Taken from [7]).
Parameter Value

VDS,max 100 V
Ron 0.044 W

ID,max 33 A
tc,on 11 ns
tc,o f f 39 ns

The diode chosen was the Fairchild Semiconductor
1N4007. It’s specifications can be seen in Table 3. It
should be noted that the 1N4007 is a low frequency
rectifier diode, and was chosen purely for convenience. In
future, a faster diode with a short reverse recovery time
should be used to minimize losses and prevent a possible
degradation in the lifetime of the MOSFET.

Table 3: 1N4007 specifications (Taken from [8]).
Parameter Value

Vf 1.1 V
ID,max 1.0 A
PD,max 3.0 W

The losses in the switch are calculated as follows (taken
from [6]). Firstly, the square of the RMS current though
the switch I2

sw,rms is calculated. Then the conduction
and switching losses in the switch, Pcond and Pswitching
respectively, are calculated.

I2
sw,rms =

1
3mTs

h
(iL,min +m1DTs)

3 � i3L,min

i

= 0.21562 A2
(24)

Pcond = I2
sw,rmsRon = 9.4875 mW (25)

Pswitching = fs(VdiL,maxtc,o f f +VdiL,mintc,on)

= 10.6313 mW
(26)

Pswitch,total = Pswitching +Pcond = 20.1188 mW (27)

The conduction losses in the diode could be calculated as
follows.

PD,cond =Vf (Io � Id) = 75.57 mW (28)

Power Supply: The LED driver incorporates a power
supply circuit to provide power to the operational
amplifiers (used in the buffer, comparator, non-inverting
amplifier, and both Butterworth filters) and the Hall effect
sensor. It also provides a power supply rail for the
microcontroller PCB, which then distributes power to the
microcontroller, sensors, and communication module.

LED Driver PCB: A PCB was used to integrate the
sub-circuits within the LED driver together. The
completed LED driver can be seen in Figure 6.

Figure 6: Constructed LED driver.

3.2 LED Testing and Modeling

Colour Spectrum Testing: The colour temperature was
verified (to be 3396 K) using an integrating sphere. The
test also concluded that the peak wavelength emitted by the
LED was 601.0 nm (situated at the orange end of the light
spectrum). The LED was tested at a variety of currents,
and the maximum power wavelength recorded was found
not to vary by more than 5 nm, indicating a stable light
spectrum.

SPICE Model: A SPICE model did not exist for the chosen
LED. An existing SPICE model was modified in order
to simulate possible LED driver circuitry. This modeling
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process involved using a laboratory power supply to vary
the forward voltage over the LED in steps of 0.1 V from
18.6 V to 21.5 V. The diode current was then measured and
plotted for these different forward voltages. The Shockley
diode equation (Equation 29) was then also graphed on
the same pair of axes. The thermal voltage VT was kept
constant at 0.026 mV, and the Emission Coefficient n and
Saturation Current IS were then varied until the plot of the
Shockley equation appeared similar to the measurements
obtained, with particular attention paid to currents near the
rated current of the LED (the ”working region”). These
plots can be seen in Figure 7.

Figure 7: LED current measurements compared with Shockley
diode equation results for different forward voltages.

I = IS(eVD/nVT �1) (29)

The emission coefficient (N), saturation current (IS), and
series resistance (RS - calculated at the rated forward
voltage with the corresponding measured current) were
then adjusted in the existing SPICE model, giving:

.MODEL LED D IS=0,0000065 N=70 RS=37.4 XTI=3
+ EG=1.11 CJO=19.15E-12 M=0.9001 VJ=2.164 FC=0.5
+ BV=45.1 IBV=51.74E-3 TT=129.8E-9
+ ISR=1.043E-12 NR=2.01

3.3 PC Base Station

Base station software for the street lighting system was
written in Python, and made use of the TkInter package.
The software (shown in Figure 8) is connected to a street
light via USB, and then automatically detects all street
lights that are on the wireless mesh network. Using this
software, the user can:

• Adjust a street light’s minimum and maximum
brightness settings.

• Enable or disable a street light.

• Enable an alert function that flashes a street light at an
interval of 1 second to warn oncoming pedestrians or
motorists of a potential hazard up ahead.

The software is able to automatically detect the COM port
of the street light connected by USB. If the COM Port

cannot be detected, or a connection cannot be established,
then the software gives an appropriate error message.

Figure 8: PC base station software.

With a FTDI cable and an additional XBee module, one
could easily do away with the need for a technician to
connect to the street lighting system via USB. The XBee
could be set up as a Router with the same parameters as the
wireless mesh network, therefore it would automatically
join the network when powered on. The base station
software would only require minimal modification in order
to accommodate this convenient feature.

3.4 Complete System

One of the two constructed intelligent LED street lighting
systems can be seen in Figure 9.

3.5 Energy Saving Analysis

During the day (when the LED is off), the system
consumes 2.16 W. At night, the system consumes 4.46 W
when in a dimmed state and 15.12 W when in a brightened
state (the system therefore drives the LED with a power of
12.96 W when in a brightened state). In order to perform
an energy saving analysis, one can compare the street
lighting system with an LED driven at 12.96 W during
the night time (night time taken as 14 hours, from 6 PM
to 8 AM). During the day, the simple LED consumes no
power, whereas the intelligent system consumes power to
run the microcontrollers and the mesh network (the simple
LED therefore is more energy efficient during the day).
During the night, the intelligent system only brightens (and
therefore consumes more power) when motion is detected.
A duty cycle is defined as the ratio of the total night
time for which the system is brightened (for the rest of
the time, the system is dimmed). It was calculated that
for any duty cycle less than 0.65, the intelligent street
lighting system is more energy efficient. As most areas
during the night experience very little pedestrian or motor
vehicle traffic (with duty cycles less than 10 %), the energy
savings would be exceptional. Also noteworthy is that a
higher power LED would be used in an actual installation;
the power draw of the electronics would therefore make
up a lower proportion of the total power draw (further
increasing energy savings).
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Figure 9: Constructed intelligent LED street lighting system.

4. CONCLUSIONS

The intelligent street lighting system is able to function
as desired. When there is sufficient ambient light, the
LED is turned off. As ambient light levels fall below a
set threshold, the system becomes active and activates the
LED to a minimum brightness. When motion is detected,
the LED brightens to a maximum brightness. The light
also communicates to surrounding lights, requesting them
to brighten as well. The time from one light detecting
motion to the neighbouring lights brightening is less than
a second - fast enough to be used for the system to be
used for motor vehicles. Further testing would be required
in order to determine how the system’s performance is
degraded as more lights are added to the mesh network.
Base station software allows all the lights in the network to
be easily monitored and controlled. The system was tested
continuously for a period of 5 hours; after which, it was
found to still be in working order. A longer test would
give a better indication of any long-term reliability issues.
From a cost perspective, the system came in at roughly the

same price as some commercially available LED lighting
modules (LED module only, without driver). If one were
to upgrade the system to a larger LED (in order to put
out more luminous flux), find a cheaper communication
module, and be incorporated in an appropriate enclosure,
then the system would indeed be a suitable solution
to reducing the energy consumption of street lighting
installations.
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Abstract: This paper presents a method for evaluating, both qualitatively and quantitatively, the 
effects of specific rotor design parameters on the performance of a synchronous reluctance machine. 
The method uses multi-factor experimental design, with Analysis of Variance (ANOVA), and Finite 
Element Analysis (FEA) to determine the optimal rotor design parameter according to a specific 
objective. Using this method, two factors - rotor flux barrier pitch angle and barrier width - are 
selected at simultaneously varied levels for assessment with the aim of minimising the response 
variable, which is, the torque ripple. Results from the investigation show that the influence of the 
rotor flux barrier pitch angle on the torque ripple is more statistically significant than the influence of 
the barrier width. However, the effect of the barrier width on the actual torque is more significant. 
 
Key words: Synchronous reluctance machine, Rotor design, ANOVA, FEA, Torque ripple. 
 
 
 

1. INTRODUCTION 
 

Synchronous reluctance machines (SynRMs) have high 
torque densities, fault-tolerant capabilities, high 
efficiencies, low rotor inertias and relatively 
uncomplicated controllability in comparison to induction 
machines [1-4]. Despite several advantages, one of the 
common problems with SynRMs is the high content of 
torque ripple [4]. This is due to the interaction between 
spatial harmonics of the electrical loading and the rotor 
anisotropy which causes a high torque ripple that is 
intolerable in most of applications [5-7]. Therefore, much 
emphasis has been placed on mitigating torque ripple in 
SynRMs. It is reported in [8] that skewing of the rotor by 
a stator-slot pitch can reduce the slot harmonics in the 
torque, but also decreases the average torque by ± 2 %. In 
[9] it has been shown that a reduction of in torque ripple 
can be achieved by means of a suitable choice of number 
of flux-barriers with respect to the number stator slots per 
pole pair. The flux-barrier ends are uniformly distributed 
along the air-gap (similarly to the stator slot distribution). 
Torque ripple reduction for SynRMs using asymmetric 
flux barrier has been reported in [3].  The method consists 
of shifting the relative position between the edge of each 
flux barrier and stator teeth by a certain angle. In [10], 
asymmetric flux barrier angles and a flipped rotor 
structure have been presented as an approach of torque 
ripple reduction without loss in the average torque. 
 
As mentioned in above literature, there are a vast number 
of different rotor geometries that are possible, specifically 
due to the variations in flux barriers that are available. 
Modifications to the number, arrangement and 
dimensions of the flux barriers yield changes in the 
performance of the machine. This makes the design 
process quite expensive as optimisation is usually 
required to determine a suitable geometry for best 
performance.  
 

 
 
This paper presents a method for evaluating, both 
qualitatively and quantitatively, the effects of specific 
rotor design parameters on the performance of a SynRM. 
Multifactor ANOVA is used together with FEA to assist 
with analysis and selection of optimal parameter/s during 
the design process. The proposed method is intended to 
be used in conjunction with optimisation to enhance 
FEA-based design.  
 

2. BACKGROUND 
 

The use of multi-objective optimisation algorithms 
together with Finite Element Method (FEM) can be time 
consuming, computationally expensive and does not 
present qualitative information regarding the influence of 
the input parameters on the performance variable being 
studied. In other words, such optimisation only yields 
numerical values for the design parameters. These results 
still need to be analysed and evaluated afterwards to 
assess the overall design and to perceptively stipulate 
tolerances required for the manufacturing process.  
 
ANOVA is typically utilised in the experimental design 
but can offer analytical benefits to the design process. 
Multifactor ANOVA is used here to investigate effects of 
the flux barrier width and pitch angle parameters on the 
output torque and torque ripple of a synchronous 
reluctance machine. 
 

3. MACHINE SPECIFICATIONS 
 

The specifications of a traditional 5.5 kW, three-phase, 
50-Hz, induction machine are used to design and model 
the SynRM. Figures 1(a) and 1(b) show the cross-section 
of the basic SynRM with cut-off on the q-axis, while 
Table 1 gives the general design specifications of the 
machine. 
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Table 1: Design Specifications for SynRM 
Description Values 

Stator slot Pitch_αs 
10o mech 

Airgap length_lg 0.45 mm 
Barrier height_ hb 12 mm 

Barrier width_wb 
7, 8, 9 & 10 (mm) 

Barrier Pitch_βp 10o, 12.5o, 15o  & 17.5o mech 

Cut-off angle_ αc 40o mech 

Cut-off Pitch_ τp 25o mech 

Cut-off height_ hc  4.8 mm 

Iron width_ wi 6.50 mm 

Stack length 160.00 mm 
Number of pole pairs 2 
Number of stator slots 36 
Rotor radius_Rr 48.50 mm 
Stator radius_ Rs 31.62 mm 
Shaft radius_ Rsh 24.00 mm 
Yoke height_yh 12.87 mm 
Barrier end radius_bER 2.80 mm 
Radial rib length_Lrr 2.00 mm 
Tangential rib length_Ltr 2.00 mm 

 

 
                                            (a) 
 

 
                                            (b) 
 
Figure 1: Cross-section of the SynRM basic model with 
cut-off on the q-axis, (a) main machine dimensions, (b) 

rotor design specifications 
 
 

4. METHODOLOGY 
2.1 Finite element model (FEM) 
 
The FEA is carried out at constant a speed and frequency 
of 1500-rpm and 50-Hz respectively. The three-phase 
double layer lap windings are chorded by one slot and 
excited by 3-phase sinusoidal currents. The SynRMs 
were started at an initial position of θ =17.5o such that the 
phase (A) is opposite to the d-axis. The models were run 
at current space phasor angle of 45o electric. Figure 2 
shows the magnetic flux density distribution for SynRMs 
with βp =15o mech and different barrier widths, when the 
d-axis current id =8 A and q-axis current iq = 8 A. 
 

 

 
(a)                                        (b) 

 

 

 
                    (c)                                         (d)  
 
Figure 2. Flux density distribution for the SynRM with βp 

of 15o mech, (a) wb =7 mm, (b) wb = 8 mm, (c) wb  = 9 mm,  
(d) wb =10mm   

 
Figure 2 shows that the radial and tangential ribs are 
highly saturated in all four cases. The distribution of the 
flux density in the d-axis rotor iron parts varies with 
change in the barrier width. The FEA results indicate that 
by increasing the barrier width, the flux density in the d-
axis rotor iron parts increases as well.  
 
2.2 Parameter selection and Response Variables 
 
There are numerous design configurations that are 
possible though adjustment of geometrical parameters of 
the rotor. The number of flux barriers and dimensions 
thereof influence the performance of the machine. The 
parameters selected for this study are the flux barrier 
width (wb) and the pitch angle (βp) as shown in figure 1 
(b). The response variables of interest in the presented 
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study are the torque and torque ripple. The torque ripple 
factor defined as the ratio of peak to peak torque value to 
average torque is adopted for torque ripple calculation 
[11], which is expressed as 
 

%100minmax u
�

 
'

 
avav

rip T

TT

T

T
T                          (1) 

 
2.2 Multifactor Analysis of Variance (ANOVA) design 
 
ANOVA is used in experimental design to determine 
what factors affect a response variable. In the presented 
methodology, ANOVA is used to determine the 
significance of specific geometrical factors on each of the 
response variables of interest. Additionally, this method 
enables the use of a multifactor model where multiple 
factors may be varied simultaneously in order to analyse 
interaction effects. The multifactor model presented here 
consists of two factors – i.e. barrier pitch angle and 
barrier width. The following sets of hypotheses – i.e. null 
and alternative - are being testing with the presented 
ANOVA. The three sets of hypotheses are given as: 
 

1. 01H  -  Means for each level of barrier width are 
equal. 

1AH  - Means for each level of barrier width race 
are different. 

2. 02H  - Means for each level of barrier pitch 
angle are equal. 

2AH  - Means for each level of barrier pitch 
angle are different. 

3. 03H  - There is no significant interaction 
between the barrier width and pitch angle. 

3AH  - There is significant interaction between 
the barrier width and pitch angle. 
 

The third set of hypotheses is tested through replication 
of observations. Figure 2 shows the steps involved in the 
methodology. The levels of each of the factors are firstly 
selected. Four levels are selected for wb and βp. The first 
(wb) is varied as a function of the barrier vertical height 
(hb) in order to maintain the iron to insulation ratio in 
both q-and d-axis within an acceptable margin. The 
second (βp) is varied as a function of the stator slot pitch 
(αs) as the torque ripple production in SynRMs is also due 
mainly to slot harmonics caused by the stator slotting. 
The variation ∆wb is from 7 mm to 10 mm with 1 mm 
increments, and elsewhere, the variation ∆βp is from 10˚ 
to 17.5˚ at 2.5˚ mech increments. ∆wb and ∆βp are 
expressed as in (2) and (3) respectively. 
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Using these parameters, 16 separate (4 barrier widths by 
4 barrier pitch angles) FE models are constructed. For 
replication purposes, a subroutine was implemented to 
randomly vary the excitation by ±5% in order to mimic 
the randomness that is inherently achieved under 
experimental conditions. Each of the 16 models is 
simulated with a fixed current value to conduct ANOVA 
without replication. The models are then simulated, with 
randomly generated currents, to conduct ANOVA with 
replication. A balanced design is used resulting in 16 
responses for the case without replication and 64 
responses for the case with replication. 
 

 
 

 
Figure 3: Overview of parameter evaluation methodology 
 
In a two-way ANOVA model, a particular combination of 
levels is called a treatment or cell [12]. In this case, there 
are 16 cells (4 by 4 levels). The two-way ANOVA model 
is given by 
 

� � ijkijbpbjpiijk wY w HEEP ����                                (4) 

 
Where; 4,..,1 i  levels of factor pE , 

4,..,1 j  levels of factor bw , 

ijkY  is the thk response at level combination ij , 
P  is the grand mean, 
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4,..,1 k  observations per cell, 

pE and bw  terms represent the main effects of 
each of the factors,  
� �

ijbpwE represents the interaction effect, and 

ijkH  is the error. 
 

It should be noted that the interaction effects term does 
not feature in an additive model – i.e. without replication.  
 
 

5. RESULTS 
 
The parameter evaluation methodology given in Figure 3 
is carried out twice for this investigation. The first 
iteration through the methodology does not utilise 
replication of observations for each treatment and 
therefore the ANOVA does not account the interaction 
effects between the factors.  
 
The simulation results for the average torque and torque 
ripple responses for each treatment are given in Figures 4 
and 5, respectively. The results indicate that the flux 
barrier width and pitch angle have a more noticeable 
effect on the torque ripple in comparison to the average 
torque. Furthermore, there is no apparent pattern to the 
behaviour of the responses relative to the treatment. 
 
 

 
 
Figure 4: Average torque responses for each treatment of 

flux barrier width and pitch angle. 

 
 

Figure 5: Torque ripple responses for each treatment of 
flux barrier width and pitch angle. 

 
Thus, the two-factor ANOVA is used here in order obtain 
more information about the effects of these factors on the 
response variables. Tables 2 and 3 give summaries of the 
main results obtained from the ANOVA tests performed 
without replication for the torque and torque ripple 
respectively, 
 
Where; SS – sum of squares, 

df – degrees of freedom, 
MS – mean squares, 
F – ratio of between- and within-group variance, 
p-value – probability of obtaining F-value (or 
more extreme) under the null hypothesis, 
F-crit – Critical value of F-distribution. 

 
Table 2: Summary of two-factor ANOVA (without 
replication) with torque ripple as response variable 

Source of 
Variation SS df MS F p-

value 
F-
crit 

Rows (wb) 22.81 3 7.27 0.17 0.92 3.86 

Columns 
(βp) 16584 3 5528 127 1E-7 3.86 

Error 390 9 43.44    

Total 16997 15     

 

Table 3: Summary of two-factor ANOVA (without 
replication) with torque as response variable 

Source of 
Variation SS df MS F p-

value 
F-
crit 

Rows (wb) 146 3 48.75 1.35 0.31 3.86 

Columns 
(βp) 

59 3 19.64 0.54 0.67 3.86 

Error 326 9 36.22    

Total 531 15     
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A significance level of 0.05, corresponding to a 95% 
confidence interval, was used for the ANOVA tests. The 
p-value is below the significance level for the (βp) factor 
in Table 2 and below the significance level for the (wb) 
factor. This implies that the aforementioned null 
hypothesis H02 may be rejected for the torque ripple and 
the null hypothesis H01 may be rejected for the torque. 
Simply put, the p-values indicate that the effects of the 
variation in barrier pitch angle are statistically significant 
on the torque ripple, and the effects of the barrier width 
are statistically significant on the torque. Additionally, 
these p-values also indicate that the opposite is not true – 
i.e. effects of modifying the barrier pitch angle and 
barrier width are not statistically significant on the torque 
and torque ripple responses respectively. The resulting F-
statistics principally confirm these results however the F-
crit value for the torque response is relatively larger for 
both factors. Figures 6 and 7 are interaction plots for the 
torque and torque ripple responses. Figure 7 shows more 
ordinal interaction (parallelism) between factors for the 
torque ripple response than for the torque response shown 
in Figure 6. This means that there is a stronger interaction 
effect between factors for the torque response. The 
second iteration of the parameter evaluation methodology 
is carried out with replication of observations for each 
treatment in order to study the interaction effects between 
factors. As previously mentioned, each treatment is 
repeated by randomly varying the current excitation. 
Results for the two-factor ANOVA test performed with 
replication are given in Tables 4 and 5 for the torque and 
torque ripple respectively. These results follow a similar 
pattern to the first iteration, however the F-statistics and 
p-values indicate that the effects of both factors are 
statistically significant in the case of both response 
variables. The smaller p-values and larger F-statistics 
indicate greater statistical significance of the interaction 
effect. Furthermore, the interaction effects between 
factors are highly significant for the torque ripple. This 
means that the relationship between these two factors 
cannot be assumed as independent when analysing or 
optimising the torque ripple. The effect of any possible 
outliers e.g. as observed in the torque in Figure 6, are also 
removed when using replication. 
 

 
 

Figure 6: Interaction plot of flux barrier width and pitch 
angle factors for average torque response 

 
 

Figure 7: Interaction plot of flux barrier width and pitch 
angle factors for torque ripple response 

 
Table 4: Summary of two-factor ANOVA (with 
replication) with torque as response variable 

Source of 
Variation SS df MS F P-

value 
F-
crit 

Rows (wb) 611 3 204 106 4E-21 2.8 

Columns 
(βp) 

202 3 67.42 34.93 4E-12 2.8 

Interaction 1317 9 146 75.81 3E-25 2 

Within 92.65 48 1.93    

Total 2223 63     

 
Table 5: Summary of two-factor ANOVA (with 
replication) with torque ripple as response variable 

Source of 
Variation SS df MS F P-

value 
F-
crit 

Rows (wb) 99.53 3 33.18 48.92 1E-14 2.8 

Columns 
(βp) 

6.5E4 3 2.2E4 3.2E4 3E-79 2.8 

Interaction 1685 9 187 276 3E-38 2 

Within 32.55 48 0.68    

Total 6.7E4 63     

 
 

6. CONCLUSION 
 

The ANOVA-FEA based methodology presents some 
key qualitative findings regarding the rotor parameters of 
the synchronous reluctance machine. Although there is 
merit in contemporary optimisation methods used during 
the design process – this only provides quantitative 
results. For practical purposes, a qualitative method is 
required to better understand the interaction effects of 
parameters. The presented methodology is intended to 
assist with optimisation by informing decisions regarding 
the practical trade-offs during the design process. Results 
from this specific investigation shows that the interaction 
effects of the barrier pitch angle and width are 
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statistically significant for both the torque and torque 
ripple responses. Furthermore, the torque ripple is 
affected more significantly by variations in the flux 
barrier pitch angle, while the torque is more significantly 
affected by the variations in the barrier width. 
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Abstract: In this paper the Taguchi method based regression rate method is proposed for optimising the
transient performance of line-start permanent magnet synchronous machines (LS-PMSM). To enable
the fast evaluation of the synchronisation capability of a design during the optimisation process, an
analytical LS-PMSM synchronisation model is used to determine the critical inertia. It shows that the
proposed method is a viable optimisation tool for the design of LS-PMSMs.

Key words: Line-start motor, permanent magnet machine, synchronisation, analytical modelling,
Taguchi method, transient performance, design optimisation

1. INTRODUCTION

Line-start permanent magnet synchronous motors
(LS-PMSM) are well suitable for fixed speed applications
such as fans, compressors and pumps systems. Unlike
conventional permanent magnet (PM) motors, an
LS-PMSM has a hybrid rotor containing both a squirrel
cage and PM array, which provides self-starting capability
and enables synchronous operation at steady-state. When
designing an LS-PMSM, both steady-state and transient
operations need to be considered. Traditionally, the
design of an LS-PMSM starts at steady-state performance
optimisation followed by a synchronisation capability
check using transient finite element (FE) modelling.
The design is considered a success if it passes the
synchronisation check, otherwise, another design iteration
is necessary. Because of the high computational expenses
of transient FE modelling, it is not viable to fully
incorporate it into an optimisation procedure.

The transient state of an LS-PMSM is rather complex
as the behaviour of the machine is determined by a
number of torque components as illustrated in Fig. 1,
namely, the cage torque, the braking torque (due to
PMs) and the load torque. Once synchronised the
steady-state torque is dominated by the PM torque and the
reluctance torque components. Apart from the load torque,
the moment of inertia (J) also significantly influence
transient synchronisation performance of an LS-PMSM
[2, 3]. In [4], the critical inertia (Jcr) or maximum
synchronisable load inertia of an LS-PMSM was proposed
as a synchronisation capability factor. This is based on
an analytical synchronisation energy criteria and has been
developed and applied in the design of LS-PMSMs [1, 5].

The use of Taguchi method [6], a variant of design of
experiments (DOE) method, in electrical machine design
has seen increased interest [7]. In [3, 8, 9], the Taguchi
method has been used together with FE analysis to improve

Figure 1: LS-PMSM torque components as a function of slip [1]

transient and steady-state performance of an LS-PMSM.
However, using the Taguchi method in a fully automated
iterative optimisation framework would require (i) the
exclusion of designer intervention during the process, and
(ii) a method to adjust the range of a design parameter.
Weng’s approach [10–13], originally used for antenna
array optimisation, may be used to address these issues.

In this paper, the viability of Weng’s Taguchi based
optimisation method for the transient performance
optimisation of LS-PMSMs is investigated. An analytical
time-domain synchronisation model developed in [1] is
used to determine the critical inertia. The Taguchi
method based regression rate (TBRR) and the analytical
synchronisation criteria are described in Sections 2 and
3, respectively. The implementation of the optimisation
framework and optimisation results are presented in
Sections 4 and 5. Relevant conclusions are presented in
Section 6.

2. TAGUCHI BASED REGRESSION RATE METHOD

The use of Taguchi method in electrical machine
design is relatively new. The perceived advantages
of using the Taguchi method as part of an iterative
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Figure 2: Taguchi based regression rate framework [10]

optimisation framework include: less sensitivity to
initial conditions, reduced parameter complexity to the
optimisation problem, reduced effort in determining the
subsequent conditions of the parameters in an iterative
process. This is largely due to the fact that the Taguchi
method [6] analyses the results over a region rather than
searching for a definite point in the domain as with more
common optimisation methods.

Figure 2 shows the design optimisation framework pro-
posed by Weng [10], in which the two highlighted blocks
provide an automated decision-making functionality in
the optimisation process. This is done by including a
fitness function as an Overall Evaluation Criteria (OEC),
quantitative termination criteria and a standardised method
to adjust each parameter’s range for the subsequent
iteration. Since each iteration follows the same procedure,
only the first iteration is explained in detail here. The
blocks in Fig. 2 function as follows:

• Problem initialisation: The optimisation procedure
starts with the problem initialisation including: parameter
selection, parameter range identification, selecting a suited
orthogonal array (OA) and formulation of a fitness
function. The range of a parameter is very important as all
the trial machine designs (as specified by the OA) must be a
viable design for performance calculation. The selection of
an OA mainly depends on the number of parameters. The
fitness function is devised according to the optimisation
objective and is either maximised or minimised depending
on the objective.

• OA input parameter allocation: For an iteration the
numerical values for each level of an parameter must
be determined in order to conduct the trials. For the
first iteration (if a 3-level parameter OA is used) the
maximum (Pnmax) and minimum (Pnmin) range value of a
parameter is allocated to level-1 and level-3, respectively,
thus, level-2 will be the mid-range value between the two

boundaries. The distance between any two levels is known
as the level difference (LDni) of the ith iteration. For
the first iteration, LDn1 is determined by the following
equation:

LDn1 =
Pnmax �Pnmin

number of levels+1
(1)

For the subsequent iterations, LDni is reduced after each
iteration if the termination criteria are not met. By
reducing the level difference between two levels the
parameter’s range is also reduced.

• Conducting experiments and result analysis: Once all the
OA’s trials have been compiled and conducted the relative
information must be obtained for the fitness function of
each trial. The fitness function performance of a given trial
is used to build the Analysis of Mean’s (ANOM) response
table. For this method the Analysis of Variance (ANOVA)
is not required. The ANOM’s respond table is formulated
using the Signal-to-Noise (S/N) ratio values of the fitness
function.

• Optimal level identification and confirmation experi-
ment: As the S/N ratio analysis is used, the optimum
condition for each parameter is identified by the largest
S/N ratio value. Using each of the optimum level
conditions, a confirmation trial is done under the same
conditions as the main OA trials. This is done to determine
the fitness value of the current iteration.

• Check the termination criteria: The optimisation is
terminated when one or both goals have been achieved.
The first and most basic termination criterion is when the
fitness function has converged over several iterations. The
second termination criterion involves the ratio between the
first and current level difference value. As the number of
iterations increase the overall level difference decreases. If
the LD ratio is larger than the Converged Value (CV) set
by the designer during the problem initialisation, another
iteration is required. The following equation may be used
as a termination criterion for the optimisation procedure:

LDni

LDn1
< CV (2)

with CV selected between 0.001 and 0.01. As the
parameter level values move closer to each other the
current fitness value should be close to the previous value
thus converging around the optimum point.

• Reduce the optimisation range: If another iteration is
required due to the termination criterion/criteria not being
met, the current parameter range for each parameter must
be reduced. To reduce a parameter’s range for the next
iteration, the current LD is multiplied with a regression rate
(RR) factor as follow:

LDni+1 = RR ⇧LDi (3)

The RR is set by the designer between 0.5 and 0.99 during
the initialisation. A RR closer to 0.99 will results in a
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slower LD convergence, thus, a higher number of iterations
before termination. For the next iteration the current
optimum value is placed in Level-2 slot. Level-1 and
Level-3 are calculated using the new LD determined with
(3). It is necessary to check if the new level values are still
within the original range of the parameter as it is possible
that it may fall out of bounds. This is especially true when
LD is still large and the optimum level is near or equal to
the boundary value. Therefore, a process of checking the
new level values is necessary in order to ensure that all
level values are within the parameter range.

From the above implementation steps, it is clear that
the level difference regression framework can easily be
implemented on a wide spectrum of machine design
problems.

3. ANALYTICAL SYNCHRONISATION CRITERIA

Using the analytical time-domain approach as proposed in
[1], the speed versus time characteristics of a non-linear
partial differential equation system can be used to study
the synchronisation capability of the LS-PMSM for a given
load equation with an inertia value of Jl . Synchronisation
is determined by applying two simple rules:

• an LS-PMSM is considered synchronised when the mean
value of the speed and its 1st order derivative at the last part
of the time interval equals to synchronous speed and zero
respectively;

• an LS-PMSM is considered un-synchronised when its
speed oscillates below synchronous speed.

As the load equation is assumed to be the same for all
the Taguchi trial machines, the maximum Jl value that
a trial machine can successfully synchronise needs to be
determined. A normalised machine critical inertia value
(xcr) is defined as:

xcr =
Jlmax

Jrotor
(4)

with Jrotor the approximate rotor inertia for all trial
machines and Jlmax the maximum load inertia of the
trial machine. Using synchronisation verifier, Jlmax is
determined by rewriting (4) to determine xcr:

Jlmax = xcrJrotor (5)

Instead of incrementing x up to a point that synchronisation
fails, a range based search method is employed to reduce
the number of iteration needed to find xcr as presented
in Fig. 3. As shown in the figure, xmin is initially set
to 1 and xmax is set by the designer. From literature
and machine manufacturers’ data sheets, is known that
LS-PMSMs have poorer load synchronisation capabilities
than induction machines (IM) with similar power levels.
Thus an IM’s Jcr can be used as a reference value.

The search method’s functionality is: Once a trial
machine’s required parameters have been obtained, syn-
chronisation is firstly checked at xmin. If synchronisation

Figure 3: Improved method to obtain critical inertia value for a
trial machine

Table 1: Key LS-PMSM design specifications
Description Stator Rotor
Outer diameter (mm) 160 99.4
Inner diameter (mm) 100 26
Stack length (mm) 120 120
Winding type Lap Cage
Number of slots 36 28
Core material M400-50A M400-50A
Magnet type - N48H
Rotor bars - 1050 alloy
Moment of inertia (kg.m2) - 0.009

is not achieved, xcr = 0 and no further checks are done. If
synchronisation is achieved, the next check is done at the
midway point of x’s range. In the case that synchronisation
is again obtained, the lower half of the region is discarded
and xminnew is set to the midway point, otherwise, the top
half of the region is discarded and xmaxnew is set to the
midway point. This process is repeated until xmin = xmax
at which point xcr is equal to the current xmax. For each
iteration of the synchronisation validation the remaining
region of x is halved.

4. IMPLEMENTATION OF THE OPTIMISATION
FRAMEWORK

In this section the TBRR framework is implemented for
the rotor design of an retrofit LS-PMSM. The selected base
machine is a 4-pole, 2.2 kW, premium efficiency induction
machine. The stator is star configured with a line-to-line
voltage of 525 V. The basic design specifications of
LS-PMSMs are summarised in Table 1.

To simplify the design and to ensure equal representation
when calculating the current LD, the Taguchi framework
incorporates per unit (PU) parameter values. An L9 (9 trial
machines) and an L4 (4 variations in the main trials) OAs
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Table 2: Selected topologies’ parameters
Spoke Radial V-type U-type Rotor Slot

P1 D1 D1 O2 O2 D1
P2 Rib Rib Rib Rib H1
P3 PMt PMt PMt PMt H2
P4 PMw PMw PMw PMw B1/B2

are used for the main and the outer noise OAs, respectively.
By including an outer noise OA, a robust optimum rather
than the global optimum will be realised. A total of
40 design analyses per iteration are required, of which
36 (L9⇥L4) are main trials and 4 (1⇥L4) are optimum
trials. To obtain the necessary machine parameters the
same analysis approach as described in [1, 14] is used.

Essentially, an optimally designed LS-PMSM is realised
by searching an optimum trade-off between the PM array
and cage winding designs. To evaluate their separate
influence to the transient performance, the following two
design steps are studied:

• Step 1: PM duct optimisation - four common PM duct
topologies shown in Fig. 4 are used along with a fixed
cage design (Fig. 5(a)). By fixing the cage design, only
the influence of the PM duct design on the critical inertia
will be evaluated.

• Step 2: Rotor cage optimisation - A parallel tooth slot
shape is selected as shown in Fig. 5(b). The PM duct
dimensions are parametrised in such a manner that as D1
is adjusted the PM duct design is changed according to
its optimum PU value from Step 1. For Step 2, it will
be investigated whether the critical inertia can be further
increased by optimising the cage design.

The selected design parameters for each topology are
provided in Table 2. The L9 OA has a limit of four
variables per optimisation. In Step 1, D1 is included in
the optimisation of the Spoke and Radial flux topologies
whereas for the V- and U-type it is fixed.

To ensure that the TBRR framework realises a robust
design, the outer noise factors need to have direct influence
on the synchronisation capabilities of the machine. Per
definition these factors must be known to the designer, but
also be uncontrollable (manufacturing tolerances, ambient
conditions) [6]. For this study the conductivity of the
rotor bar material, the PM remanent flux density and the
rotor diameter are chosen as noise factors because (i) they
all affect the synchronisation of the machine, (ii) their
variation ranges are known but uncontrollable.

To determine if the proposed TBRR optimisation method
is viable for LS-PMSM design, three different RR values
(i.e., 0.5, 0.75 and 0.95) are used for each topology
case. Thus, a total of 12 optimisations are needed for
each of Step 1 and Step 2. According to [10, 11, 13], a
successful implementation of the TRBB method exhibits
the following attributes:

Figure 4: Selected PM duct topologies: a) Spoke-type b) Radial
flux c) V-type d) U-type

• The number of iterations increases with the RR value.
• The performance results using different RR values
should show a clear convergence or close correlation.
• A stable performance point should be identifiable before
the the termination of an optimisation.
• The TBRR optimisation should demonstrate the ability
to recover if the OEC drops off an optimum region.

For the optimisation, the OEC is formulated to maximise
the normalised critical inertia, i.e. OEC = MAX(xcr).
An ideal fan load equation, Tl(s) = Trated(1 � s)2, is
included in the analytical synchronisation solver with
s representing the slip. The parameters required by
the analytical synchronisation method were determined
using a steady-state analytical model. For each relative
optimum xcr, efficiency (h) and power factor (PF) are also
calculated.
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Figure 5: Selected rotor slot shape for (a) fixed slot with
dimensions (Step 1)(b) parallel slot with parameters

Table 3: TBRR machine performance results
Step 1 Step 2

xcr PF h xcr PF h RR n

Sp
ok

e 19 0.89 90.44 27 0.90 91.83 0.95 130
18 0.84 90.83 26 0.89 91.12 0.75 32
18 0.84 90.85 26 0.89 91.23 0.50 19

R
ad

ia
l 21 0.87 90.22 26 0.88 91.19 0.95 130

21 0.87 90.21 25 0.89 91.15 0.75 32
20 0.88 90.97 22 0.77 88.83 0.50 19

V-
ty

pe 20 0.90 91.26 27 0.78 89.24 0.95 96
20 0.91 91.29 27 0.79 89.36 0.75 26
20 0.88 90.97 22 0.77 88.83 0.50 17

U
-ty

pe 20 0.85 90.21 26 0.89 91.29 0.95 98
21 0.88 90.96 25 0.89 91.36 0.75 26
20 0.83 90.60 25 0.89 91.22 0.50 17

5. OPTIMISATION RESULTS

Table 3 contains the optimisation results and the number
of iterations (n) needed for each case. Note that xcr was
rounded to the nearest integer after the optimisation was
terminated.

Fig. 4 displays the OEC performance results for the radial
flux topology for all three RR values of Step 1. Similar
OEC performance characteristics were observed for the
remaining three topologies. From the results of Table 3
and the OEC performance curves it is found that the TBRR
method satisfies all the criteria.

For Step 2, only two of the four topologies showed good

Figure 6: Regression rate performance comparison: Step 1 of
Radial flux topology (good correlation)

Figure 7: Regression rate performance comparison: Step 2 of
Radial flux topology (relatively poor correlation)

correlation between results. Both the Spoke and U-type
had similar OEC plots as found in Step 1. In Fig. 4 the
OEC plots for the Radial flux topology show relatively
poor correlation, in which two RR values (0.95 and 0.75)
realised machine designs with the higher xcr than that of
RR= 0.5. A smaller RR value may result in reduced
iterations but also less accuracy. This agrees with the
information in literature. Care must be taken when
selecting a RR value for an unknown optimisation. A
lower RR value can initially be used to investigate possible
optimisation outcomes before using a higher RR for the
final optimisation.

Although the optimisation objective is to maximise xcr,
the realised machines in all cases still have satisfactory
steady-state performance. In all cases the steady-state
performance can satisfy IE3 standard. It appears that
by maximising xcr, steady-state performance is not
significantly altered.

For all four PM duct topologies an increase in xcr can be
obtained when optimising the cage slot. This is evident in
Fig. 8 and Table 3. In Fig. 9 the realised rotor designs for
all four topologies from Step 1 and Step 2 are presented,
in which a RR value of 0.75 was used. From Step 1 to
2 a noticeable increase in rotor bar material can be seen
with little change in PM volume. This highlights the fact
that rotor cage optimisation is required to ensure a good
synchronisation capability. Furthermore it was found that
the synchronisation capabilities of an LS-PMSM is not
solely influenced by the cage design but also by the PM
duct topology.

6. CONCLUSION

In this paper the TBRR optimisation method has been
proposed for LS-PMSM design. It shows that both the
accuracy and optimisation time of the TBRR method are
dependant on the selected RR value. A lower RR leads
to shorter computational time than that of a higher RR.
However, it may somewhat result in a loss of accuracy.

The maximum synchronising capability of all the
topologies for both design steps are relatively close with
each other. The use of xcr as an optimisation objective to
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Figure 8: OEC result comparison between Step 1 and Step 2 for
Spoke type topology (RR= 0.75).

Figure 9: TBRR’s machine design comparison between Step 1
and 2 (RR= 0.75).

improve the transient performance of an LS-PMSM can
be seen as viable. It is shown that by using the TBRR
method along with an analytical synchronisation model
a machine design could be realised with both improved
synchronisation capabilities and satisfactory steady-state
performance.

From the optimisation results, it has been shown that the
implemented TBRR optimisation method works in the
same manner as described in literature. Thus, it is a
viable optimisation tool in the LS-PMSM design. Further
improvements of the method can be made by refining the
way of determining, selecting or adjusting the RR value.
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Abstract: Thermal instability testing (TIT) is utilised by service providers as a final proving test 
during the construction, repair and overhaul of large turbo-generator rotors. This test is typically 
performed using two methodologies – i.e. current injection and friction/windage methods – to 
evaluate the thermal sensitivity of the generator rotor. Although these methods are distinctly different 
– service providers/OEMS worldwide show no preference towards a methodology and there is no 
substantiating evidence or international standards which provide insight into which method is most 
suitable. This paper investigates these two methods of TIT for synchronous generator rotors. A 
specialised experimental configuration utilising infrared thermography is used analyse the thermal 
behaviour a synchronous generator rotor under different test conditions. Experimental results indicate 
that there are substantial differences in the behaviour of the rotor under the two different 
methodologies and that an augmented test methodology is required to improve TIT.   
 
Key words: Thermal instability testing, synchronous generator rotor, infrared thermography. 
 
 
 

1. INTRODUCTION 
 

A wide range of testing and evaluation techniques are 
utilised by service providers during the construction, 
repair and overhaul of large turbo-generator rotors. These 
techniques vary in purpose, complexity and economic 
considerations. The ability to timeously identify problems 
during the overhaul/repair/construction process is the 
fundamental purpose of performing condition assessment. 
This proactive approach eliminates the possibility of the 
finally commission generating unit failing during 
operation i.e. increasing reliability of trouble free 
operation. Although many diagnosis techniques are used, 
these are generally specific to different components of the 
turbo-generator rotor, for example tests that evaluate the 
insulation or detect inter-turn shorts [1, 2].  
 
This paper investigates a final proving test - known as 
Thermal Instability Testing (TIT) - that is performed to 
evaluate the rotor functionality in its entirety and is 
typically used to evaluate the rotor vibrational behaviour 
under close to operating conditions (3000 rpm) within a 
specialised balancing facility. The potential capabilities 
and usefulness of evaluating a turbo-generator rotor by 
performing TIT has been recognised, however there 
exists two distinctly different testing modes that can be 
employed. The rotor under test can either be ‘excited’ 
using current or friction/windage referred to as Current 
Thermal Instability Testing (CTIT) and Friction Thermal 
Instability Testing (FTIT), respectively. The mode that is 
best suited to TIT is yet to be determined and it is 
hindered by complexities surrounding the lack of 
international standards; unclear testing procedures; 
limitations of testing facilities; high capital cost of 
required testing facilities as well as testing interpretation 
[3, 4]. The presented research investigates the thermal 
behaviour of a synchronous generator rotor during the 

aforementioned TIT to analyse, compare and better 
understand each of the TIT methods. 
 

2. THERMAL INSTABILITY TESTING (TIT) 
 
A Thermal instability test is performed as the final 
proving test prior to the rotor being dispatched to the 
generating station. The previously described rotor 
acceptance tests are limited to target specific areas of the 
rotor but do not prove that the rotor can function as a 
whole. All the different components must be able to 
function homogenously during operation to be considered 
refurbished and reliable. In essence, thermal instability 
occurs when a change in the field current causes a 
corresponding change in vibration levels. A rotor that is 
both mechanically and electrically balanced - is stable 
and fit for service. Conversely - if a rotor is unbalanced - 
the resulting uneven loading will lead to bowing of the 
rotor shaft and increased vibrations. High vibrations 
result in the rotor being unfit for service and a process of 
fault finding needs to be followed as the causes of 
thermal instability are difficult to pinpoint. Thermal 
sensitivity/instability can be commonly caused by shorted 
turns, coil movement, blocked ventilation slots or 
inadequate cooling, non-uniform winding, distance 
blocking variations, ill fitted body wedges or tight rotor 
slots [5]. Detection as to whether a rotor is thermally 
sensitive is straight forward in a sense, as the relationship 
between the current and vibration levels are indicative 
enough. The methodology by which this relationship is 
monitored though is pertinent. Being able to create the 
specific operating conditions for the rotor to be able to 
exhibit a latent thermal sensitivity problem is important.  
 
Three methods of Thermal Instability Testing (TIT) exist. 
The first test is an online test that is performed after the 
rotor has been commissioned. The remaining two tests 
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are performed within a balancing facility that is capable 
of either performing a FTIT or CTIT. Facilities that can 
perform a CTIT can also generally perform a FTIT as 
well but not vice versa. It should be noted that no 
international standard exists for the testing methodology 
or acceptance criteria for vibration limits when 
performing TIT. The methodologies by which these tests 
are performed remain undisclosed as they form part of the 
intellectual property of the OEM /Utility/Repairer that 
performs the test [6, 7]. The matter is further 
compounded by the large capital investment required to 
possess a balancing facility capable of performing TIT. 
Interpretation and the methodology by which the test is 
performed will determine whether a rotor is fit for service 
or not. This can have significant consequences in terms of 
warranties and profitability associated with the rotor 
being refurbished/overhauled. It is therefore pertinent to 
determine which method best suits the detection of rotor 
thermal sensitivity. 
 

3. COMPARISON OF TIT METHODS 
 
The current knowledge base regarding TIT raises the 
following questions:  
 

x Is a simulated approach being performed in a 
balancing facility suitable for thermal sensitivity 
testing? 

x What procedure should be followed to perform 
the testing? CTIT or FTIT? 

x What acceptance criteria should be used? 
 
Currently, the available information disallows conclusive 
answers to the above questions. Online thermal instability 
testing is the technique that best suits the detection of a 
rotor latent thermal instability as it offers true steady state 
operation conditions. Online thermal instability testing 
can however also be destructive, resulting in increased 
vibrations after the test has been completed [8]. Online 
thermal instability testing does not afford the Utility the 
peace of mind that a repaired/overhauled generator rotor 
is fit for service prior to commissioning. Any remedial 
action necessary comes at a high expense of 
decommissioning, fault finding, repair and retesting. This 
methodology is thus not suited for the testing of 
repaired/overhauled rotors but is best suited to vibration 
problems that are experienced during the lifetime of the 
operation of the rotor. The reliability sought to be able to 
determine whether a rotor has a thermal sensitivity 
problem prior to the rotor being dispatched to site and 
commissioned lies with CTIT and FTIT. These tests are 
performed at the repairers’ facility where any remedial 
action can be performed in house and retested 
conveniently at a lower expense. A rigorous testing 
process is followed with multiple thermal balances, 
frequent electrical testing and inspections. The process is 
concluded with a final thermal balance that is performed 
on-line after the rotor has been commissioned [9]. The 
difficulty again arises as to which method would be best 
suited to detect a thermal sensitivity problem. This 

research investigates the differences between CTIT and 
FTIT by utilising an experimental Direct Thermal 
Mapping Method. 
 
3.1 Direct Thermal Mapping  
 
The presented method for data capture is in the form of a 
matrix of temperature values corresponding to the spatial 
mapping of the surface of the generator rotor. This 
method transforms the temperature measurements and 
physical coordinates into a 2-D thermal map. Simply put, 
the direct thermal mapping method presents the 3-D data 
(temperature and surface area of the rotor) as a 2-D 
colour map (commonly referred to as a heat map). The 
map consists of a number of rectangular rows and 
columns that represent data values against a colour scale. 
This method has been widely used to display large 
matrices within many different fields such as natural and 
biological sciences [10, 11]. Ultimately, the method maps 
the temperature distribution of the rotor and outputs the 
data as a thermal map for easy interpretation and 
instability detection. Each block within the thermal map 
represents a measurement pixel of the IR camera and 
each pixel of the IR camera represents a physical portion 
of the rotor. The distance of the IR camera from the rotor 
determines the physical size of the area that is sampled. 
 
3.2 Experimental Testing  
 
The experimental test setup uses a mini-rotor rated at 20 
kVA that is designed to mimic a 600 MW generator rotor 
– i.e. two-pole 3000 rpm, 50 Hz, distributed and 
concentric field windings, damper bars, insulated 
bearings, mono-block milled shaft with slots and shaft-
mounted slip rings. Scaling is based on the length of the 
rotors thus the mini-rotor is down-scaled approximately 
to the ratio 2:25 when compared to a conventional 600 
MW rotor. Two principle aspects are investigated in order 
to evaluate the different aspects related to TIT: 
 

1. Mapping the rotor under the effects of friction to 
evaluate FTIT. 

2. Mapping the rotor under current excitation to 
evaluate CTIT. 

 
FTIT was performed under the influence of air 
friction/windage while the rotor was operated at 3000 
rpm. The test was run for eight hours and readings taken 
every 30 minutes. A time based evaluation approach was 
followed owing to the nature of the heating mechanism. 
During the temperature mapping process, the rotor speed 
decreased via controlling the speed of prime mover 
(induction machine). Rotational speed is decreased to 60 
rpm during the capture process with consideration of the 
maximum sampling rate of the camera. During this 
process surface mapping, winding temperature, enclosure 
temperature as well as ambient temperature is recorded. 
Figure 1 illustrates a thermal map of the rotor surface 
after 480 minutes. A trend is observed where the average 
horizontal temperature distribution showed that higher 
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temperatures were being experienced towards the non-
drive end of the mini-rotor. The temperature gradient is 
clearly observed on the thermal maps and the trend is 
consistent throughout the test. The drive-end of the mini-
rotor operated at a significantly lower temperature. The 
temperature difference between the drive and non-drive 
ends varied by up to 4°C throughout the testing 
procedure. This is significant as even the slightest 
differences in temperature can lead to thermal sensitivity. 
The cause of this was suspected to either be related to 
bearing losses or rub at the non-drive end or that the slip-
ring brush gear interaction generating heat due to 
frictional losses. To determine the origin of the 
temperature gradient the brush gear assembly was 
removed and the test repeated. 
 
The thermal map of the rotor surface after 480 minutes 
with the removal of the brush gear is shown in Figure 2. 
No trend was observed where the average horizontal 
temperature distribution showed that higher temperatures 
were being experienced towards the non-drive end of the 
mini-rotor. A near uniform temperature distribution could 
be clearly observed on the thermal maps and the trend 
was consistent throughout the test. The results obtained 
showed that the brush gear slip-ring interaction 
introduced an additional thermal component that effected 
the rotor surface thermal distribution. The thermal losses 
experienced by the brush gear slip-ring interaction were 
able to heat the rotor body to a higher temperature as well 
as at a higher thermal rate per hour. The gradient 
observed was proven to be due to this interaction. This 
finding is of significance as during factory acceptance 
testing where FTIT is performed the winding temperature 
is measured via the slip-ring connection. The phenomena 
experienced could negatively affect the outcome of the 
test by not proving to be a true reflection of the thermal 
performance of a rotor while undergoing FTIT.  
 
CTIT by definition requires the testing to be conducted 
during current injection. The mini-rotor was operated at 
3000 rpm and excitation applied at different levels as per 
conventional thermal instability testing based on the 
rating of the mini-rotor - 5 A, 10A, 20 A and 35 A . A 
dwell time of one hour was observed at each current level 
and mapping was performed after every ten minutes. 
Sampling was carried out more frequently as opposed to 
FTIT as heating of the rotor was anticipated to occur at a 
higher rate under current injection. Mapping and 
parameter recordings were obtained in the same manner 
as that of FTIT. A rectangular symmetrical area of a 
higher temperature could be observed on all the thermal 
maps throughout the test. These areas of high temperature 
were identified as the pole faces and associated coils. A 
large scale high resolution thermal map is presented in 
Figure 3 where the temperature distribution can be 
observed in detail. The higher temperatures of the poles 
can be clearly observable as well as the inter-pole areas 
being represented as the darker areas of the distribution at 
lower temperatures. This observation differs greatly from 
that of FTIT. 

4.  ANALYSIS OF RESULTS 
 
Figures 4, 5, 6 and 7 give the experimental results 
obtained for FTIT, including and excluding the brush 
gear effects, as well as for CTIT in terms of the mean 
surface temperature, and skewness and kurtosis of the 
temperature distribution for each measurement. A box 
plot of the selected distributions is given in Figure 4. The 
skewness indicates the asymmetry of the temperature 
distribution. A value of 0 indicates a symmetrical 
distribution. A positive value indicates skewness to the 
right and a negative value to the left. Kurtosis is a 
measure of the shape of the distribution i.e. the measure 
of the “tailedness” of a distribution as comparted to a 
normal distribution. A normal distribution has a Kurtosis 
of 0, high values indicate heavy tails or the presence of 
outliers while lower values indicate light tails or the 
absence of outliers in a data set [12, 13].  
 
The distribution of the FTIT scenario indicates the mean, 
median and mode are close to resembling a normal 
distribution – being equal. For example at 180 minutes 
the values are 47.44, 46.70 and 46.70; at 360 minutes the 
values are 59.15, 58.90 and 58.50. Upon further analysis 
of the initial four hours of FTIT the distribution was 
skewed to the right with positive Kurtosis values 
indicating a leptokurtic distribution i.e. a peaked 
distribution with outliers. This shift from a normal 
distribution indicates the heating phase of the mini-rotor 
surface during the test. The influences of the slip-ring 
brush-gear interaction as observed within the thermal 
maps contribute to this trend. As the effects of the slip-
ring brush-gear interaction normalise during the 
concluding four hours of the test the skewness of the 
distribution tends to become closer to a normal 
distribution (0) while the Kurtosis becomes negative or 
platykurtic, indicating a flattening out of the distribution. 
Large differences could be observed between the hottest 
and coolest part of the mini-rotor rotor surface – by up to 
5 °C. From these observations it can be inferred that this 
method of performing thermal sensitivity testing 
produces a slow, more uniform temperature distribution 
on the surface of the mini-rotor. Once the brush-gear was 
removed the resultant distributions indicated a uniform 
distribution with the mean, median and mode being 
virtually identical throughout the testing. A positive 
skewness was observed for a large duration of the test 
which later approached 0 then proceeded to be slightly 
negatively skewed. The Kurtosis values were close to 
zero indicating a mesokurtic distribution i.e. normality 
with no outliers. The effects of the removal of the brush-
gear are quite significant as this test did not reach the 
high temperatures experienced in scenario 1. Smaller 
differences could be observed between the hottest and 
coolest part of the mini-rotor rotor surface – by up to 2 
°C. A close to normal distribution of temperature along 
the surface of the mini-rotor can be expected for this 
mode of testing. 
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Figure 1. Thermal map of rotor for obtained under FTIT, including brush gear, after 480 mins.  

 
 
 

 
Figure 2. Thermal map of rotor for obtained under FTIT, excluding brush gear, after 480 mins.  
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Figure 3. Thermal map of rotor for obtained under CTIT with a current injection of 35 A after 210 min.  
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Figure 4. Box plot of selected surface temperature distributions of generator rotor obtained under the 

three different experimental test conditions  
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Figure 5: Mean surface temperatures of generator rotor 

obtained under the three test conditions. 
 

 
Figure 6: Skewness of surface temperature distributions 

obtained under the three different test conditions. 
 

 
Figure 7: Kurtosis of surface temperature distributions 

obtained under the three different test conditions. 
 

For the CTIT scenario the mean, median and mode 
throughout the test are close to being equal or 
representing a normal distribution. As the test progressed 
and the current values increased the skewness changed 
from being highly skewed to the right, approaching 0 
then proceeding to become highly skewed to the left. The 

Kurtosis followed the same trend with initially being 
leptokurtic then mesokurtic and finally platykurtic. The 
Kurtosis values indicate the presence of significant 
outliers throughout the test. The effect of a changing 
current source can be attributed to this behaviour. Large 
differences could be observed between the hottest and 
coolest part of the mini-rotor rotor surface – by up to 17 
°C. These observations show that the winding as a heat 
source produces temperature profiles that are not 
homogenous throughout the mini-rotor surface. The non-
homogenous (heterogenous) thermal nature of the rotor is 
due to the various materials constituting its construction 
and when excited the materials undergo heat transfer at 
different rates. An overall higher mean temperature is 
achieved during CTIT as compared to the previous 
scenarios. 
 
The TIT data is summarised as a series of box plots in 
Figure 4. FTIT shows a contracted distribution with the 
absence of significant outliers. A further contraction is 
observed once the brush-gear is removed showing a 
normal distribution. CTIT on the other hand shows a 
large distribution of values with significant outliers. The 
testing methods differ significantly with CTIT showing a 
more realistic (large range) distribution as rotors are 
operated under the influence of current as opposed to 
friction. 
 
The mode in which TIT is being performed globally 
requires a re-evaluation based on the results obtained. 
The effects of the slip-ring brush-gear interaction for the 
friction scenario created an additional heating component 
leading to asymmetries in the thermal distribution. A 
discernible thermal gradient was created with the non-
drive end operating at a higher temperature. The effect of 
the collector assembly was quantified by executing the 
test with the brush-gear removed. During conventional 
FTIT the winding temperature is determined by 
measuring the rotor winding resistance which can only be 
achieved via the collector assembly. The collector 
assembly has been found to be a major contributor to the 
rotor heating as compared to friction alone. Furthermore, 
heating via friction was found to be slow, uniform and 
uncontrolled. FTIT is greatly influenced by ambient 
temperature and the interaction with the experimental 
setup. This influences at what point the equilibrium or 
maximum temperature is reached which is significantly 
lower than that of CTIT. In essence FTIT supports the 
assumption that a generator rotor, during operation, heats 
up uniformly and is able to provide that heating 
mechanism. This instead of evaluating the actual thermal 
behaviour of the rotor it is able to create the ideal heating 
conditions as to how a rotor should behave thermally. 
The FTIT scenario does not present the actual thermal 
behaviour of a rotor during operation and cannot be 
effectively used for generator rotor thermal sensitivity 
evaluation. 
 
The results observed for CTIT differed in contrast to 
FTIT. The influence of the collector assembly was also 
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apparent in the CTIT scenario but was insignificant as 
CTIT depends of there being a pathway to inject current 
into the rotor. The temperature rise for CTIT is achieved 
via current injection thus the winding temperature 
initially rises and heat is dissipated from the winding 
outward. The composition of the rotor greatly affects that 
manner in which heat is distributed i.e. the heat 
distributes thought the different materials at different 
rates. This is more representative of a rotor during 
operation. The winding temperature is ascertained 
utilising a numerical calculation which is reliant on 
accurately measuring the physical winding temperature, 
current, voltage and winding resistance at a reference 
instant. The subsequent temperature value can be 
calculated by utilising the rotor resistance measurement at 
any given time and current level. However, the winding is 
not physically exposed for the temperature measurement 
to be taken thus the rotor body temperature is sampled in 
several areas and then averaged as an assumption that the 
winding is at the same temperature. This is not a 
particularly sophisticated procedure to determine the 
winding temperature especially for a test that requires a 
high degree of accuracy to evaluate thermal sensitivity.  
 
This shortcoming is evident as the results for CTIT show 
a wide range of temperatures being experienced on the 
rotor surface during testing. To assume a normal 
distribution and then iterate temperature values for 
subsequent current levels introduces an inaccuracy of the 
actual temperature of the winding as well as the 
temperature distribution of the mini-rotor surface. 
Differences between the temperatures of the winding as 
compared to the mini-rotor average surface temperature  
are illustrated in Figure 8. The winding temperature was 
captured directly from the winding surface. The 
relationship between the average surface temperature and 
direct winding temperature support the narrative that 
current CTIT modes are not being conducted accurately. 
The temperature concerning the winding and surface can 
differ by up to 11 °C. This is a phenomena that is also 
prevalent for FTIT as illustrated in Figure 9. 
 

 
Figure 8: Surface and winding temperatures obtained 

during CTIT. 

 
Figure 9: Surface and winding temperatures obtained 

during FTIT. 
 

The results observed for CTIT were indicative of the 
manner in which a rotor would behave during operation. 
Contemporary CTIT modes need to be augmented with 
the direct mapping method to ensure an accurate 
approach to thermal sensitivity testing. The analysis 
conducted strongly supports an augmented CTIT as a 
preferred method to test for rotor thermal sensitivity. 
 
 

5. CONCLUSION 
 
The differences between contemporary TIT methods have 
been highlighted via the direct thermal mapping 
technique. The method of FTIT has been found to exhibit 
an even, symmetrical heating along the rotor surface. As 
opposed to CTIT indicating a non-uniform thermal 
distribution across the rotor surface where symmetrical 
areas of high temperature are observed.  
 
The collector assembly losses have also been found to 
effect the thermal distribution of the rotor. A noticeable 
thermal gradient was observed with higher temperatures 
being experienced at the non-drive end of the rotor for 
both FTIT and CTIT. This phenomenon will warrant 
further investigation as slight changes in thermal 
distribution can affect rotor thermal sensitivity. 
  
From observations, it can be said that utilising CTIT as a 
method to detect rotor thermal sensitivity is favoured. 
FTIT created a testing environment that simulated the 
ideal thermal distribution of a rotor as opposed to CTIT 
which exhibited a more realistic representation as rotors 
operate under current injection. However, the method 
must be augmented to include the direct thermal mapping 
process to improve testing procedures and accuracy. This 
will lead to increased rotor reliability and reduced 
uncertainty on the part of service providers. 
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Abstract: In this paper, the rotor side converter control of a wind energy conversion system based
on the doubly-fed induction generator is investigated. The proposed control algorithm is based on the
voltage-oriented control approach. The control algorithm is aimed at maximum power point tracking.
In addition, it allows the wind energy conversion system based on the doubly-fed induction generator to
operate under different power factor set values. Dynamic models of the doubly-fed induction generator
and the wind turbine are also presented. The wind energy conversion system based on the doubly-fed
induction generator is simulated using MATLAB/SIMULINK under change in wind speed and stator
power factor in order to validate the control algorithm theory.

Key words: Doubly-fed induction generator, wind energy conversion system, vector control, power
factor, wind turbine.

1. INTRODUCTION

In the last few decades, there has been significant rise in
wind energy generation due to environmental concerns.
The doubly-fed induction generator (DFIG) is one of the
most popular generators in wind energy conversion system
(WECS) since it holds the advantage of having its power
converters rated at 30% of the generator rating. Also, the
WECS based on the DFIG can operate at variable speeds.

Several control techniques have been discussed in the
literature for the control of WECS based on DFIG [1].
Vector control based on stator flux-oriented control of
WECS based on the DFIG was developped in [2]. The
maximum power point tracking (MPPT) algorithm was
also developed in [2]. Müller et al. developped a vector
control that dynamically decouples the active and reactive
power control [3]. The overall modelling of the DFIG
systems in power systems is given in [4]. A discussion on
the feasibility of the stator voltage-oriented control (VOC)
is proposed in [5], but only speed control was considered
in [5]. The MPPT control algorithm for power regulation
is discussed in [6] where the aim is to regulate the power
factor of the overall wind turbine.

The MPPT with the use of the phase locked loop (PLL)
was investigated in [7], where the authors investigated
the control of the grid-connected DFIG system using
the VOC technique [7]. The same authors analysed the
grid-connected DFIG under non-linear load and the sudden
wind speed variations [7].

However, there is still room for research on the power
factor regulation of the grid-connected DFIG system using
the VOC technique. The VOC based on the PLL holds
the advantage of needing only the measurement of the
three-phase stator voltage in order to calculate the stator
voltage angle, while when using the flux-oriented control,

both the three-phase stator voltage and current have to
be measured. Hence, in this paper, the power control
and power factor regulation using stator voltage-oriented
control are discussed. This control method uses a standard
PLL for the stator voltage angle calculation.

The remainder of the paper is organised as follows; An
overview and the dynamic modelling of WECS based on
the DFIG is discussed in Section 2. The proposed control
strategy based on VOC using a standard PLL is presented
in Section 3; The performance of the proposed control
algorithm under dynamic operating conditions is discussed
in Section 4, and, lastly, a conclusion is drawn with regards
to the findings in Section 5.

2. MODELLING OF THE DFIG SYSTEM

2.1 DFIG system description

The common composition of the DFIG system is displayed
Fig. 1, where the back-to-back converter is connected to
the rotor side of the DFIG on one side and on the other
side it is connected to the grid through a transformer. The
stator of the DFIG is also connected to the grid through
a transformer so that the DFIG system matches the grid
voltage level.

The total active power generated by a lossless DFIG
system is given as

Pg = Ps +Pr = (1⌥ s)Ps, (1)

where Pg is the total power generated by the DFIG; s is the
slip; Ps is the stator active power and Pr =⌥sPs is the rotor
active power. In (1), the rotor active power is positive when
the machine operates under super-synchronous operating
conditions while it is negative when operating under
sub-synchronous operating conditions.
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Fig. 1: Common configuration of DFIG system

2.2 Wind turbine model

The mechanical power captured by a wind turbine in the
presence of wind is given by

Pm =
1
2

Cprpr2V 3
wind , (2)

where Cp is the power coefficient; r is the air density; r is
the wind turbine rotor plane radius and Vwind is the wind
speed. the power coefficient depends of the pitch angle (b)
and the tip speed ratio. The tip-speed ratio is given by

l =
Wmr

mVwind
, (3)

where Wm is the mechanical shaft speed of the generator
and m is the gear-box ratio. The expression of the power
coefficient is given by [4]

Cp = 0.73
⇣151

lk
�0.58b�0.002b2.14�13.2

⌘
e�18.5lk (4)

with
1
lk

=
1

1
l�0.02b �

0.003
b3+1

. (5)

The pattern of the tip-speed ratio versus the power
coefficient is depicted in Fig. 2.

2.3 DFIG model

The equivalent circuit of the DFIG is depicted in Fig. 3.
The stator and rotor voltage space vectors of a DFIG are

0 5 10 15
0

0.1

0.2

0.3

0.4

0.5

C
p

Tip-speed ratio

Fig. 2: Tip-speed ratio(l) versus power coefficient(Cp)

given by
8
>><

>>:

~vs = Rs~is +
d~ys

dt
+ jws~ys

~vr = Rr~ir +
d~yr

dt
+ j(ws �wm)~yr

, (6)

where ~vs, ~vr are the stator voltage space vector and
rotor voltage space vector, respectively; Rs is the stator
resistance; Rr is the rotor resistance; ~ys and ~yr are
the stator flux linkage space vector, and rotor flux
linkage space vector, respectively and ws and wm are the
synchronous angular speed and electrical mechanical rotor
shaft speed, respectively.

The expressions of the stator and rotor flux linkage space
vectors are given by

(
~ys = Ls~is +Lm~ir
~yr = Lr~ir +Lm~is

, (7)

where Ls, Lr and Lm are the stator inductance, rotor
inductance and magnetising inductance, respectively, and
~is and ~ir are the stator and rotor current space vector,
respectively. The stator active and reactive powers
produced by the DFIG are given by

8
><

>:

Ps = ¬(~vs~̄is) =
3
2
�
vsdisd + vsqisq

�

Qs = ¡(~vs~̄is) =
3
2
�
vsqisd � vsdisq

� , (8)

where~̄is is the conjugate of the stator current space vector;
vsd and vsq are the d-axis and q-axis stator voltage, and isd
and isq are the d-axis and q-axis stator current.

On the other hand the active power (Pr) and reactive power
(Qr) produced by the DFIG at the rotor side are given by

8
><

>:

Pr = ¬(~vr~̄ir) =
3
2
�
vrdird + vrqirq

�

Qr = ¡(~vr~̄ir) =
3
2
�
vrqird � vrdirq

� , (9)

where~̄ir is the conjugate of the rotor current space vector;
vrd and vrq are the d-axis and q-axis rotor voltage; and,
ird and irq are the d-axis and q-axis rotor current. The

Rr
jsws~yr Lrl ~ir Lsl ~is

jws~ys Rs

~vr Lm

~ism

~vs

Fig. 3: DFIG equivalent circuit in dq0-reference frame
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electromagnetic torque generated by the DFIG is given by

tem =
⇣3

2

⌘⇣P
2

⌘�
ysdisq �ysqisd

�
, (10)

where ysd and ysq are the d-axis and q-axis stator flux
linkage. It is worth noticing that in equations (6)-(10)
all the electrical parameters are referred to the stator.
The mechanical relationship between the electromagnetic
torque (tem) and the mechanical torque (tm) is given by

J
dWm

dt
= tm � tem, (11)

where J is the inertia and Wm is the mechanical shaft speed.

3. CONTROL STRATEGY OF THE RSC

In variable wind speed turbines, the generated power is
regulated so as to extract the maximum mechanical power
from a given wind. In this paper, in order to fulfill
this aim, the reference power is derived as discussed in
Sec. 3.1. The power control strategy used is based on
the voltage-oriented control (VOC) with the q-axis of
the synchronous reference frame aligned along the stator
voltage space vector as shown in Fig .4. Applying the
VOC to the stator voltage space vector in (6) and the stator
flux linkage space vector in (7) together with neglecting
the stator resistance yields

8
><

>:

vsd = 0
ysq = 0
|~vs|= |vsq|

, (12)

where vsd , ysq and |vsq| are the d-axis stator voltage, the
q-axis stator flux linkage and the q-axis stator voltage
magnitude, respectively.

The control algorithm scheme is depicted in Fig. 5. The
controller chosen here is the PI controller for the power
control and the current control. In addition to the PI
controller, the anti-wind up algorithm and limitation of the
PI controller outputs with regards to system parameters are
implemented. The PI controller transfer function is given
by

PI(p) =
kp p+ ki

p
, (13)

where kp and ki are the proportional and integral gains of

a

bq

d
~vs

~is

isdisq

ws

qv

qs

Fig. 4: VOC scheme

the PI controller, respectively. It can be seen from Fig. 5
that the three-phrase stator voltage and three-phase rotor
current are measured. Then, the calculation of the grid
stator angle using the Phase locked loop (PLL) is done.
Since, the VOC chosen here is based on the alignment of
the q-axis reference frame along the stator voltage space
vector, the stator voltage angle is given by

qs = qv +
p
2
, (14)

where qv is the stator voltage angle calculated by the PLL
whereas the qs is the synchronous angle to be used in the
control algorithm.

For the quantities coming from the rotor side, the rotor
speed is measured using an encoder. The measured
speed is then integrated in order to provide the electrical
rotor angle. The electrical rotor angle is used for the
transformation of the three-phase rotor current which is
transformed into dq0-reference frame. The slip angle is
defined as

qr = qs �qm, (15)

where qm = P
2 Qm is the electrical rotor angle and Qm is the

rotor angle.

3.1 Reference power generation

The reference active power determination used in this
paper is similar to that suggested in [6]. The optimum
power coefficient expresses the optimum fraction of wind
power captured by the wind turbine. Hence, by substituting
(3) into (2), the optimum mechanical power extracted by
the wind turbine is given by

P⇤
s = Pmopt = xoptW3

m (16)

P⇤
s

Q⇤
s

Power
control

i⇤rdq Current
control

v⇤rdq

SV
PW

M

Sabc

Vdc

abc
dq

irabc

qr

irdq

DFIG
GRID

Wm
P
2

R�
+

qr

qs

PLL
vsabc

abc
dq

Power
calcul.

QsPs

vsdq

Fig. 5: Control strategy scheme
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with

xopt =
Cpopt rpr5

2l3
optm3 , (17)

where the superscript opt denoted an optimum value and
P⇤

s is the reference stator active power. The reference stator
reactive power can be found by using the reference power
factor. In (16), the optimum mechanical power captured
by the wind turbine is assimilated to the reference stator
power. Also, the reference stator active power depends
directly on the mechanical rotor shaft speed.

The reference stator reactive power is given by

Q⇤
s = P⇤

s

q
1� cos⇤2 f
cos⇤ f

, (18)

where cos⇤ f is the reference stator power factor; Q⇤
s is the

reference stator reactive power. In (18), it can be seen that
the power factor can be set by using the control algorithm.
This is a major advantage leading to the reduction of the
capacity bank in the system [6]. In addition, a cascaded
structure is used in the control algorithm with outer power
control loops and inner rotor current control loops.

3.2 Outer stator power control loop

Applying the VOC to (8) and rewriting the stator active
and stator reactive powers in terms of d-axis and q-axis
rotor current yields

8
>><

>>:

Ps =�3
2

Lmvsq

Ls
irq

Qs =
3Lmvsq

2Ls

⇣ vsq

wsLm
� ird

⌘ . (19)

It can be seen from (19) that the stator active power is
directly proportional to the q-axis rotor current while the
reactive stator power is proportional to the d-axis rotor
current. In addition, they all hold the same transfer
function leading to the use of the same PI controller
parameters for both stator active and reactive power
control.

The reference active and reactive stator powers are
compared with the calculated active and reactive power
calculated using (19) as displayed in Fig. 5. It is
important to notice that the use of an invariant power park
transformation is mandatory. The reference d-axis and
q-axis rotor currents are given by

8
>><

>>:

i⇤rq =�
⇣kpi p+ kii

p

⌘
(P⇤

s �Ps)

i⇤rd =�
⇣kpi p+ kii

p

⌘
(Q⇤

s �Qs)+
vsq

wsLm

, (20)

where superscript * denotes the reference value; and, kpi
and kii are the proportional and integral gain of the outer
PI controllers. In (20), it can be seen that the reference
d-axis rotor current is obtained by processing the reactive
stator power error by the outer PI controller, then the PI

output is added to a feed-forward terms with regards to the
expression of stator reactive power displayed in (19). A
similar approach is followed with regards to the reference
q-axis rotor current.

3.3 Inner current control loop

Applying the VOC to (6) and rewriting it in terms of the
d-axis and q-axis rotor currents, yields that the of d-axis
and q-axis rotor voltages are given by
8
>>>>>><

>>>>>>:

vrd = Rrird +sLr
dird
dt

� (ws �wm)sLrirq| {z }
feed-forward terms

vrq = Rrirq +sLr
dirq

dt
+(ws �wm)(sLrird +

L2
m

Ls
ims)

| {z }
feed-forward terms

,

(21)
where s = 1� L2

m
LsLr

is a constant and ism is the magnetising
current. One can notice from (21) that the d-axis and
q-axis components of the rotor voltage space vector holds
the same plant. A PI controller is used for the control
algorithm. The reference d-axis and q-axis rotor voltages
are given by
8
>><

>>:

v⇤rd =
⇣kpi p+ kii

p

⌘
(i⇤rd � ird)� (ws �wm)sLrirq

v⇤rq =
⇣kpi p+ kii

p

⌘
(i⇤rq � irq)+(ws �wm)(sLrird +

L2
m

Ls
ims)

,

(22)
where kpi and kii are the proportional and integral constant
of the PI current controller. The reference d-axis and q-axis
voltage are then inputted to the space vector pulse width
modulation function to obtain the actuating signals for the
power switches in the voltage-source converter (VSC).

4. RESULTS AND DISCUSSIONS

The simulations were conducted in MATLAB/SIMULINK
with ode 3 solver. The machine parameter and the wind
turbine parameters are displayed in Table 1 [8].

4.1 Performance of the WECS under steady wind speed
change

The performance of the WECS under constant power
factor (cosf = 0.8 lagging) together with the steady wind
speed change is depicted in Fig. 6 and Fig. 7. The WECS
starts with a wind speed of 7.6 m/s and it operates under
constant stator power factor, as shown in Fig. 6(a) and
Fig. 6(b). The corresponding MPPT mechanical shaft
speed set point of the generator is at 860 rpm, as shown
in Fig. 7(a). The DFIG operates under sub-synchronous
operating conditions. At this speed (Wm =875 rpm), when
the DFIG starts, there is a short transient period before
the stator and rotor powers settle to the steady-state values
corresponding to the MPPT, as shown in Fig. 7(b)-(e).
These transient patterns of the generated stator active
and reactive powers lead to a surge of the stator power
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Table 1: DFIG and wind turbine parameters

Name-plate:
Numbers of poles 6

Power 37300 W
Line to line voltage 415 V

fs 50 Hz
Machine parameters:

Lm 0.03039 H
Lsl = Lrl 0.000867 H

Rs 0.09961 W
Rr 0.05837 W

Turbine parameters:
power 55000 W

Wind speed range 6.1-11.35 m/s
Inertia 13.5 Kgm2

r 6.862 m
m 14.48

Cpopt 0.4412
lopt 5.66

factor before it settles at steady-state value of cosf = 0.8
(lagging), as shown in Fig. 6(b). After the transient period,
the generated active power and reactive powers are 15.5
KW and 11.6 KVar, respectively. On the rotor side, the
active and reactive powers consumed by the DFIG are -7.5
KW and -2.5 KW.

Between t = 3 s and t = 6 s, the wind speed varies
from 7.6 m/s to 10.2 m/s. The WECS operates
from sub-synchronous to super-synchronous operating
conditions. During that period, The stator active
and reactive powers increase since they are directly
proportional to the wind speed as depicted in Fig. 7(b)
and Fig. 7(c). Similar patterns are observed from Fig. 7(d)
and Fig. 7(e) considering that the rotor active and reactive
powers are portions of the stator active and reactive
powers, respectively. In addition, one can see from
Fig. 7(f) the rotor current frequency slows down around
the synchronous speed as the slip eventually becomes zero
and picks up again after the synchronous speed (Wm =
1000 rpm). In addition, both three-phase rotor and stator
current envelops increase since the power generated by the
DFIG increases due to the rise in wind speed, as shown
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Fig. 6: Test of WECS under steady wind speed change: (a) wind
speed; and, (b) stator power factor.
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Fig. 7: Test of WECS under steady wind speed change: (a)
Mechanical shaft speed; (b) stator active power; (c) stator
reactive power; (d) rotor active power; (e) rotor power power;
(f) three-phase rotor current; (h) three-phase stator current; and,
(g) three-phase stator current.

in Fig. 7(f) and Fig. 7(g). The zoom on the three-phase
stator current is displayed in Fig. 7(h) where it can be
seen that it pulsates at 50 Hz. At wind speed of 10.2
m/s, the DFIG operates under super-synchronous operating
conditions. The corresponding mechanical shaft speed of
the generator is at 1150 rpm. At this speed (Wm =1150
rpm), the DFIG generates powers at the stator and rotor
sides as it can be seen from Fig. 7(b)-(e). In addition, the
stator active and reactive powers generated by the DFIG
are 35 KW and 26.2 KVar, respectively. On the other side,
the rotor active and reactive powers generated by the DFIG
are 10.2 KW and 6 KVar, respectively.
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4.2 Performance of the WECS based on DFIG under
change in stator power factor

The performance of the WECS under change in stator
power factor with steady wind speed is depicted in Fig. 8.
Between t = 0 s and t = 5 s, the DFIG operates with
a reference power factor of 0.8 (lagging), as shown in
Fig. 8(a). After a few cycles, the measured stator power
factor settles to the reference stator power factor value, as
shown in Fig. 8(a). During the test, the WECS operates
with a wind speed of 8.2 m/s, as shown in Fig. 8(c). At
this speed, the stator active and reactive powers are 18
KW and 13.5 KVar, as depicted in Fig. 8(d) and Fig. 8(e).
The three-phase rotor current pulsates at constant slip
frequency of 4.15 Hz since the mechanical shaft speed of
the DFIG is constant, as displayed in Fig. 8(f).

At t = 5 s, there is a step change in reference stator
power factor (from cos⇤ f = 0.8 to cos⇤ f = 1), as shown
in Fig. 8(a). The measured stator power factor settles to
the reference stator power factor after a few cycles, as
displayed in Fig. 8(a). The generated stator power remains
constant, since it depends exclusively on the wind speed.
The generated stator reactive power settles to zero after
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Fig. 8: Test of WECS under change in stator power factor:
(a) Stator power factor; (b) wind speed; (c) mechanical shaft
speed; (d) stator active power; (e) stator reactive power; and, (f)
three-phase rotor current.

a few cycles since the DFIG operates under unity power
factor. As a consequence the three-phase current drops
slightly at t = 5 s, as shown in Fig. 8(f).

5. CONCLUSIONS

In this paper, a control algorithm based on VOC was
proposed where the q-axis of the synchronous reference
frame is aligned along the stator voltage angle. The
simulation was carried out in MATLAB/SIMULINK. It
was shown that the proposed control algorithm based
on PI controller gives satisfactory performance. More
importantly, the control algorithm not only allows the users
to regulate the stator power factor by changing its set
values, but also it guarantees the MPPT.
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MAGNETIC LEVITATION BASED ON ELECTRODYNAMIC 
SUSPENSION 
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Durban, 4001, South Africa 

Abstract: This paper presents the magnetic levitation based on electrodynamic suspension. Two 
separate mathematical descriptions of the phenomenon are derived. The development of an 
electrodynamic levitation system that levitates an aluminum disc using radially arranged transformer 
laminations is presented. Finite Element Methods is used to simulate this system and the effect of 
varying disc dimensions on the exerted force is studied. The simulation results are compared with 
experimental measurements, which shows a close agreement. It is identified that an inverse square 
relationship exists between the force on the disc and its height. 

Key words: Magnetic Levitation, Electrodynamic Suspension (EDS), Magnetic propulsion, Eddy 
currents. 

1. INTRODUCTION 
 

Magnetic Levitation refers to the suspension of an object 
with no support other than magnetic fields. This 
technology finds application in many different fields from 
clean energy and transportation systems [1] to advertising 
[2]. The two primary issues associated with magnetic 
levitation which need to be considered are generating a 
lifting force, which is sufficient to counteract gravity, and 
maintaining stability [3]. 

Samuel Earnshaw proved that it is not possible for a pole 
placed in a static field of force to have a position of stable 
equilibrium when an inverse square law operates [4]. 
(Stable Equilibrium describing an equilibrium in which the 
body tends to return to the equilibrium position if slightly 
displaced [4]). As a consequence, there is no combination 
of electrostatic, magnetostatic, or static gravitational 
forces which can create stable levitation in free space [5]. 
Although it is possible to obtain the lifting force required 
to counteract gravity using a system with only permanent 
magnets, it is a direct consequence of Earnshaw’s theorem 
that a stable levitation is not possible with the magnets 
fixed in place. To achieve stable levitation with permanent 
magnets an advanced electro-mechanical feedback control 
system, with actuators continuously changing the positions 
of the permanent magnets, would be required [6]. 

Alternatively, stable levitation can be achieved placing a 
diamagnetic material in a magnetic field, however, the 
forces generated with this approach are too weak for this 
method to be considered feasible. The two materials with 
the greatest diamagnetic properties, bismuth and graphite, 
are only diamagnetic enough that small pieces can be 
levitated in very strong magnetic fields. As an example, 
Braunbeck levitated small pieces of bismuth (8 mg) and 
graphite (75 mg) between poles of an electromagnet 
producing a field with a flux density of 2.3 T [4]. 
Superconductors behave as perfectly diamagnetic 
materials and therefore can also be used to achieve stable 

levitations. They are formed when certain metals and 
alloys, cooled to a temperature approaching 0 K, enter the 
superconducting state which is characterised by the 
absence of electrical resistance. However, it is difficult to 
keep the materials at a sufficiently low temperature to 
maintain the superconducting state. 

In accordance with Faraday’s law, if a conductive body is 
placed in a time varying magnetic field an electromotive 
force (EMF) will be induced resulting in a flow of 
electrons about the applied magnetic field lines. This 
movement of charge within the conducting surface forms 
what is known as Eddy Currents, which set up an opposing 
magnetic field [7]. Considering this process, a conductive 
disc will contain induced Eddy Currents when situated 
near to an alternating current carrying coil and the 
interaction between the two currents will produce a force 
of repulsion between the coil and the disc. While the force 
generated is able to counteract gravity, which satisfies the 
first primary concern, the stability of this approach needs 
to be considered. This method of magnetic levitation is 
known as electrodynamic suspension (EDS). 

In this paper, the design and fabrication of a magnetic 
levitation system based on EDS is presented. The system 
consists of an aluminum disc that is levitated above a core 
constructed using transformer laminations. At steady state, 
the disc does not experience any movement in either the 
horizontal or vertical planes or about either of the 
horizontal axis. In Section 2, a mathematical description of 
the levitation of a disc in an alternating field is derived with 
the intention of developing the relationship between coil 
current and force on the disc. Section 3 presents an 
overview of the system design where the development of 
components which make up the levitation system is briefly 
discussed. Next, in Section 4, the simulations done to 
investigate optimal disc dimensions and levitation height 
is described. Experimental results obtained are then 
presented and contrasted with corresponding simulation 
results in Section 5 to establish their accuracy. Section 6 
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revisits the mathematical model developed in Section 2, 
where an attempt is made to create a model relating the 
height of the disc to the force exerted on it which matches 
experimental and simulation data. 
 

2. MATHEMATHICAL DESCREPTION OF 
LEVITATION IN AN ALTERNATING FIELD 

 
This section seeks to develop a mathematical description 
of the levitation and attempts to find the relationship 
between the force exerted on the disc and current in the 
coil. Figure 1 illustrates the model which is used to develop 
the description. 

 

 2.1 Force analysis 

The current given by  

    𝐼𝐼(𝑡𝑡) =  |𝐼𝐼0|sin(𝜔𝜔𝑡𝑡)                                                           (1) 

flows in the coil, which results in a current density  

    𝐽𝐽𝑐𝑐��⃑ (𝑡𝑡) =  |𝐽𝐽0|sin(𝜔𝜔𝑡𝑡)𝜙𝜙�                                                       (2) 

at the top of the coil as a result of one turn. Using Ampere’s 
circuital law, which states that ∇ × 𝐻𝐻��⃑ = 𝐽𝐽𝑐𝑐��⃑ , we can find the 
magnetic field in the disc, 𝐻𝐻��⃑ (𝑡𝑡), caused by the coil current 
𝐼𝐼(𝑡𝑡). Since it will have components in the �̂�𝑟 and �̂�𝑧 
directions, it can be written as: 

    𝐻𝐻��⃑ (𝑡𝑡) =  |𝐻𝐻𝑟𝑟| sin(𝜔𝜔𝑡𝑡) �̂�𝑟 + |𝐻𝐻𝑧𝑧|sin(𝜔𝜔𝑡𝑡)�̂�𝑧                      (3) 

where the dominant component is in �̂�𝑧 direction and 
|𝐻𝐻𝑟𝑟| ≪ 1. The induced electric field in the disc, 𝐸𝐸�⃑ (𝑡𝑡), can 
be found from the magnetic field using Faraday’s law, 
which states that ∇ × 𝐸𝐸�⃑ = − 𝜕𝜕

𝜕𝜕𝜕𝜕
𝐵𝐵�⃑ . Using 𝐵𝐵�⃑ = 𝜇𝜇𝐻𝐻��⃑ , 

    𝐸𝐸�⃑ (𝑡𝑡) =  −|𝐸𝐸𝑟𝑟| cos(𝜔𝜔𝑡𝑡)𝜙𝜙� + |𝐸𝐸𝑧𝑧|cos(𝜔𝜔𝑡𝑡)�̂�𝑧                  (4) 

where the dominant component of the electric field is in 
the −𝜙𝜙� direction. This electric field results in a current in 
the disc with density 𝐽𝐽𝑑𝑑���⃑ (𝑡𝑡) = 𝜎𝜎𝐸𝐸�⃑ (𝑡𝑡), where 𝜎𝜎 is the 
conductivity of the disc. The total current can be found by 
integrating 𝐽𝐽𝑑𝑑���⃑  over the surface of the disc as follows: 

𝐼𝐼𝑑𝑑(𝑡𝑡) = �  𝐽𝐽𝑑𝑑���⃑  𝑑𝑑s 

=  − �𝐼𝐼𝑑𝑑𝜙𝜙� cos �𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝜙𝜙�𝜙𝜙� + �𝐼𝐼𝑑𝑑𝑧𝑧�cos�𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝑧𝑧��̂�𝑧 

(5) 

where 𝜃𝜃𝑑𝑑𝜙𝜙 and 𝜃𝜃𝑑𝑑𝑧𝑧 arise as a result of the impedance of the 
disc. Using the Lorentz force equation, the force applied to 
the disc is found to be: 

�⃑�𝐹(𝑡𝑡) = 

�− �𝐼𝐼𝑑𝑑𝜙𝜙� 𝑐𝑐𝑐𝑐𝑐𝑐 �𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝜙𝜙�𝜙𝜙� + �𝐼𝐼𝑑𝑑𝑧𝑧� 𝑐𝑐𝑐𝑐𝑐𝑐�𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝑧𝑧� �̂�𝑧� × 

                        (|𝐵𝐵𝑟𝑟| 𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡) �̂�𝑟 + |𝐵𝐵𝑧𝑧| 𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡) �̂�𝑧) 

          = −|𝐹𝐹𝑟𝑟| 𝑐𝑐𝑐𝑐𝑐𝑐 �𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝜙𝜙� 𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡) �̂�𝑟 

              +�𝐹𝐹𝜙𝜙� 𝑐𝑐𝑐𝑐𝑐𝑐�𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝑧𝑧� 𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡)𝜙𝜙� 

+|𝐹𝐹𝑧𝑧| 𝑐𝑐𝑐𝑐𝑐𝑐 �𝜔𝜔𝑡𝑡 − 𝜃𝜃𝑑𝑑𝜙𝜙� 𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡) �̂�𝑧                         (6) 

Averaging the force over one period we find 

�⃑�𝐹𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑤𝑤
2𝜋𝜋� �⃑�𝐹(𝑡𝑡)𝑑𝑑(𝑤𝑤𝑡𝑡)

2𝜋𝜋
𝑤𝑤

0

 

= −
1
2

|𝐹𝐹𝑟𝑟|𝑐𝑐𝑠𝑠𝑠𝑠 �𝜃𝜃𝑑𝑑𝜙𝜙� �̂�𝑟                                                          

+
1
2 �𝐹𝐹𝜙𝜙�𝑐𝑐𝑠𝑠𝑠𝑠�𝜃𝜃𝑑𝑑𝑧𝑧�𝜙𝜙

�                                             

             +
1
2

|𝐹𝐹𝑧𝑧|𝑐𝑐𝑠𝑠𝑠𝑠 �𝜃𝜃𝑑𝑑𝜙𝜙� �̂�𝑧                                                  (7) 

where the dominant component is in the �̂�𝑧 direction. The 
component in the �̂�𝑟 direction does not cause any disc 
movement, due to the symmetry of the disc. The 
component in the �̂�𝑧 direction causes the disc to move 
upward and the component in the 𝜙𝜙� direction results in a 
rotational movement in the disc. This analysis can be 
extended to all turns in the coil, resulting in the total force 
on the disc as a summation of the force exerted by each 
turn on the disc. 

2.2 Stability analysis 

If the coil and disc are aligned along the �̂�𝑧 axis at their 
centers, as illustrated in Figure 1, then equilibrium is 
achievable at the point where the upward force in the �̂�𝑧 
direction is equal to the weight of the disc; however, the 
equilibrium is not stable since any lateral displacement in 
the �̂�𝑟 direction results in the disc being pushed away from 
the center of the coil. 

Figure 1: Model for Mathematical Description 
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This can be understood considering Faraday’s Law of 
induction and the Lorentz force equation. As described in 
Section 2.1, the dominant magnetic field component is in 
the �̂�𝑧 direction. According to Faraday’s Law, any lateral 
movement of the disc results in an induced current in the 
disc with a dominant component in the 𝜙𝜙� direction. 
Applying the Lorentz force equation in this situation 
between the component of the induced current in the 𝜙𝜙� 
direction and the magnetic field from the coil, it can be 
seen that an additional force is exerted on the disc in the �̂�𝑟 
direction which serves to increase the displacement of the 
disc. 

Therefore, even the smallest displacement from 
equilibrium will result in an imbalance of forces in the �̂�𝑟 
direction causing the disc to be pushed away from the 
center of the coil rendering the system unstable. An 
approach to stabilizing the disc is to introduce a second 
concentric coil carrying current with a 180 degree phase 
shift. 

2.3 Total force calculation 

With a second coil in place, the average total force exerted 
on the disc is given by: 

�⃑�𝐹𝑎𝑎𝑎𝑎𝑎𝑎 =  �⃑�𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 1 + �⃑�𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 2                                                (8) 

However, finding the values of |𝐹𝐹𝑟𝑟|, �𝐹𝐹𝜙𝜙� and |𝐹𝐹𝑧𝑧| requires 
solving different partial differential equations and 
becomes very complicated. Therefore, an alternative 
approach, based on conservation of energy, can be used to 
establish the relationship between the current flowing in 
the coils and the force exerted on the disc. Based on 
conservation of energy 

�𝐼𝐼𝑠𝑠𝐼𝐼𝐼𝐼𝑡𝑡 𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑠𝑠𝑐𝑐𝐸𝐸𝐸𝐸 𝐸𝐸𝑠𝑠𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸 � = �𝑊𝑊𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀𝑎𝑎𝜕𝜕𝑀𝑀𝑐𝑐� + (𝑊𝑊𝐾𝐾𝑀𝑀𝑀𝑀𝑎𝑎𝜕𝜕𝑀𝑀𝑐𝑐)      (9) 

Where 𝑊𝑊𝐾𝐾𝑀𝑀𝑀𝑀𝑎𝑎𝜕𝜕𝑀𝑀𝑐𝑐 is the kinetic energy and 𝑊𝑊𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀𝑎𝑎𝜕𝜕𝑀𝑀𝑐𝑐 is the 
stored magnetic energy given by 

𝑊𝑊𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀𝑎𝑎𝜕𝜕𝑀𝑀𝑐𝑐 =
�(𝑁𝑁1|I1| + 𝑁𝑁2|I2|) sin(𝜔𝜔𝑡𝑡)�2

2ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡
                  (10) 

wherein 𝑁𝑁1, 𝑁𝑁2 and I1, I2 are the number of turns and 
current amplitude in the inner and outer coils respectively, 
and ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡  is the total reluctance in the magnetic circuit 
model of the levitation system. If the input electrical 
energy remains constant, then it can be shown that the 
magnitude of the force is given by 

|𝐹𝐹| = −
𝑑𝑑𝑊𝑊𝑀𝑀𝑎𝑎𝑀𝑀𝑀𝑀𝑎𝑎𝜕𝜕𝑀𝑀𝑐𝑐

𝑑𝑑𝑧𝑧                                                          (11) 

and the average force by 

𝐹𝐹𝑧𝑧_𝑎𝑎𝑎𝑎𝑎𝑎 = −
𝑑𝑑
𝑑𝑑𝑧𝑧

1
2𝜋𝜋�

�(𝑁𝑁1|I1| + 𝑁𝑁2|I2|) sin(𝜔𝜔𝑡𝑡)�2

2ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡
𝑑𝑑(𝜔𝜔𝑡𝑡)

2𝜋𝜋
𝜔𝜔

0

 

=
1

2𝜋𝜋�
1
2�

(𝑁𝑁1|I1| + 𝑁𝑁2|I2|) sin(𝜔𝜔𝑡𝑡)
ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

�
2 𝑑𝑑ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

𝑑𝑑𝑧𝑧 𝑑𝑑(𝜔𝜔𝑡𝑡)

2𝜋𝜋
𝜔𝜔

0

 

=
1

2𝜋𝜋�
1
2�

(𝑁𝑁1|I1| + 𝑁𝑁2|I2|)
ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

�
2

�
1 − cos(2𝜔𝜔𝑡𝑡)

2 �
𝑑𝑑ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡
𝑑𝑑𝑧𝑧 𝑑𝑑(𝜔𝜔𝑡𝑡)

2𝜋𝜋
𝜔𝜔

0

 

=
1
4�

(𝑁𝑁1|I1| + 𝑁𝑁2|I2|)
ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

�
2 𝑑𝑑ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

𝑑𝑑𝑧𝑧                                              (12) 

Where ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡 is the combined reluctance of the core and air 
gap 

                          ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡 = ℜ𝑐𝑐𝑡𝑡𝑟𝑟𝑎𝑎 + ℜ𝑎𝑎𝑀𝑀𝑟𝑟_𝑀𝑀𝑎𝑎𝑔𝑔                     (13) 

3. OVERVIEW OF SYSTEM DESIGN 

The Section presents the development of each of the 
components, which make up the levitation system, i.e. the 
core, coil and disc as illustrated in Figure 2. A core is 
important to provide a low reluctance flux path. Without 
it, a much greater current would need to be passed through 
the coils to produce a strong enough magnetic field at the 
disc to achieve levitation [8]. The ideal core would be 
made of a material with a high permeability, so that the 
reluctance is as low as possible, and a low conductance, to 
minimise the power lost to eddy currents induced in the 
core. 

 

The levitator core in this design was built using radially 
arranged E shaped standard electrical steel transformer 
laminations as illustrated in Figure 3. 

The gaps in between laminations were then filled with cut 
sections of laminations. Such a core construction is a good 
compromise since the steel has a high permeability and 
eddy current loss will be minimised with the thin 
laminations insulated from one another by varnish. 

 

 

Figure 2: Levitation System Primary 
 

Figure 3: Schematic of Levitator Core – Dimensions in mm 
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The coils were made of 0.6 𝑚𝑚𝑚𝑚 diameter wire, which is 
approximately equivalent to AWG-22 and can carry up to 
7 𝐴𝐴. The properties of the coils are listed in Table 1. 

 

For the disc to levitate it needs to be made of a material 
with high conductivity, for low eddy current impedance, 
and low permeability, so that it is not attracted to the core. 
The disc was made from aluminium to satisfy these 
criteria. Apart from the material, the dimensions directly 
influence both the force exerted on the disc and its 
stability. In the next Sections, the investigations made into 
optimal disc dimensions are discussed. 

4. ELECTROMAGNETIC SIMULATION 

This Section reviews the investigations made into the 
relationship between the force exerted on the disc and 
other system parameters such as the dimensions of the 
disc, the height of the disc above the core, and the coils’ 
currents. The investigation was carried out through 
simulations done using FEMM (Finite Element Method 
Magnetics) in conjunction with MATLAB. FEMM is an 
open source suite of programs for solving low frequency 
electromagnetic problems using the finite element method. 

To test the effect of varying a particular parameter, a script 
was written which opened FEMM, set up an axis-
symmetric magnetics problem at 50 𝐻𝐻𝑧𝑧 and constructed 
the core and disc using their dimensions and material 
properties. FEMM was then instructed to create a 
triangular mesh with pseudo open boundary conditions 
before being used to solve the problem and calculate the 
force on the disc, which was returned to MATLAB. The 
script then closed FEMM, altered the desired parameter, 
such as the height of the disc or its radius, before 
performing the same procedure to recalculate the force. In 
this way the effect of varying a parameter through a desired 
range could be established. 

4.1 Disc radius 

Laithewaite indicates that discs with a range of diameters 
between the outer diameter of the inner coil and the inner 
diameter of the outer coil can be levitated stably [9], 
however; no mention is made of the optimal radius within 
this range. The simulation result of varying the radius of 
the disc from 1 − 70 𝑚𝑚𝑚𝑚 at a height of 2 𝑚𝑚𝑚𝑚, thickness 
5 𝑚𝑚𝑚𝑚 and with 2 𝐴𝐴 in both the inner and outer coils is 
shown in Figure 4. A sketch illustrating a cross section of 
half of the levitator core is added for reference. 

This result shows a peak at a radius between the inner and 
outer coils around 52 𝑚𝑚𝑚𝑚. While this suggests an optimal 

radius, it must be noted that this result does not consider 
the stability of the disc. In practice it was found that the 
smaller the disc, with radii between the inner and outer 
coils, the greater the outer coil current required to achieve 
a stable levitation. A disc radius of 60 𝑚𝑚𝑚𝑚 was found to 
be a good compromise. 

 

 

 

4.2 Disc hole radius 

Laithewaite notes that if a core made using radially placed 
laminations is used, the disc material above the center hole 
of the core may be removed without affecting the force on 
the disc [9]. Less material in the disc results in it being 
lighter and so a better levitation may be achieved without 
compromising stability. The simulation result of varying 
the radius of a hole in the center of the disc from 10 −
50 𝑚𝑚𝑚𝑚 at a disc height of 2 𝑚𝑚𝑚𝑚, thickness  5 𝑚𝑚𝑚𝑚, radius 
60 𝑚𝑚𝑚𝑚 and with 2 𝐴𝐴 in both the inner and outer coils is 
shown in Figure 5. 

 

Considering this result, it is clear that a hole in disc up to 
around 25 𝑚𝑚𝑚𝑚 can be cut without affecting the force. 
Consdidering the hole saw cutting tools available, a hole 
radius of 22 𝑚𝑚𝑚𝑚 was chosen in practice. 

Table 1: Coil Properties 

# Turns Resistance [Ω] Inductance at 50Hz [mH] 
Inner Coil 

620 9.5 148.7 
Outer Coil 

540 15 233.6 

Figure 4: Force vs. Disc Radius 

Figure 5: Force vs. Disc Hole Radius 
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4.1 Disc thickness 

The final dimension of the disc which was investigated 
was the thickness of the disc. Laithewaite describes the 
phenomenon that as the disc becomes thicker the force 
which it experiences is increased. This effect is related to 
the fact that since it is the eddy-currents in disc which give 
rise to the opposing magnetic field, a greater quantity will 
result in a stronger opposed field and force. From the 
surface closest to the coil into the disc, the eddy current 
density decreases exponentially with depth. The skin depth 
parameter, 𝛿𝛿, that is defined as the depth at which the eddy 
current density decreases to 1

𝑎𝑎
 ≡ 37 % of its value at the 

surface, is given by 

𝛿𝛿 = �
𝜌𝜌
𝜋𝜋𝜋𝜋𝜇𝜇  = 11.95 𝑚𝑚𝑚𝑚                                                  (13) 

for aluminum. Considering this, the expectation is that the 
force on the disc will increase with disc thickness with the 
rate of increase slowing as the thickness approaches skin 
depth. The simulation result of varying the thickness of the 
disc from 1 − 15 𝑚𝑚𝑚𝑚 at a disc height of 2 𝑚𝑚𝑚𝑚, radius 
60 𝑚𝑚𝑚𝑚, disc hole radius 22 𝑚𝑚𝑚𝑚 and with 2 𝐴𝐴 in both the 
inner and outer coils is shown in Figure 6. The 
gravitational force, 𝑚𝑚𝐸𝐸, experienced by the disc as the 
thickness increases is plotted on the same axis for 
reference. 

  

The result is as expected with the rate of force increase 
with thickness greatly reduced as skin-depth is reached. 
Considering the plot, it is clear that the thickness selected 
should be less than the point where the gravitational force 
exceeds the force on the disc, i.e. ≤ 8 𝑚𝑚𝑚𝑚. In practice a 
5 𝑚𝑚𝑚𝑚 thick disc was used. 

5. COMPARING SIMULATION AND 
EXPERIMENTAL RESULTS 

A levitation experiment was carried out using variacs to 
supply the inner and outer coils with 𝐼𝐼𝐼𝐼𝑀𝑀𝑀𝑀𝑎𝑎𝑟𝑟 = 2.61 𝐴𝐴𝑅𝑅𝑀𝑀𝑅𝑅 
and 𝐼𝐼𝑂𝑂𝑂𝑂𝜕𝜕𝑎𝑎𝑟𝑟 = 2.32 𝐴𝐴𝑅𝑅𝑀𝑀𝑅𝑅 respectively. With this set up, a 

5 𝑚𝑚𝑚𝑚 thick disc with radius 60 𝑚𝑚𝑚𝑚 and hole radius 
22 𝑚𝑚𝑚𝑚, weighing 131 𝐸𝐸, was levitated at 8 𝑚𝑚𝑚𝑚. The 
levitation is illustrated in Figure 7. 

 

Considering the mass of the disc, this means that a force of 
𝐹𝐹 = 𝑚𝑚𝐸𝐸 = 1.28 𝑁𝑁 is exerted on the disc at 8 𝑚𝑚𝑚𝑚. A 
simulation was then run using the same disc dimensions 
and inner and outer coil current varying the height of the 
disc from 1 − 10 𝑚𝑚𝑚𝑚 with a 0.5 𝑚𝑚𝑚𝑚 step. Figure 8 is the 
result of the simulation. 

The simulated force at 8 𝑚𝑚𝑚𝑚 is 1.542 𝑁𝑁 which is close to 
the experimentally determined force of 1.28 𝑁𝑁. 
Alternatively, the force closest to the experimentally 
determined force by simulation is 1.25 𝑁𝑁 which is the 
result at the simulation height of 8.5 𝑚𝑚𝑚𝑚. It can be 
concluded that the simulation results are in good 
agreement with what is observed practically. 

  

 

6. REVISITING THE FORCE CALCULATION 

Recall Equation 12 for the average force on the disc, as 
derived considering energy conservation in the magnetic 
circuit. 

    𝐹𝐹𝑧𝑧_𝑎𝑎𝑎𝑎𝑎𝑎 =
1
4�

(𝑁𝑁1|I1| + 𝑁𝑁2|I2|)
ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

�
2 𝑑𝑑ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡

𝑑𝑑𝑧𝑧                   (12) 

Reluctance of the sections of a magnetic circuit are found 
using ℜ = 𝑡𝑡

µ𝐴𝐴
 , where 𝐸𝐸 and 𝐴𝐴 are the length and cross 

sectional area of the flux path respectively, and µ is the 
permeability of the material. Therefore, considering the 
geometry of the disc levitator, the two components of the 
total reluctance, ℜ𝑐𝑐𝑡𝑡𝑟𝑟𝑎𝑎 and ℜ𝑎𝑎𝑀𝑀𝑟𝑟, can be found assuming a 

Figure 6: Force vs. Disc Thickness 

Figure 7: Disc Levitated at 𝟖𝟖𝟖𝟖𝟖𝟖 

Figure 8: Force vs. Disc Height with Experimental 
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rectangular flux path in both the core and air gap. These 
paths are illustrated in Figure 9, a cross section of half of 
the core, where the diagonally shaded area is used to find 
ℜ𝑐𝑐𝑡𝑡𝑟𝑟𝑎𝑎 and the dotted area for ℜ𝑎𝑎𝑀𝑀𝑟𝑟. 

 

Using these areas, the reluctances are found, substituting 𝐸𝐸 
and 𝐴𝐴 in meters, as: 

ℜ𝑐𝑐𝑡𝑡𝑟𝑟𝑎𝑎 =
39000

𝜇𝜇0𝜇𝜇𝑟𝑟𝜋𝜋(342 − 232) +
39000

𝜇𝜇0𝜇𝜇𝑟𝑟𝜋𝜋(672 − 452)

+
(67 − 23)

𝜇𝜇0𝜇𝜇𝑟𝑟2𝜋𝜋(11) (67 + 23)
2  

=
38.9
𝜇𝜇0𝜇𝜇𝑟𝑟

                                                 (14) 

ℜ𝑎𝑎𝑀𝑀𝑟𝑟 =
𝑧𝑧

𝜇𝜇0(1 + 𝛼𝛼)𝜋𝜋(342 − 232) × 10−6

+
𝑧𝑧

𝜇𝜇0(1 + 𝛼𝛼)𝜋𝜋(602 − 452) × 10−6

=
700𝑧𝑧

𝜇𝜇0(1 + 𝛼𝛼)                                       (15) 

Where 𝛼𝛼 represents the increase in air permeability as a 
result of the increased magnetic field density in the air gap. 
The increased density arises due to the rejection of 
magnetic field from the disc. Since: 

𝑑𝑑ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡
𝑑𝑑𝑧𝑧

ℜ𝜕𝜕𝑡𝑡𝜕𝜕𝑎𝑎𝑡𝑡
2 =

700
𝜇𝜇0(1 + 𝛼𝛼)

�38.9
𝜇𝜇0𝜇𝜇𝑟𝑟

+ 700𝑧𝑧
𝜇𝜇0(1 + 𝛼𝛼)�

2 ≈
𝜇𝜇0(1 + 𝛼𝛼)

700
1
𝑧𝑧2 

The average force, Equation 12, becomes: 

𝐹𝐹𝑧𝑧_𝑎𝑎𝑎𝑎𝑎𝑎 =
1
4

(𝑁𝑁1|𝐼𝐼1| + 𝑁𝑁2|𝐼𝐼2|)2
𝜇𝜇0(1 + 𝛼𝛼)

700
1
𝑧𝑧2                  (16) 

This demonstrates that the average force is related to the 
height of the disc through an inverse square 
relationship, 𝐾𝐾

𝑧𝑧2
, where 𝐾𝐾 is calculated as 75.3 × 10−6.  

Using this, the average force is modelled as: 

𝐹𝐹𝑧𝑧_𝑎𝑎𝑎𝑎𝑎𝑎 =
75.3 × 10−6

𝑧𝑧2                                                         (17) 

Setting Equation (17) equal to the experimentally 
determined, 𝐹𝐹𝑧𝑧_𝑎𝑎𝑎𝑎𝑎𝑎 = 1.28 𝑁𝑁, and solving for height we get 
𝑧𝑧 = 7.6 𝑚𝑚𝑚𝑚. As noted in the last section, the force closest 
to the experimentally determined force by simulation is 
1.25 𝑁𝑁 which is the result at the simulation height of 
8.5 𝑚𝑚𝑚𝑚. 

7. CONCLUSION 

Following a summary of some of the methods which may 
be used to achieve magnetic levitation, two separate 
mathematical descriptions of the electrodynamic 
suspension (EDS) phenomenon were derived in Section 2. 
The development of an EDS levitation system was then 
presented in Section 3 before the Simulations done to 
select appropriate disc dimensions were reviewed in 
Section 4. Validation of the Simulation results was 
performed in Section 5 where experimental results were 
found to be in good agreement with what was found in 
simulation. Finally, in Section 6, the force calculation was 
revisited where an expression describing the inverse 
square relationship between the force on the disc and its 
height was developed. 
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Abstract: When transformers are exposed to low frequency transients such as geo-magnetically 
induced currents or dc they are prone to core saturation due to the resultant offset in the magnetic flux 
driving the core into the non-linear portion of the hysteresis curve. This is particularly true for single 
phase transformers, which provide a low reluctance path for zero sequence flux. Modelling this 
phenomenon in electromagnetic software requires the saturation inductance of the transformer in 
order to construct fully the electrical equivalent circuit. This paper proposes an improved test circuit 
using a half-wave single phase rectifier for determining the terminal saturation inductance parameters 
of a single phase four limb transformer for input into a slow transient topological model.  
  
Key words: Saturation, zero sequence flux, test method, transformer, PSCAD/EMTDC.  
 
 
 

1. INTRODUCTION 
 

Transformers exposed to dc or geo-magnetically induced 
currents are prone to magnetic core saturation. These low 
frequency components, depending on their polarity, cause 
a positive or negative offset of the power system ac that 
can drive a transformer’s induction level into the non-
linear region of its hysteresis curve. The transformer in 
this condition is saturated and its inductance drops 
dramatically since it is now in quasi-air core operation. 
Single phase and five limb three phase transformers are 
reported to be the most vulnerable to this zero sequence 
flux [1, 2]. This paper deals only with the single phase 
four limb transformer as used in generator step-up 
transformer three phase banks such as found at Koeberg 
nuclear power station. The core configuration, winding 
assembly locations and flux polarity of the single phase 
four limb transformer are illustrated in Figure 1. 
 
Software simulations of low frequency transient studies 
require the magnetisation curve characteristics of the 
transformer which typically consist of a piecewise linear 
inductance with two slopes as illustrated in Figure 2 [3, 
4]. This paper is concerned with the portion of the 
characteristic with the lowest gradient associated with 
Φdeep sat.  
 
In order to determine the terminal saturation inductance 
of a transformer a test method is required that can drive 
the transformer deep into the saturated region where μr is 
close to unity. Conventional test circuits require a large 
ac power source (more than 10 times larger than the 
transformer rating) because high voltage is required to 
push the core into saturation and the transformer draws 
large currents when it saturates. There is potential for 
these high voltages to damage the test transformer 
windings and the interlamination insulation.  
 

In this research, a test method based on the work of de 
León et al. [5] has been improved to produce sufficient dc 
to drive the test transformer into deep saturation and 
enough ac ripple to determine its inductance at this point 
of operation and to avoid the constraints on large 
transformer testing. 
 

 
 

Figure 1: Schematic diagram showing the core 
configuration, winding assembly locations and flux 
polarity of the single phase four limb transformer. 

 
 

 
Figure 2: Basic saturation characteristic of a transformer 
used in commercial software. 
 

 
 

Winding  
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Winding  
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2. THEORY AND TEST CIRCUIT 
 

2.1 The theory 
 

The terminal saturation inductance can be measured using 
a non-ideal low-power rectifier. The dc drives the 
transformer into deep saturation, and its ripple provides a 
low-amplitude variable excitation around the operating 
point as illustrated in Figure 3 [5].  
 

Figure 3: Positive part of the saturation curve and 
operation of the transformer with a dc-biased ac 
excitation [5, 6]. 
 
Each time the transformer is excited with the rectifier 
with the conditions shown in Figure 2, it goes into deep 
saturation on the positive side of the curve. The result is 
accurate with any remnant flux, and the method does not 
need pre-demagnetization [5].  
 
Increasingly higher levels of dc are injected until a 
constant value indicating deep saturation is reached, as 
determined from (1). The ac flux is then obtained from 
the integral of the ac (or dominant harmonic) voltage. 
 
2.2 The transformer and test circuit  
 
In Figure 4 the single phase test circuit with additional dc 
source is illustrated. The transformer under test is a single 
phase four limb transformer with two parallel connected 
80 turn (80t) outer windings and two parallel connected 
150 turn (150t) inner windings. The transformer is rated 
4.4 kVA, 40 Arms and 110/206 Vrms. The dc resistance of 
the 80t and 150t parallel windings are 52 and 73 mΩ 
respectively. 
 
The ac source voltage is controlled with a variac and 
protected from the low transformer resistance by the 
resistor, Rlimit. 

 
Figure 4: Test setup for determining the saturation 
inductance of a single phase four limb transformer. 

 
The single phase half-wave non-ideal rectifier supplies 
some dc and a small ripple while the 24 V battery bank 
supplements the dc and is controlled via a variable 
resistor, Rdc.  
 
The supplementary dc is necessary since the 240 Vrms 
supply voltage into the rectifier is not capable of the high 
dc level required to drive the transformer into deep 
saturation. Since the single phase four limb transformer’s 
windings are parallel connected the amount of dc 
required to saturate the transformer is substantially more 
than de León et al. required for their shell type three limb 
single phase transformers with only one winding per 
voltage level. 
 
The peak ac required by the saturated transformer sinks 
the rectifier output voltage providing further protection 
from the low resistance of the transformer windings. The 
bulk of the dc is provided by the battery bank.  
 
Care must be taken to monitor the temperature of the 
variable resistors, which conduct large currents and 
should be forced air cooled. 
 
De León et al. [5] suggest measuring the current into the 
energised inner winding and the voltage on the outer 
winding. This captures the incremental flux while 
eliminating from the calculations the winding and the 
source resistances. Possible discrepancies caused by 
variations in resistance are thus avoided [5]. 
Alternatively, both the current and voltage can be 
measured on the same winding but resistance variations 
must be taken into account. 
 
The alternating current and voltage are measured using a 
Yokogawa WT 1800 power analyser that performs a fast 
Fourier transform to obtain quantities to substitute into 
the following expression [5]: 
 

 𝐿𝑆𝑎𝑡 = 𝑉𝑜𝑢𝑡𝑘
2𝜋 𝑓𝑘 𝑛 𝐼𝑖𝑛𝑘

   (1) 

where: 

Lsat = terminal saturation inductance 

k = harmonic order 

𝑉𝑜𝑢𝑡𝑘 = amplitude of the secondary voltage of the 
dominant harmonic 

fk  = dominant harmonic frequency  

n = transformer turns ratio 

 𝐼𝑖𝑛𝑘 = amplitude of the primary fundamental current of 
the dominant harmonic 
 
Theoretically, all harmonic components could be 
substituted in (1) for the calculation of terminal saturation 
inductance because measurements are performed in a 
linear region of the magnetizing characteristic.  

L

N

24 V 

80 turns     150 turns

Single phase four limb transformer

Rlimit

Rdc

A

Vin

A

Vout
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The single phase half-wave uncontrolled rectifier used in 
this study produces dominant second harmonics due to 
the test circuit using rectified single phase ac and 
supplementary battery power. All other harmonics are 
negligibly small. This arrangement differs in this respect 
from that of de León et al. [5] who use only a three phase 
non-ideal half-wave rectifier with a large third harmonic 
and higher order harmonic components of smaller 
magnitude.   
 

3. SIMULATION PROTOCOL 
 
The modelling parameters for input into the model were 
derived from the four limb transformer open circuit 
(O.C.) and short circuit (S.C.) data shown in Table I, 
where: 
- Xl is the leakage reactance in p.u. derived from the 

S.C. results,  
- Poc is the no load loss at O.C.,  
- Vknee is the knee point voltage in per unit of the rated 

voltage,  
- Imag is the magnetizing current at the knee point as a 

percentage of the rated current, and  
- Xair is the air core reactance of the transformer.  

 
Table 1: Transformer model parameters 

 
The response to be expected in the test circuit was 
explored by some preliminary simulations in 
PSCAD/EMTDC. The response of single phase 
transformer models in this electromagnetic transients 
program (EMTP) had been validated already in earlier 
studies with simultaneous and ac and dc components [7, 
8] .  
 
A saturation enabled model for single phase four limb 
transformers is not available at present in any EMTP 
software. Therefore, as an approximation of the response 
of the four limb laboratory transformer, a single phase 
shell type model with three limbs and a double wound 
centre limb was used in the PSCAD/EMTDC simulation.  
 
Because Xair has been reported to be difficult to measure, 
the software manual suggests the application of a widely 
used ‘rule of thumb' to make it twice the leakage series 
reactance [9].   
 
The model was connected as shown in Figure 4 and 
multiple simulations were run with different applied ac 
voltages, Vinitial, at different levels of external dc injection 
and the ac voltage and current and waveform data were 
analysed. The dc component of current is determined 
through the use of an FFT block that extracts the 0th 
Harmonic.  

4. RESULTS  
 

4.1 Comparison with Preliminary Simulations 
 
In Table 2 Vinitial is the transformer input voltage without 
the battery bank, Vin is the transformer input voltage after 
dc is injected, Vout is the output voltage, and Idc is the dc 
component of current in the transformer windings. It can 
be seen that the simulated values closely match the 
measured data with the exception of the erroneous 
simulated output voltage.  
 
Figure 5 shows the simulation results of the transformer 
input and output voltage waveforms with 69A dc in the 
transformer windings 
 
Table 2: Simulated and measured values at 69 A dc 
 
 Vinitial  Vin Vout Idc 
Simulated 60 Vrms 32  Vrms 30 Vrms 69.6 A 
Measured 60 Vrms 34 Vrms 60 Vrms 69.0 A 
 

 
 
Figure 5: Transformer input current (top) and output 
voltage (bottom) with 69A dc component over time (ms).  
 
We postulate that the difference between simulated and 
measured values is possibly due to a limitation in the 
software whereby the model fails to transform a heavily 
distorted input voltage when the transformer is in deep 
saturation. In practical measurements this can be 
overcome by using the voltage and current data of only 
the energized winding, and taking into account the 
changes in the resistances due to temperature [6]. The 
simulated dominant harmonic in both the input voltage 
and current is the 2nd harmonic as displayed in Figure 6.  
 
The simulation results gave a good idea of the expected 
general behaviour of the circuit and the level of distortion 
to expect in deep saturation.  
 
4.2 Measured Results 
 
Transformer input  voltages, Vin,  of 15, 30, 40, 50 and 60 
Vrms were experimented with while varying the dc up to a 
maximum of 125 A. The Yokogawa power analyser was 
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Figure 6: Transformer input voltage and current 
harmonics 
 
 
limited in terms of the peak current and dc measurement 
when higher dc levels (above 80 Adc) were required but 
this was overcome by using a current shunt.  Examining 
Figure 7, the asymptotic nature of the terminal saturation 
inductance curves is clearly evident. At a set dc level the 
gradient of the convergence towards Lsat is a function of 
the applied ac voltage. 
 
 

 
 
Figure 7: Graphs depicting the convergence of the Lsat 
inductance with increasing dc and ac voltage 
 
The same measurement protocol was applied to both the 
80 turn outer and 150t inner windings and the Lsat was 
found to be 280 μH and 800 μH respectively.  
 
It can be seen from Figures 5 and 8 that the PSCAD 
model that simulated a three limb shell type single phase 
transformer produced similar input voltage and current 
waveforms in respect of the shapes in deep saturation. 
Under normal operating conditions there is a 180° phase 
shift between the primary and secondary voltages in 
single phase four limb transformers, which explains why 
the output voltage is inverted relative to the input voltage. 
 

. 
 

 
 
Figure 8: Measured voltage and current waveforms of the 
single phase four limb transformers at 50 Vac applied 
voltage and 60 A dc. 
 

5. DISCUSSION 
 
5.1 Preliminary Simulations 
 
The EMTP simulations were useful for verifying the 
response of the test circuit under the conditions of single 
phase non-ideal rectification with external dc to 
determine the saturation inductance of the transformer. 
The output voltage waveform under these conditions did 
not yield realistic representation of the measured data and 
this could be due to limitations in the modelling software 
in deep saturation.  
 
The preliminary simulations provided confidence to 
proceed to the practical testing protocol with a good idea 
of the expected response.  
 
 
 
5.2 Measured Results 
 
The test circuit presented in this paper does not require 
the three phase source and rectifier needed by the circuit 
of de León et al. [5]. The single phase 240 Vrms test circuit 
is able to drive the single phase four limb transformer 
into deep saturation and still provide sufficient ripple to 
determine the terminal saturation inductance of the 
transformer. The 24 V battery bank was able to provide 
the highest dc level required (125 A). At a fixed dc level 
the circuit was sensitive to the ac source voltage 
magnitude. At higher Vin values, Lsat could be more easily 
determined using the dominant second harmonic since the 
inductance converged quickly to the final Lsat value. The 
Yokogawa power analyser’s inability to provide data 
needed to determine the terminal saturation inductance of 
the test transformers at high dc levels was overcome 
using a current shunt.  
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6. CONCLUSIONS AND FURTHER WORK 
 

The measured Lsat can be used for input into a grey-box 
model (equivalent electrical circuit) that can be used for 
simulation in EMTP software as reported by Jazebi and 
de León [10]. This measured value differs from the 
conventional PSCAD classical approach that uses a rule 
of thumb to estimate the parameter [9].  
 
This work will be followed up with a FEM study to 
confirm the saturation inductance determined in the 
experiment. 
 
This circuit can be applied to single phase power 
transformers since only a small ripple voltage is required 
and batteries provide the dc to drive the transformer into 
deep saturation.  The need for high power, high voltage 
equipment is no longer required and both the transformer 
and the test equipment are spared the stresses associated 
with such a test. 
 
The present unavailability of an EMTP model of a single 
phase four-limb transformer indicates an opportunity for 
the model development of this core structure based on 
parameters derived from tests such as those presented in 
this paper. 
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Abstract: High voltage is widely used in electric power systems, industry and research 
laboratories. High Voltage Direct Current transmission systems have been considered for long 
distance point to point overhead bulk power transmission, due to their better performance in lower 
electrical losses and higher transmission capability when compared to equivalent high voltage 
alternating current lines. To transmit the power, insulators are used to mechanically support and 
isolate the conductors on the towers mechanically and electrically. Traditionally, ceramic insulators 
were mainly used on overhead transmission lines, though polymeric insulators have been used in 
some applications and are gaining popularity in both HVAC and HVDC transmission lines. This 
research investigated the electric field distribution on pin and cap glass insulator using charge 
simulation method (CSM). The electric field distribution is numerically computed under both 
external field and under no external field. Under no external fields, the field distribution decrease as 
one moves from the conductor to the dead end. With an external field the electric at the live end of 
the insulator is suppressed while it is elevated at the dead end. The error between experimental and 
computed results is negligible.  

 
 

1 INTRODUCTION 

High voltages between two electrodes can be 
insulated by placing insulating materials between them. 
The insulation material should have a breakdown 
strength that is higher than the electric stress exerted by 
the voltage between the two electrodes; high voltage 
pin-and-cap glass insulators are commonly used for 
high voltage transmission [1]. The mean electric field 
between the electrodes can be calculated using equation 
1.  

               

d
VEmean   (1) 

Where:  
EMean  - the average electric field in V/cm,  
V  - the voltage between the electrodes, and  
d  - the distance in cm between the electrodes.  
 
In practical cases, the electric fields are not uniform 

and this increases the likelihood of corona issues in the 
system [2]. It is important to study electric field to 
increase the reliability of a transmission line. The study 
of electric fields yield Poison or Laplace’s equations, 
these are difficult, if not impossible to solve analytically 

due to the complexity of physical systems. Two main 
numerical methods are used to calculate electric fields 
in high voltage systems[3]. These methods are based on 
difference or integral concepts[4]. The first method is 
based on difference technique employing Laplace’s 
equation and Poison’s equations in the space where the 
field is to be determined. This is done by dividing the 
whole space into small meshes[5]. 

 
The second approach is to integrate Laplace’s or 

Poison’s equation either by employing discrete charges, 
or by dividing the electrode surface into subsection with 
charges. This method is known as charge simulation 
method [6]. In employing this method, fictitious point, 
line or ring charges are positioned outside the dielectric. 
Charge Simulation Method (CSM) is based on the 
understanding that as a voltage is applied on a 
conductor, charges appear on the surface of the 
conductor. These charges produce an electric field 
outside the conductor and keep the conductor at 
equipotential [6]. In the dielectric, the charged particles 
of the molecules get shifted from their neutral state to 
produce a volume of dipoles; in essence, it is possible to 
replace this volume of polarization by the charged 
surface. The magnitudes and positions of these fictitious 
charges are such that their collective effect satisfy the 
boundary conditions [4]. 
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2 BASIC PRINCIPLES 

Due to the application of voltage to a conductor, 
charges appear on the surface of the conductor [7]. 
These charges produce an electric field outside the 
conductor, while at the same time, maintaining the 
conductor at equipotential.  

In the same way, when a dielectric is excited by an 
external field, it gets polarized: the charged particles of 
the molecules of the dielectric get shifted from their 
neutral state to produce a volume of dipoles [8]. In 
essence, it is possible to replace this volume of 
polarization by charged surfaces.  

Given several discrete charges of any type, point, 
line or ring; are present in an area, the potential at any 
point can be calculate by summation of the potential 
resulting from the individual charge as long as the point 
in question does not reside on any of the charges [9]. 
Let M be the point in question, Qj be a number of n 
individual charges and ϕi be the potential at point M and 
ε0 the permittivity of free space. According to the 
superposition principle, the potential equation becomes: 
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Pij are the potential coefficients and can be 
determined analytically for any kind of charge by 
solving Laplace or Poison’s equations. According to 
Figure 2.1 with three point charges Q1, Q2 and Q3, the 
potential ϕi at point M is given by: 
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Figure 2.1 Charges Distributed in a Space 
 
Before the voltage at point M can be calculated, the 

fictitious charges need to be determined. To determine 
these charges, charges of n amount are placed in 
assumed positions on the electrode with corresponding 

n contour points on the boundary of the electrode [10]. 
Since the contour points are placed on the conductor, it 
is required that the resulting superposition voltage at 
any of the contour points due to all the charges equals 
the conductor voltage. Figure 2-2 represents charge 
placement.  

 Figure 2.2 Simulated Charge Positioning 
 
Figure 2.2 shows an energized conductor at U volts 

above ground potential. The field is to be determined in 
the space between the conductor and ground, the space 
consists of air. Let Q1, Q2,…,Qn be fictitious charges 
within the conductor. Contour points are placed on the 
conductor boundary corresponding to each fictitious 
charge in the conductor. The potential at any given 
contour point i-th is given by equation 4. 
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Where Pij is the potential coefficient at the i-th 
contour point due to a unit infinite line charge Qj and is 
expressed as:  
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Where: xi, yi, zi are coordinates of the Ith contour 
point; aj, bj, cj are coordinates of the jth charge and ε0 is 
the dielectric constant of air. 

 
The application of equations (4) and (5) gives the 

fictitious charges. 
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The application of equation (4) to the n contour 
points leads to a system of linear equation for n 
charges which can be expressed in matrix form as 
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Solution of equation (8) gives the fictitious 

charges. The potential at any point is the aggregated 
effect of these charges and their image charges. The 
potential U and field components Ex, Ey, Ez at any 
point P(x,y,z) can be obtained by: 
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3 FIELD ANALYSIS USING CSM 

The method of CSM as described above is applied to 
a string of three pin–and–cap glass insulators illustrated 
in figure 3.1. A cross-section of a single pin-and-cap 
insulator is shown in figure 3.2. The system consists of 
glass between two electrodes.  

The cap is connected to ground potential and the pin 
is connected to a DC voltage. The dielectrics consist of 
glass and air. The conductor connected to the pin of the 
insulator is assumed to be of infinite length as compared 
to the diameter of the insulator.  

 
 
 

     Figure 3.1: A string of insulators 
 

Figure 3.2 Pin-and-cap insulator [11] 
 

4 EXPERIMENTAL PROCEDURE  

For the purpose of comparison, a laboratory 
investigation was carried out.  

4.1. Test Equipment  

4.2. The ±500 kV DC Source 

The DC source is a two stage Walton-Cocroft 
generator with a maximum output voltage of +500 kV 
or -540 kV and has a current capacity of 7.5 mA. The 
Source has a ripple voltage of 3% at rated current and 
voltage, during the test. The DC generator is supplied 
by a 100 kV AC transformer. 

 

4.3. The glassman power supply  

The glassman power supply was used to provide a 
voltage for the copper rod. It has a maximum output 
current of 20mA and maximum wattage of 2kW. It has 
a ripple of 0.15% at rated voltage of 125kV at full load.  
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4.4. Electrostatic field meter  

The electrostatic meter to be used is the Monroe 
electronics portable electrostatic Field-meter model 
257D; it measures electrostatic field (potential gradient) 
in kilovolts per centimetre. The instrument utilizes 
solid-state components including modern integrated and 
hybrid circuits. The meter has a range of ±2 kV/cm and 
±20kV/cm and a sensitivity of 1V/cm and 10V/cm.  

 

4.5. Preparation of Test Samples 

The insulator studied is the glass pin-and-cape 
(U70BL); it was done on a set of a string consisting of 
three insulators. Each piece of insulator cleaned to 
remove pollutants. They were allowed to dry naturally 
in an indoor environment, before being exposed to the 
test. 

 

4.6. External Electric Field Experiment  

The circuit in fig 4.1 was setup in the lab. The 
HVDC source represents the Walton-Cocroft generator. 
It is connected to the insulator on the line side and 
represents the system voltage which was 50kV, 100kV 
and 150kV at different sessions; the rod voltage was 
kept constant at 38 kV and the electric field measured 
using a field metre. Before the introduction of the 
external field, electric field and voltage distributions 
around the insulator were measured with an electrostatic 
meter at different locations along the insulator. 

The power was switched off and a copper rod with a 
corona brought very close to the insulator. Power was 
supplied to the insulator and then the electric field and 
voltage measured.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Laboratory Experiment Set up 

5 RESULTS  

5.1. With no External Field 

The electric field distribution of the glass insulator 
string, which were calculated using charge simulation 
methods as well as from the experimental procedures 
are shown in fig. 5.1 and fig 5.2.  

 

Figure 5.1: Measured electric field along glass 
insulator 

 

 
Figure 5.2: Computed electric Field along glass 

insulator  
 
As can be seen from the figures, electric field 

decreases as we move along the insulator from the 
conductor towards the dead end. The field decreases 
rapidly to less than 20% in the first third of the string 
length from the conductor. Shown in figure is the 
electric field of the same glass insulator with different 
voltages applied. As expected, the electric fields 
increase as the applied voltage is increased. 
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Figure 5.3 Measured & Computed Electric Field 
along Glass Insulator at 100kV 

 
The comparison between simulation and 

experimental results of the electric field distribution of a 
glass insulator string are shown in fig. 4.3.  

5.2. With External Field 

The electric field distribution of the glass insulator 
string, which were calculated using charge simulation 
methods as well as from the experimental procedures 
with an external field are shown in fig. 5.4. 

(a) 

(b) 
Figure 5.4: Electric Field Distribution along Glass 

Insulator: (a) computed, (b) Measured 

5.3. Comparison of Electric Fields with and without 
External fields  

The comparison of electric field with and without 
external filed is given in the figures below for 50kV and 
100kV. 

 

(a) 

(b) 
Figure 5.5 Electric field with and without external 

field: (a) at 50 kV, (b) at 100 kV. 
 
As can be observed from figure 5.5 the electric field 

with external field increases as the distance along the 
insulator from the conductor increases to a certain point 
before it starts to decrease slowly. This is very 
pronounced for the 50kV case. This can be explained by 
the configuration of the external field.  

The external field is adjacent to the string of 
insulator and as the distance from the conductor 
increases, the effect of the charges in the conductor 
decreases. As the voltage applied at the conductor 
increases, the field along the insulator increase but is 
levelled about 50 mm from the conductor as the 
conductor charges effects reduce due to the distance. 
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6 CONCLUSION 

As show from the results, CSM can be applied to 
high voltage systems to calculate electric stress at any 
given point. One major setback of CSM is contour point 
allocation. The accuracy and precision of CSM results 
are highly dependent on contour point allocation. The 
method is simple and is developed from basic 
electrostatic equations. Since the fictitious charges and 
contour points determine the accuracy of the results 
obtained, there is a work needed to develop guidelines 
on their placements. This method is ideal for flashover 
studies with external charges since the external charges 
are treated like other charges. It would be of interest for 
future studies to include external charges and cases in 
which particles are attracted by these charges to the 
insulator surface.   
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Abstract: One of the most fundamental issues in the designing of high current 
superconducting dc/ac conductors is attaining uniform current distribution amongst 
different conducting paths. The effect of non-uniform current distribution has been 
continuously investigated over the years by probing individual superconducting tapes in a 
controlled multi-tape configuration set-up. Non-uniform current distribution affects the 
maximum current carrying capacity of superconducting tape. We found changes to the tape-
copper joint methodology not only improved the critical current in individual tapes but the 
current distribution was more uniform. Increasing the tape-copper contact length as well as 
decreasing gap distance between tapes in the parallel tape arrangement resulted in an 
improvement in both critical current per tape and current distribution between tapes. 
 
 
Key words: High Temperature Superconductors, uniform current distribution, critical current, tape-
copper joint. 
 
 
 

1. INTRODUCTION 
 

One of the restraining factors in the use of High 
Temperature Superconductor (HTS) tapes is the ability to 
guarantee uniform current distribution in the 
superconducting tapes. Non-uniform current distribution 
results in the decrease of the cable rated capacity 
resulting in higher losses [1]. This topic of research is a 
very active area. Non-uniform current distribution is 
ascribed to diverse factors mainly differences in contact 
resistance of soldered contacts of the tape to the 
terminations of the cable, critical current of individual 
tapes, index value of superconducting tapes and radial 
and longitudinal temperature gradients [1].  According to 
Pothavajhal [1], the major cause for non-uniform current 
distribution in superconducting cables shorter than 30 
metres is the influence of contact resistance. 
 
In a multi-layer arrangement the magnetic flux 
distribution of each individual tape is affected by 
neighbouring tapes and a single tape is no longer in self-
field once assembled into a cable [2]. During the 
manufacturing process, there are discrepancies in tape 
width and gap distance according to cable design 
specification. These discrepancies are unavoidable and 
the critical current of DC HTS cable then largely depends 
on gap distance and tape width [2]. The critical current of 
each tape can be significantly improved if the gap 
distance is less than 1 millimetre [2]. Efforts are on-going 
to understand the causes of non-uniform current 

distribution by mapping the circumferential magnetic 
field using hall sensors [3]. 
 
In parallel placed HTS tapes, joint quality determines 
joint resistance which ultimately determines current 
redistribution and heat released in the parallel tape 
arrangement in case of quench of single tapes. One of the 
fundamental questions in relation to HTS applications is 
the type of joint most suitable when connecting HTS 
tapes. The two main joints commonly used in HTS 
applications are the lap and butt joint. The lap joint 
allows for maximization of contact are to achieve low 
resistance and the butt joint that prioritises minimization 
of separation of the superconductors [4].  
 
Soldered tape-copper joints are crucial for HTS 
applications and cables. It is therefore important that a 
reproducible joint methodology is developed to ensure 
low joint resistance in HTS applications. Despite the fact 
that on a large scale handmade joints are not practical, a 
basic understanding of the joint fabrication method is 
crucial for optimisation on a larger scale as current 
transfer from the copper contact to the superconducting 
(SC) tape is important for practical electric joint devices. 
Yagi [5] developed a 275 kV-3kA 30 m HTS cable 
system which has proved that soldered joints remain 
robust in a demanding AC environment. 
 
This paper will present critical current and current 
sharing properties of 3 parallel placed tapes at 77 Kelvin 
(boiling temperature of liquid nitrogen). An improved 
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soldering method for the copper-tape joint and low tape 
gap distance results in an improvement in critical current 
(Ic) of the individual tapes as well as the current 
distribution of the parallel placed tapes. Based on the 
results, the joint technique developed will be applied in 
the future design of an HVDC superconducting cable.  
 
 

2. EXPERIMENT SET-UP 
 

SuperPower Inc. 2G HTS tape based on REBCO with a 
Surround Copper Stabilizer (SCS) was used in the 
experiment as it is ideal for use in high voltage 
applications and can be easily soldered onto copper leads. 
The tape has a cross-section of 4 mm × 0.095 mm and a 
minimum Ic of 86 A in self field at 77 Kelvin and a 
typical joint resistance as low as 20 nΩ for a 100 mm 
joint overlap [6].  
 
To investigate the critical current and current sharing 
properties of the SC tapes, an assumption that contact 
resistance between the tapes and copper leads has a very 
low standard deviation of no more than 5 % was made. 
The assumption was made based on the fact that the same 
methodology was implemented in preparation of the tapes 
for testing and the effect of contact resistance has already 
been extensively investigated by Takayasu [7]. The 
ultimate goal in the conduction of this experiment was to 
establish an understanding of the properties affecting 
current distribution in parallel placed tapes prior to 
designing a prototype HVDC/AC transmission cable. 
 
2.1 Tape-Copper Joint Fabrication 
 
According to SuperPower Inc., the soldering temperature 
should ideally be less than 200 °C for five minutes or less 
to ensure minimum degradation of the tape’s 
superconducting properties. The same procedure was 
used for the tape-copper joint for all SC tapes and the 
layout for the joint is shown in Fig. 1. 

 
Fig. 1: Portion of proposed experimental set-up showing 

tape-copper joint. 
  

The copper leads were prepared for soldering by firstly 
pre-cleaning them using sand paper until they attained a 
finish shown in Fig. 2. Thereafter the copper leads are 
individually etched in dilute HCL acid and finally wiped 
clean with ethanol and distilled water prior to tinning the 
contact surface. 

 
Fig. 2: Copper leads for superconducting tape joints. 

 
The soldering station shown in Fig. 3 was used to tin the 
copper leads. The soldering station is comprised of an 
Aluminium block, 250 Watts heater and thermocouple 
with an RKC RF 100 temperature controller. The solder 
paste used for the tape-copper joint has a 60 %-40 % Tin-
Lead composition with critical temperature of 7.05 
Kelvin, critical magnetic field of 0.08 Tesla at a 
temperature of 1.3 Kelvin and melting temperature in the 
range 182 °C – 188 °C [8]. 

 

 
Fig. 3: Soldering Station Set-up. 

 
Once the copper leads were tinned, the SC tape was 
soldered onto the leads with the superconducting REBCO 
side facing the copper lead tinned surface. Throughout 
the experiment the SC tape was handled using PVA 
gloves to prevent oxidation due to residues from finger 
prints. Oxidation of the tape could possibly result in high 
contact resistance and should be avoided.  

 
2.2 Voltage-Tap Placement and Current Contact Lengths 
 
According to Jack Ekin [9], there are three important 
lengths to consider in the position of voltage taps on the 
superconducting tape for accurate voltage drop 
measurements. 
Length 1: Contact Length – This is the contact area 
between the copper lead and the tape. It should be large 
enough to keep joule heating at a minimum and as a 
result ensure more uniform current distribution and 
elimination of faulty voltages [9]. 
Length 2: Current Transfer Length – This is the distance 
between the end of the current contact and the nearest 
voltage tap. To ensure current leaving the current contact 
can be evenly distributed to all inner filaments before 

SAUPEC 2017 132



reaching the first voltage tap, the current transfer length 
must be long [9]. 
Length 3: Voltage Tap Separation – This determines the 
electric field sensitivity measurement and a longer 
voltage tap separation results in greater potential 
difference that will be produced [9]. 
In the experiment each superconducting tape had a pair of 
voltage taps in the middle section to measure the volt 
drop per tape for an applied input current. The distance 
between voltage taps was 50 mm for each tape. 

 
2.3 Cryogenic bath set-up 
 
The tapes were be housed in a stainless steel bath with the 
following dimensions; 1204 mm × 125 mm × 200 mm 
covered in a high density polystyrene box and supported 
by a steel frame as shown in Fig. 4. Inside the steel bath, 
the tapes and copper leads are supported by G10 (a fibre 
glass epoxy laminate) which keeps the SC tapes and 
copper leads fixed in position during 
testing.

 
Fig. 4: Cryogenic bath set-up. 

 
2.4 High Current Measurements 
 
Critical current measurements were conducted in the 
stainless steel bath filled with liquid nitrogen in the self 
field of each tape. The voltage drop in each tape was 
measured using a nanovolt amplifier while slowly 
increasing the current through the current contact (tape-
copper joint) to as high a current as possible without 
quenching the superconducting tapes. A DC power 
supply with maximum supply current of 120 A was used 
as the current supply.  
 
To measure current transport in each tape, three LEM 
HTA-100 S current transducers with a primary current 
range of ± 300 A were used. Each current transducer is an 
open loop transducer that uses the Hall Effect. DaqBook 
2000 was used as a data acquisition system to measure 
the current flowing in each tape as seen by each of the 
transducers. The final set-up is represented by the block 
diagram shown in Fig. 5. 

 
Fig. 5: Overall Experiment Set-up 

 
 

3. RESULTS & DISCUSSION 
 

3.1 Current Distribution Properties for 3 × 1 m Straight 
Parallel REBCO Tapes 
 
V-I curves for the critical current of each of the SC tapes 
used in the experiment are shown in Fig. 6. The critical 
current for each SC tape is determined at the quenching 
point on the V-I curve using a 0.3 µV/cm electric field 
criterion obtained using the method outlined by Ekin [8]. 
Tape A had a critical current of 108 A, Tape B had a 
critical current of 90 A and Tape C had a critical current 
of 112.5 A. There was a gap distance of 20 mm between 
all 3 tapes. According to Ekin and Goodrich [9], the V-I 
shapes obtained in this part of the experiment gave an 
indication that there was an inadequate current transfer 
length between current contacts and voltage taps as well 
as the possibility that the tapes were slightly damaged, 
resistive or inhomogeneous [9].  
 

 
Fig. 6: Critical Current of Tape A, B and C. 

 
Tapes A and B current sharing behaviour for a given 
input current is shown in Fig. 7. Current transport of Tape 
A is averagely 10 % more than that of Tape B. The gap 
distance between the two tapes was 20 mm. Despite the 
fact that the DC power supply used in the experiment is 
limited to 120 A the expectation based on the available 
results is that as current is increased, Tape A will reach 
its critical current faster and as it approaches critical 
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current, current will be redistributed to Tape B until both 
tapes eventually stop superconducting and start operating 
as normal superconductors. 

 
Fig. 7: Current Sharing when Tape A and B are in 

operation. 
 

When only Tape A and Tape C where in operation, Tape 
A had a current transport that was slightly more than 50 
% that of Tape C as shown in Fig. 8. This could be 
attributed to the fact that the tapes had a varying contact 
resistance.  

 
Fig. 8: Current Sharing when Tape A and C are in 

operation. 
 
When all 3 tapes were in operation with a gap distance of 
20 mm between them, the current sharing ratio of 
1.5:1:3.5 for Tapes A, B and C respectively as shown in 
Fig. 9. Tape C carries more current during operation and 
is expected to reach critical current first. As Tape C 
approaches critical current, the current injected into the 
parallel tape arrangement will redistribute itself between 
tapes A and B. One of the reasons for this scenario is the 
effect of interaction of the individual magnetic fluxes of 
the tapes as is shown in FEM simulations in [2]. The gap 
distance also affects critical current of the individual 
tapes and at a gap distance of less than 20 mm, critical 
current is expected to improve. 

 
Fig. 9: Current Sharing when Tapes A, B and C are in 

operation. 
 
3.2 Current Distribution Properties for 3 × 0.3 m 
Straight Parallel REBCO Tapes 
 
On closer observation of the tapes after the first 
experiment, it was observed that the tapes had begun to 
oxidise during the experiment and this greatly affects tape 
performance. A second experiment was performed to 
improve the current distribution properties observed in the 
initial set-up. New tapes were used for the second 
experiment with the same dimensions as  the  first  set  of  
3 × 1 m SC tapes but using a length of 30 cm. A shorter 
length was used to preserve the remaining 
superconducting tape which is costly and the remainder 
was to be used for other experiments. 
 
The 3 tapes were individually probed and an electric field 
criterion of 0.28 µV/cm was used to find critical currents 
of 112.5 A, 111.5 A and 113.5 A for tapes A, B and C 
respectively as shown by their V-I curves in Fig. 10. This 
improvement in the tape critical current can be attributed 
to the extra caution that was taken in ensuring all the 
dilute HCL acid used to etch each tape was completely 
washed off and the contact length between the tape-
copper joint was 20 mm, twice the length of the initial 
contact length of 10 mm. Doubling the contact length 
ensured an increase in the probability of attaining more 
uniform current distribution.  
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Fig. 10: Critical Current of new Tapes A, B and C. 

 
Current distribution was investigated when only Tape A 
and Tape B were in operation. Tape A carried 
approximately 5 % more than Tape B. The same tape 
behaviour as described for tapes A and B in the first 
experiment layout is expected as one of the tapes 
approaches critical current. 

 
Fig. 11: Current Sharing when new tapes A & B are in 

operation. 
 
When only Tape A and Tape C were in operation, Tape A 
had a current transport that was 1.6 % that of Tape C as 
shown in Fig. 12. When Tape B and Tape C were in 
operation, Tape B has a transport current of 6.5 % more 
than that of Tape C as is depicted in Fig. 13. 

 
Fig. 12: Current Sharing for new Tapes A & C when in 

operation. 
  

 
Fig. 13: Current Sharing for new Tapes B&C when in 

operation. 
 
When all three tapes were in operation, current between 
Tape A, B and C was distributed according to the ratio 
1.3:1.5:1. Current distribution was more uniform in the 
second experiment due to the changes made in the contact 
length as well as handling of the SC tape.  
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Fig. 14: Current Sharing for new Tapes ABC when in 

operation. 
 

4. CONCLUSION & FUTURE WORK 

Critical Current and current distribution was investigated 
factoring in the quality of the tape-copper joint, contact 
length for current transfer from copper leads to tape, gap 
distance and proper handling of the SC tape. A more 
refined methodology aimed at attaining more uniform 
current distribution was formulated and implemented 
which gave the desired result. 
 
Uneven current distribution in the first experiment with  
3 × 1 m parallel SC tapes was of major concern. As a 
solution, the contact length was increased which directly 
affects the parallel SC tapes current sharing properties. 
 
The improved methodology applied to the 3 × 0.3 m 
parallel SC tape configuration can be implemented for 
future work as the intent of these experiments was to 
establish a methodology applicable in the design of a 
prototype HVDC/AC HTS cable with an approximate 
transport current of 0.5 kA minimum. The next step 
before designing the cable is to run AC tests on the 
successful 3 × 0.3 m parallel SC tapes and complete the 
same investigation. The aim of the AC test is to observe 
the behaviour of the tapes as they approach critical 
current and how current is redistributed should one of the 
SC tapes fail. 
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Abstract: In this paper, studies are carried out to investigate partial discharge activity inside solid 
insulation. The test sample was modelled with artificial defect consisting of bead with hole in it to 
create a void in the insulation to measure partial discharge activity.  The AC voltage applied to the 
high voltage electrode was increase until the partial discharge inception voltage was reached. On that 
voltage level was performed first partial discharge measurement.  Different experiments were made 
for PD measurements using the method of Phase-resolved partial discharge pattern analysis 
(PRPDA).  Experimental results that show the influence of the applied voltage on both the 
PD magnitude and PRPD pattern are reported and discussed. 
 
Key words: Partial Discharge, Phase-resolved, Insulation, PD magnitude, PD number. 
 

1. INTRODUCTION 
 

The consumption of electrical energy around the world 
has increase currently and therefore, it is very important 
to focus on devices that produce and provide this kind of 
energy.  The key elements in chain of electrical energy 
production and distribution such as Electrical rotating 
machines, transformers, reactors, switchgears and cables 
need to be studied and improved their efficiency and 
reliability.   Electric power systems include a large 
number of expensive and important equipment of 
different ages manufactured and installed over many 
decades [1]. The aim of the insulation is to confine the 
electric field within the component insulation for safe 
operation during the service life of the equipment and 
therefore, insulation should be able to perform its 
function for a variety of different system operating 
conditions such as temperature changes, load cycles, 
mechanical stresses, water ingress, etc. However, even if 
the insulation fulfils all required tests before installation 
and use, it may not maintain the same operation 
characteristics during the many expected years of service. 
There may be built-in manufacturing imperfections and 
workmanship errors that were not detected during 
commissioning tests [2, 3, 4].  In particular condition and 
due to high electric stress and existence of defects, partial 
discharges may take place in the insulation.  The 
appearance of partial discharges in the insulation may 
degrade the insulation condition [5], which can cause 
enormous financial losses and big problems in the 
function of infrastructure or even the functionality of the 
whole society if they stopped operating. 
 
Electrical insulation is one of the most important parts for 
any high voltage power system component and its quality 
plays significant role in determining the reliability of the 
component.   Partial discharge is defined as “a localised 
electrical discharge that only partially bridges the 
insulation between the conductors and which may or may 
not occur adjacent to a conductor” [6].  Partial discharges 
(PD) are one of the main ageing mechanisms in an 
insulation system which are small sparks across parts of 

the insulation and is an electrical discharge that does not 
completely bridge the electrodes. A partial discharge 
leads to degradation and ageing of the insulation and how 
fast depends on the type of insulation system, the material 
as well as the repetition rate and magnitude of the 
discharges. Consequently the occurrences of PDs give a 
good indication of the state of the insulation system and 
have an impact on its lifespan [2, 7]. 
 
Acquiring knowledge about the state of an insulation 
system is valuable in planning maintenance actions 
through measuring and analysing the properties of the 
insulation and this process is called insulation diagnostics 
and the information obtained is used for condition based 
maintenance [8].  The diagnosis and performance 
assessment are very important for insulation system 
within a high voltage component; examples of high 
voltage components which are prone to breakdown are 
power transmission lines, power cables, power 
generators, wires and power transformers [9]. Partial 
discharge measurement is one of the important 
phenomena to be considered in insulation diagnostics and 
performance assessment, hence, Insulation degradation 
due to defects present within the system is nearly always 
linked to PD [10]. 
 
However, the methodology in this paper is made up of 
Phase Resolved Partial Discharge (PRPD) measurements 
and analysis.  PRPD analysis is the method that displays 
the Partial Discharge (PD) activity in a three-dimensional 
(3D) way to identifying the phase relationship, the 
magnitude of the PD activity and the discharge rate and, 
it is well-suited for any system on-line [11]. The PRPD 
patterns provide detailed information to analyze the 
condition of the insulation to prevent failures in high 
voltage systems.  3D partial discharge mappings are used 
to characterize the partial discharge concentration in the 
specific areas of the equipment [12].  Each single 
coloured dot represents the number of PD occurred with 
given amplitude and phase [6]. 
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2. PARTIAL DISCHARGE MODEL 
 

Modelling is used in this paper in an effort to come out 
with a meaningful contribution to partial discharge 
analysis and interpretation.  Attempt is made to measure 
partial discharge activity at different applied voltages of 
the model sample.  The test object contains spherical 
cavity in the insulation.  The test object is created by 
placing the insulating material between two disc shaped 
electrodes.  The electrodes are made of silver and are 
dipped in oil to prevent discharges at the edges of the 
electrodes. The sample used in the measurement consists 
of epoxy with a thickness 15 mm and an artificial cavity 
within the epoxy.  Figure 1 shows the test model that was 
used in the investigation.  The test sample was modelled 
with artificial defect consisting of bead with hole in it to 
create a gas-filled void. The ends of the bead were closely 
tight with the epoxy and then placed in the middle of the 
insulation.  The bead is chosen since it makes the 
manufacturing process of the cavity easy and accurate.  
The diameter of the void in the sample of Figure 1 was 1 
mm.  The test sample was used for measurement of 
internal discharge in insulation.  
 

 
(a) 
 

 
(b) 
 

Figure 1. (a) Photograph of the bead (b) Schematic 
diagram of test object  

3. PARTIAL DISCHARGE MEASURING SYSTEM 
 

The circuit arrangement shown in figure3 is the 
conventional PD test circuit in accordance with IEC 
60270 [6] consisting of 50 Hz ac power supply, the test 
sample (CT), the Coupling Capacitor (Cc), the measuring 
impedance (Zm) and the PD measuring device which 
consist of the ICM monitor from Power Diagnostix and 
personal computer with software to evaluate and save the 
data.  The ICM monitor is part of the Power Diagnostix 
Systems GmbH ICM series of digital partial discharge 
detectors.  The ICM monitor is a compact stand-alone 
instrument used to assess the condition of medium and 
high voltage insulation, which is used over a range of 
applied voltage frequency, including power system 
frequency (50/60 Hz) and very low frequency (0.1 Hz), 
Providing high-resolution, digital, partial-discharge 
patterns for the characterisation of defects in insulation. 
 
The operating parameters of the ICM monitor are fully 
computer controlled making it simple to use with 
standard Power Diagnostix Software.  The actual 
recording of partial discharge patterns is independent of 
the personal computer (PC), so the performance of the 
ICM monitor is unaffected by the speed limitation of the 
PC.  The ICM monitor’s PC software includes convenient 
options for in-depth analysis and printing of stored partial 
discharge patterns. 
 
Partial discharge measurements refer to the apparent 
charge and are relative measurements.  Therefore, the 
system requires a calibration.  To calibrate a system, the 
calibrator is connected to the test object and a known 
partial discharge pulse is injected to the system according 
to SANS and IEC 60270 standards [6].  The calibrator 
used in this investigation is CAL-1A from the Power 
Diagnostix Systems GmbH system.  It can inject a known 
charge between 1 pC to 100 pC.  In this study a 50 pC 
discharge magnitude was used in the test set up. 
 

 

Figure 3.  PD measuring circuit 
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4. PARTIAL DISCHARGE PATTERNS 
 
Figures 3 shows phase resolved patterns for the partial 
discharge activities in the void of the test model in 
figure1 at 18.5, 22, and 27 kV sinusoidal applied voltages 
while the partial discharge inception voltage was 18 kV.  
Generally, it is seen that, partial discharge pulse appears 
on both positive and negative half cycles of the applied 
voltage. 
 
When the applied voltage is higher, the numbers of   
partial discharges per cycle, total charge per cycle and the 
maximum magnitude of the cavity discharge would be 
higher. A partial discharge normally occurs in the cavity 
when the electric field in the cavity is higher than the 
breakdown field and there is an initial free electron to 
start an avalanche process. The electric field in the void 
follows the sinusoidal voltage waveform curve, hence, a 
curvy shape of the patterns which follows sinusoidal 
voltage waveform [14]. At 18.5 kV, a PD pattern is 
almost symmetrical in voltage polarity with low 
discharge magnitude.  The numbers of partial discharges 
occurring in the positive and negative cycles are equal.  
This is because same electrons are readily available from 
both polarities, resulting in same electron avalanches 
easier to be developed.  Therefore, the pattern in Figure3 
(a) at positive and negative cycles of the applied voltage 
is symmetrical.  An increase in both magnitude and 
repetition rate of the discharges has been observed.  As 
can be seen, these patterns are characterized by a mix of 
higher and lower amplitude discharges associated with a 
multiple patterns as shown in Figure 3 (b). 
An increase in applied voltage increases the electric field 
in the cavity faster towards the inception field resulting in 
higher partial discharges to occur in one applied voltage 
cycle as shown in Figure 3(c).   
 
Referring to Figure 3(c), the shape of the PRPD pattern 
and magnitude changes as the voltage increases.  At 27 
kV, the magnitude of the discharges becomes higher as 
well as the intensity.  In addition to that, the PRPD 
pattern in the positive half cycle is higher than that of the 
negative half cycle.  The non-symmetrical partial and 
multiple discharge patterns indicates either a strongly 
non-symmetrical electric field or an interface contributing 
to the discharges showing different  numbers of free 
electrons  being accelerated in the electrical field [13].   
This is an indication that the defect is located closer to the 
earth electrode [14].  
 
 

 
 

(a) 18.5 kV (62.9 pC) 
 

 
 

(b) 22 kV (222.9 pC) 

 
 

(c) 27 kV (287.1 pC) 
 

Figure3: PRPD patterns obtained at different voltages 
from Figure 1. 

 
Table 1 shows the measured partial discharge data for 
cavity in the insulation material of thickness 15mm at 50 
Hz applied voltages.  Referring to table 1, each partial 
discharge measured is higher for the 27 kV than 22 and 
18.5 kV sinusoidal applied voltages.  The magnitude of 
the discharge increases with an increase in the voltage.   
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Table1: Comparison of measured PD data between two 
different cavity positions 

 
  

Applied 
voltage (kV) 

18.5 22 27 

Maximum PD 
magnitude 
(pC) 

62.9 222.9 287.1 

 
 

5. CONCLUSION 
 

A model sample of artificial defect within a dielectric 
material has been developed.  The model has been used to 
measure partial discharge activity within the void in the 
epoxy.  It is inferred that the occurrence of partial 
discharge is highly depends on the applied voltage.  
Hence, from the phase-resolved pattern obtained, it is 
established that partial discharge patterns from the test 
object can clearly be seen as the voltage increases as well 
as the magnitude of the discharges.  Discharges in the 
interface between the epoxy and the bead containing the 
gas void is most probably responsible for this pattern.  
The bead can be used to represent the various shapes and 
sizes for field application of partial discharge technology, 
since, is not easy to manufacture some of the shapes, 
especially, spherical shape to study partial discharge 
activity in the insulation. 
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Abstract: Power cable terminations and joints are the most vulnerable parts of a power cable system, 
causing the most power cable failures.  This problem can be better understood by investigating the 
Partial Discharge (PD) phenomena in common cable termination defects.  The present work 
investigates changes in PD behaviour up to time of failure.  Artificial defects were created in cable 
terminations and investigated using an accelerated ageing test setup.  Preliminary results show that 
Partial Discharge Inception Voltage (PDIV) is a function of defect severity.  PD magnitudes of the 
surface type of discharge decreased consistently over time while that of cavities fluctuated 
significantly.  The first 100 hours showed instability in PD mechanism which can be an indication 
that effective diagnosis should consider this transition time.  At this stage of the work, it may be 
possible to conclude that PD indeed changes with ageing time and the changes are a function of the 
defect type. 
 
Key words: accelerated ageing, partial discharge, cable defects, termination defects,  MV cable, PD 
signatures 
 
 
 

1. INTRODUCTION 
 

Most failures in power cables have been attributed to 
cable joints and terminations which are most susceptible 
to installation defects [1].  Partial Discharge (PD) testing 
has been recognised as one of the most effective 
insulation condition diagnostic methods [2].  It has been 
reported in the literature that different defects give 
distinct PD signatures and this includes the work by 
Fynes-Clinton [3].  However, how these signatures 
evolve with ageing time during service is not known.  
The study presented in this paper focuses on defects in 
Cross-Linked Polyethylene (XLPE), Medium Voltage 
(MV) power cable terminations under induced PD 
ageing.  Focus is on how these unique PD signatures in 
artificial defects on the cable terminations evolve from 
the point of inception up to breakdown.  In practice, this 
would help in categorising different levels of PD severity 
and possibly provide insight on the remaining operating 
life time. 
 
The specimens under study are 3 m lengths of XLPE 
6.35/11 kV heat shrink terminated cables with artificial 
defects.  The defects as shown in Table 1 are a ring cut 
and a tram line in the XLPE and a semiconductor screen 
feather extending over the XLPE. 
 
The rest of the paper is structured as follows: Section 2 
gives  a review on PD evolution, followed by 
experimental methodology.  The results are then 
discussed before concluding the work. 
 
 

 
2. PD EVOLUTION - A LITERATURE REVIEW 

 
Insulation is normally known to be the most vulnerable 
part of a High Voltage (HV) electrical equipment [4].  
Therefore, insulation is an integral part of system 
reliability philosophies.  Despite improved cable 
production measures that ensure good quality 
insulation [5], power cables remain susceptible to defects 
during installation.  For this reason, power cable failures 
account for most of power system failures [6, 7], and 
these are specifically in cable accessories [1].  The 
vulnerability of cable accessories is due to the abrupt 
change in the cable surface geometry that distorts the 
normally uniform electrical field distribution at the semi 
conductor end and insulation interface [1].  The stress 
control measures such as stress cones or tubes help to 
deflect the electric fields away from the sensitive 
region [1].  The regions however, remain of high risk as 
the presence of a defect in a high intense electric field 
may ignite PD leading to insulation degradation. 
 
Various researchers have studied different PD 
manifestations in order to discern distinct changes in PD 
until failure.  Most have studied PD by monitoring 
charge, radiation (using fast detecting optical cameras) 
and chemical reactions (temperature, pressure, gas, 
volume and discharge area surface morphology).  The 
degradation process have been categorised into several 
stages; some five [5], others three [8], with Morshuis [9] 
proving a good summary of the three stages. 
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Table 1:  Typical Termination defects that were introduced on the cable samples in the study

Defect Type Description Dimensions 
Semi-conductor 

feather 
The outer semi-conductor screen was 
not stripped off the XLPE insulation 
uniformly.  An extending triangular 
feather was left with a base and height 
denoted by B and H respectively.  For 
core 1 and core 2 (B = 10 mm, 
H = 10 mm).  The feather for core 3 
was made sharper (B = 5 mm, 
H = 25 mm). 

 
Tram Line The tram line represents a cut prone to 

occur when a sharp object is used to 
strip off the semicon screen.  The cavity 
runs along the XLPE with a depth H, 
and a thickness T.  For core 1 and core 
2 ( H = 1 mm, T = 0.4 mm).  Core 3 
was made deeper (H = 2 mm and 
T = 0.8 mm). 

 
Ring Cut The ring cut similarly to the tram line 

represents a cavity in the XLPE likely 
to occur when establishing the semicon 
screen end.  The cut forms a complete 
ring in the XLPE with a width denoted 
as W and a depth R.  For core 1 and 
core 2 (W = 0.6 mm, R = 1 mm).  The 
cut for core 3 was (W = 0.8 mm, 
R = 2 mm). 

 
 
PD pulse time characteristics have been used to observe 
some changes that occur with ageing.  The changes 
reflect the ion and electron dynamics at the discharge site.  
Kim et al. [5] measured PD by obtaining both the Phase 
Resolved Partial Discharge Pattern (PRPDP) and PD 
pulse characteristics while monitoring the cavity gas 
volume.  They concluded that the variations in PD were 
due to the changes in the gas composition, pressure and 
the physiochemical properties of the cavity surface.  In 
the previous work by the authors [10], it has been 
reported that at inception, both surface and cavity 
discharges had high spectral bandwidth which decreased 
over time.  The spectral bandwidth scatter plots had two 

distinct clusters.  These clusters could signify two distinct 
ageing stages over the defect lifetime. 
 
According to the review by Morshuis [9], PD evolve 
through three stages towards failure.  The three main 
stages are: virgin, moderately aged and severely aged in 
the order of occurrence.  PD characteristics are distinct in 
each of these stages and this knowledge informs 
diagnosis.  The virgin stage is characterised by a 
“streamer like” discharge of large PD magnitudes, with a 
steep front and a short pulse width [9, 10].  This is a 
result of the gap over-voltage due to a prolonged 
statistical time lag.  The time lag is defined as the time 
duration from when the threshold stress of the cavity is 
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exceeded to when the seed electron becomes available.  
The seed electron availability at this stage is largely 
dependent on background radiation. 
 
The moderately aged stage is associated with smaller PD 
magnitudes, higher repetition rate, longer rise time, 
longer pulse width and longer fall time [9].  This is 
because residual charge supplies the seed electrons, hence 
less gap over-voltage conditions.  Additionally, the 
discharge site surface undergoes physiochemical changes 
that result in an increase in surface conductivity and 
roughness.  The changes are due to the discharge 
by-products such as carboxylic acids [9]. 
 
At the severely aged stage, discharge by-products 
crystallize on the site surface, therefore causing small 
pulsating “corona like” discharges at crystal tips [11].  
Due to the high conductivity of the surface at this stage, 
the electric field intensity weakens which extinguishes 
PDs [11].  The absence of PD at this stage can be 
mistaken for healthy condition of the insulation, and yet 
the insulation is undergoing electrical treeing induced 
failure. 
 
Due to the above outlined time dependent behaviour of 
PD as it ages, it is of interest to know how the initially 
unique identified signatures evolve with time from the 
point of inception up to the point of breakdown.  The 
current work therefore presents results of an investigation 
on how PD of typical XLPE termination defects evolve 
over time. 
 

3. EXPERIMENTAL SET UP AND PROCEDURE 
 
The test samples used in this study comprised of 3 m 
long, three core, 6.35/11 kV XLPE cables with heat 
shrink terminations on each core.  During termination, 
three typical defects were introduced per cable as shown 
in Table 1.  Identical defects were created on two cores 
for test repeatability, while on the third core, the defect 
dimensions were increased to check on the effect of 
severity. 
 
The cable samples were connected in parallel for aging as 
shown in Figure 1.  The un-terminated end of each cable 
sample was immersed in insulation oil to prevent 
unwanted discharges.  A voltage of 9.5 kV at 350 Hz was 
applied continuously for 10 hours after which each core 
would be tested for PD using the test set up shown in 
Figure 2. 
 
PD measurements were conducted in accordance with the 
SANS 60270, SANS 1339 and IEEE 400.3 using the 
Power Diagnostix ICM CompactTM.  The test voltage was 
increased in steps of 2 kV per 30 seconds up to 2.5Uo 
where it was maintained for 1 minute then decreased to 
1.73Uo.  PRPDP were recorded for 1 minute both at 
2.5Uo and 1.73Uo.  PDIV and PDEV were also noted.  
The ageing and PD testing procedures were repeated until 
failure or until no significant changes in PD.  The 

elevated voltage and frequency were decided upon based 
on the common best practice [12, 13].  The tests were 
conducted in a double screened Faraday Cage laboratory, 
and the average noise level recorded was 0.4 pC.   
 

 
Figure 1:  The cable test specimens connected in parallel 

for accelerated PD induced aging. 
 

 
Figure 2:  The test set up used for PD testing at 50 Hz 

 
4. RESULTS AND ANALYSIS 

 
The PD parameters monitored were the Phase Resolved 
Partial Discharge Patterns (PRPDP), the maximum 
apparent PD magnitude, the Partial Discharge Inception 
Voltage (PDIV), Partial Discharge Extinction 
Voltage (PDEV) as discussed in detail in the following 
sections.  The maximum voltage applied during PD 
testing was 23 kV.  Therefore, no data was recorded for 
voltages above 23 kV. 
 

4.1. Semicon Feather (PDIV and PD magnitude)  
 
For all the defects, the PDIV varied randomly between 10 
and 22 kV in the first 150 hours as shown in Figure 3 for 
the semicon feather.  The corresponding PD magnitude 
shown in Figure 4 depict a continuous decreasing trend. 
 
An un-aged defect have a longer statistical time lag for 
the free electron to be available.  The discharge therefore 
initiates at a higher voltage.  This explains the increment 
in PDIV for the semicon for the first 100 hours.  Despite 
subsequent discharge events, the time lag can remain long 
due to the high ionization potential of an un-aged 
cavity [9].  Later, a decrement in PDIV for the semicon 
occurred between 125 and 255 hours.  This could be due 
to the reduction in the time lag hence less gap over-
voltage conditions.    The free electrons become easily 
available from the residual charge built up on the cavity 
surface.   
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For the semicon feather, the most severely defected core 
initially (up to 100 hours) had the least PDIV as expected.  
Subsequently however, the PDIV increased above the 
other two cores.  It is also notable that core 3 which has 
the most severe defect gave the least PD magnitude 
throughout as shown in Figure 4.  After 150 hours, there 
was no PD in the most severely defected core.  The 
semicon had the least incidences of PD disappearance, 
although when these incidences occurred, they lasted for 
long time periods. 
 
The behaviour of the most severely defected core could 
be a sign that the triangular feather of the semicon screen 
which had a sharper edge burnt out due to the intense 
discharge.  The intense discharge is caused by the 
enhanced electric field on the thin feather tip.  This could 
possibly be a self healing process, however it can only be 
concluded if the most severely defected core fails last. 
 
The continuous decrease in PD magnitudes in the other 
cores is due to the increase in surface conductivity.  The 
gaseous by-products of the discharge react with the 
insulation giving off conductive by-products such as 
oxalic acid [9].  The electric field at the discharge site 
collapses, reducing the build up of gap over-voltages 
which in turn decrease PD magnitudes.   
 

 
Figure 3:  PDIV of three cores of the semicon feather 

over time 
 

 
Figure 4:  PD magnitude of three cores of the semicon 

feather over time 
4.2. Ring Cut (PDIV and PD magnitude) 

 

Generally, for the ring cut defects as shown in Figure 5, 
the most severely defected core had the least PDIV 
throughout the ageing period as expected.  There are 
alternating periods of sustained presence and absence of 
PD for all the three cores.  In the most severely defected 
core whenever there was PD activity, the magnitudes 
were generally consistent as shown in Figure 6.  The 
largest maximum apparent PD magnitudes were recorded 
in the initial period of ageing especially for core 1 and 2.  
This behaviour is consistent with the effect of ageing on 
PD magnitudes as explained in section 2. 
 
The fluctuations in PD magnitudes over time can be 
attributed to the changes in gas content and pressure in 
the discharge cavity.  The ring cut defect is more of a 
dielectric bounded cavity, and therefore susceptible to gas 
pressure changes.  Oxygen would be exhausted, while 
other electronegative gasses such as CO and CO2 are 
produced.  The gas pressure constantly fluctuates 
depending on the consumption and production of gasses 
at the discharge site.  These findings are consistent with 
those found by Qureshi et al. [7, 14] who observed a 
significant increase and later decrement of PD magnitude 
in aged 15 kV XLPE cables. 
 

 
Figure 5:  PDIV of three cores of the ring cut over time 

 

 
Figure 6:  PD magnitude of three cores of the ring cut 

over time 
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4.3. Tram Line (PDIV and PD magnitudes) 
 
As with the ring cut, the most severely defected core with 
a tram line defect had the lowest PDIV compared to the 
other cores as shown in Figure 7.  Similarly the 
corresponding magnitudes show a similar characteristic 
trend as in the ring cut.  It is however notable that the PD 
magnitude of the core with the most severe defect as 
shown in Figure 8 is much bigger than the other cores.  
The reason for this behaviour is as explained in section 
4.2. 
 

 
Figure 7:  PDIV of three cores of the tram line over time 

 

 
Figure 8:  PD magnitude of three cores of the tram line 

over time 
 

5. CONCLUSION 
 
With regard to ageing time, there is a marked instability 
in PD in the first 100 hours for all the defect types.  In 
tram line and ring cut, the severity translates to more PD 
induced ageing while the opposite would be true for the 
semicon feather.  The findings further suggest that a 
significantly fluctuating PD behaviour with ageing might 
imply the source to be a cavity type of defect in the 
insulation. 
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Abstract: Characterisation of electrical tree degradation of solid insulation is an important 
tool in evaluating the quality of insulation. Imaging electrical trees in nanodielectrics is a 
challenge. Atomic Force Microscopy was therefore used to investigate the effect of different 
nanoparticles on the growth of electrical trees in Boron Nitride epoxy and Carbon nanosphere 
epoxy nanodielectrics. This method allows for characterising nanoparticles which are used 
in a matrix with low atomic numbers which cannot be done using other microscopy 
techniques. Electrical degradation was applied to different samples which caused the growth 
of electrical trees in pure epoxy and the nanodielectrics. The presence of electrical trees was 
validated with partial discharge measurements. The samples were then also investigated 
using Scanning Electron Microscopy and Atomic Force Microscopy to evaluate the electrical 
tree structure and particle nature. The tree channels were measured to be 6 µm in pure epoxy 
and 20 µm in the nanodielectrics. The electrical trees grown in epoxy appear to be smooth 
while rugged in the nanodielectrics. The results show that the addition of nanoparticles into 
an epoxy matrix may cause electrical trees to propagate around the nanoparticles; a process 
that may possibly impede the electrical tree growth. 
 
Key words: AFM, electrical tree, epoxy, microscopy, nanodielectric, SEM.  
 

1. INTRODUCTION 
 
ELECTRICAL trees are the common ultimate failure 
mode of solid polymer insulation [1]. Due to enhanced 
localised electric stress (in the order of MV/mm), energy 
is transferred from the electric field into the molecular 
matrix and causes various physiochemical changes. These 
changes may be scission of molecular bonds, heat, 
pressure build up and various chemical processes. 
Degradation of the insulation ensues as tree shaped gas-
filled nano or micro-tunnels propagate by means of partial 
discharge (PD) activity leading to complete insulation 
failure [1]. Endurance to electrical tree degradation can be 
regarded as ‘the litmus test’ of solid polymer insulation 
quality. In developing new solid polymer insulation, such 
as nanodielectrics, electrical treeing tests are often used in 
evaluating the material engineering efforts [2].  

Electrical trees have been used to evaluate the time to 
failure, inception stress, rate of propagation, the types of 
trees produced, or the PD signatures produced for different 
trees in solid insulation. It is well established that the 
growth of a tree, and PDs produced have a relation to the 
tunnels and tubules formed in the tree. In the literature, 
conventional wisdom allows for particular types of 
electrical trees to grow in solid insulation as highlighted by 
Champion et al. [1]. It is assumed that similar electrical 
tree characteristics would be observed in nanodielectrics. 
However, the ability to image an electrical tree using 
conventional techniques is difficult if a sample is opaque.  

Current literature suggests that the use of different 
microscopy techniques such as transmission electron 

microscopy (TEM), Scanning electron microscopy (SEM), 
and atomic force microscopy (AFM) may allow for tree 
structures to be observed [2]. Additionally, microscopy 
techniques are essentially distinctive tests which can be a 
limitation [2]. 

A less invasive method of investigating electrical trees in 
opaque nanodielectrics is the use of X-ray computer 
tomography (XCT) which may allow for trees to be 
observed [2]. But XCT is a relatively costly procedure 
compared to conventional microscopy techniques and has 
resolution limitations. This present paper explores the 
possibility of using Atomic force microscopy (AFM) as an 
alternative means of characterising electrical trees 
especially in nanodielectrics where use of SEM and TEM 
may not be possible. The nanodielectrics investigated were 
carbon nanospheres (CNS) and hexagonal boron nitride 
(hBN) in epoxy. The particles were chosen as good 
candidates for improved thermal properties [3], [4]. 

2. EXPERIMENTAL METHODOLOGY 

The nanodielectrics were fabricated using a direct 
dispersion technique [3], [5]. Three types of test specimens 
were manufactured; pure epoxy and BN/epoxy as 
controls [5], and C/Epoxy for analysis. As highlighted 
in [5] see Figure 1, Araldite CY 231-1 and Aradur HY 925 
(obtained from Huntsman™) is a type of epoxy that is 
commonly chosen for favourable insulation characteristics 
in medium and high voltage applications [5], [6]. The h-
BN nanoparticles had an average particle size of 80-90 nm 
(Xuzhou Jiechuang New Material Technology Co. 
Ltd.) [5]. A Dispermat AE was used for high mechanical 
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shear mixing of the Araldite and nanofiller. The CNS 
nanoparticles had a particle size of 80-120 nm and were 
synthesized using a procedure detailed in [4]. The material 
details of the epoxy and nanocomposites are given in Table 
1. The densities of the h-BN and CNS was 2.25 g/cm3 and 
0.4 g/cm3 respectively. The test samples presented in 
Table 1 are those deemed to be optimally loaded as 
determined through other aspects of this work. 

Test samples were fabricated casting X-253-1 ogura 
needles (Ogura Industrial Jewel) which have a 5 µm tip 
radius with a 30o run off to a maximum needle radius of 
1 mm. These needles were held in the moulds using grub 
screws to ensure a needle plane gap of 3 mm. A final image 
of a manufactured sample is shown in Figure 2. A silver 
paint base is applied to ensure the sample makes good 
contact with electrodes. Three samples were synthesised 
for each electrical tree test. Saw dust was obtained from 
the manufactured samples for SEM analysis. 

 
Figure 1: UML Flow diagram showing an adapted form of 
the generic manufacturing procedure of Epoxy 
Nanocomposites.  

Table 1: Sample Details of Epoxy and optimally filled 
nanodielectrics.  

Sample Weight 
percentage of 
nanofiller (wt%) 

Volume fraction 
of nanofiller (%) 

Pure epoxy 0 0 

BN epoxy 2.08 1.09 

C epoxy 0.7 0.33 

 

 

Figure 2: Examples of the test specimen sample 
configuration and opaque nanodielectrics with transparent 
pure epoxy. 

 

Figure 3: IEC 60270 schematic diagram of test set up used 
for electrical tree analysis. 

SEM images of the samples using a HD Sigma SEM by 
Zeiss show the pure epoxy in Figure 4, BN/epoxy in Figure 
5, and C/epoxy in Figure 6. As can be seen in Figure 4, the 
epoxy sample does not show any nano particles, the 
material is fairly solid and the binding of the epoxy chains 
is solid despite looking at saw dust.  

Figure 5 shows that BN particles are well distributed in the 
epoxy matrix which is one of the requirements of good 
nanodielectrics. It is unclear to discern currently how the 
particles have bound to the epoxy matrix. Figure 6 shows 
that the C/epoxy has multiple levels, there are smaller 
break offs in the image on top of the surface which was 
expected of saw dust sample. One challenge, however, is 
that one cannot discern what is saw dust from the C/epoxy, 
and what is nanoparticle, given that the epoxy matrix is a 
carbon base.  

 

Figure 4: SEM image showing pure epoxy sample surface 
after surface polishing. 

 

Figure 5: BN/epoxy saw dust sample surface showing 
inter -  particle distance and distribution. 
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Figure 6: C/epoxy saw dust showing inability to contrast 
CNS particles in epoxy matrix. 

 
𝐸𝑚𝑎𝑥 =

2𝑉

𝑟 ln(1 + 4𝑑
𝑟 )

 
(1) . 

Where: 

𝐸𝑚𝑎𝑥 is the maximum applied electric field (kV/mm). 
𝑉 is the applied RMS voltage in kV. 
𝑟 is the needle tip radius (mm). 
𝑑 is the gap distance (mm). 

Champion et al. [1] showed that depending on the electric 
field applied, for a needle- plane setup using equation (1), 
different trees would grow in epoxy samples. The three 
main categories of electrical trees are branch, bush-branch 
and branch type trees with corresponding RMS electric 
fields of ~0.9 MV/mm, ~1.1 MV/mm and 1.3 MV/mm 
respectively. 

Champion et al. [1] further showed that apart from the 
electric field applied, bush trees are characterised by small 
micro tunnels and relatively small PD magnitudes ~50-
200 pC. Branch trees are characterised by a gradual build-
up of PD activity from 10-50 pC to ~750 pC before 
ultimately failing.  

Electrical trees were initiated in the samples by applying 
20 kV rms and monitoring the initiation and development 
of the partial discharges using the PD setup shown in 
Figure 3. For every second, the maximum, minimum and 
average apparent PD magnitudes were recorded from tree 
inception for a time. The electrical treeing was terminated 
and the tree channels were investigated. A phase resolved 
pattern was taken every 10 minutes during the process and 
are shown in Table 2. The clearly distinct PD signals 
Confirm the presence of electrical trees in the test samples. 
The samples were then cut and prepared for AFM analysis. 

3. ATOMIC FORCE MICROSCOPY ANALYSIS 

A detailed explanation of the principle operation of any 
AFM is provided in [7]. One of the main forms of AFM 
analysis is tapping mode, with a schematic diagram 
explaining the operation shown in Figure 7 [7]. A laser is 
shone on a cantilever and the cantilever is driven using 
piezo-electric material to oscillate at the cantilever 
resonant frequency. As the cantilever approaches the 
sample surface, the cantilever interacts with the Van-der 
Waals and electrostatic forces of the material. The 
cantilever experiences resistance to the oscillation, and a 
control system changes the height to maintain the 
oscillation. Changes in height are detected by the laser and 
recorded to obtain a height image [7].  

It is important to note that while in tapping mode, the 
cantilever is not in direct contact with the sample surface. 
In addition to tapping mode, some AFM microscopes offer 
scanning voltage microscopy (SVM). While in SVM 
mode, the cantilever is placed in direct contact with the 
sample surface. While in contact an electric potential is 
measured [7]. A Zeiss veeco dimension 3000 Atomic force 
microscope was used for the AFM analysis in tapping and 
SVM modes.  
 

Table 2: Results showing phase resolved patterns of one sample at different time stages in electrical tree life. 
 10 min 20 min 30 min 40 min 

Pure 
epoxy 

    

BN Epoxy 

    

C epoxy 
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Figure 7: AFM principle of operation while in tapping 
mode to indicate how a sample deformation and the energy 
experienced by a cantilever generate a height image [7]. 

After completing the electrical tree experiments, the 
samples were cut in a manner as illustrated in Figure 8. It 
was assumed that by cutting the samples by 2 mm Figure 
8 (left which shows a side view of the sample), there would 
be evidence of electrical tree growth on the surface. The 
hypothesis was that if electrical trees did indeed grow, the 
tree channels would be possibly vertical or horizontal with 
reference to the left image in Figure 8. By looking at a 
bottom-up/top-down view of the sample surface, one 
would expect to see tree channels as possible circles 
(vertical trees coming out of the page) or valleys 
(horizontal trees) illustrated in the middle image of Figure 
8. Furthermore, when viewing a tree using AFM, if the tree 
channel was indeed circular, the shaving of the sample 
surface may result in a tree channel being cut at different 
locations shown in Figure 8 (right). The possibility of 

slicing a tree channel in many possible locations, may 
prove to be a challenge when evaluating a tree channel.  

 

Figure 8: Sample preparation methodology to prepare 
samples after aging, red line 1 mm from needle tip (left) 
expected sample surface from a bottom-up view (middle), 
and side view of tree channel with possible slicing 
locations (right). 

After slicing, the samples were surface conditioned 
(smoothed) using five stages of sand paper polishing, 
sequentially starting at 220 mm, 1200 µm, 9 µm, 3 µm, 
and ending with 1 µm. The last two stages also required 
1 µm grinding paste. Figure 9 shows images of the 
examples of the test specimens after polishing. The 
sections in the squares in Figure 9 show the samples areas 
which would be further analysed using AFM and shown in 
Figure 10. Figure 9 and Figure 10 also confirms what was 
to be expected by the middle image in Figure 8. After 
surface polishing, it is safe to assume that there should be 
tree tubules or channels visible, however, there is no way 
of knowing at what orientation a tree path may be in the 
epoxy, the direction, or the size. However, what is required 
is the ability to analyse the sample surface. 

 

 

 
Figure 9: Polished sample surface of samples after shaving with Epoxy (left), BN/Epoxy (middle) and C/epoxy (right). 
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Figure 10: Light microscope details of one of the sites investigated on the sample surface of Clean Epoxy (A), BN/Epoxy 
(B) and C/Epoxy (C) with a 100 µm length scale showing possible areas just before the needle tip.  

 
Figure 11: AFM results showing tapping mode results (left), SVM results (middle) and 3D rendered image of an electrical 
tree channel and tubules in pure epoxy (right). 

 
Figure 12: AFM results showing tapping mode results (left), SVM results (middle) and 3D rendered image of an electrical 
tree channel and tubules in BN/ epoxy (right). 

 
Figure 13: AFM results showing tapping mode results (left), SVM results (middle) and 3D rendered image of an electrical 
tree channel and tubules in C/epoxy (right). 
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Figure 11, Figure 12, and Figure 13 give interesting details 
about the electrical tree channels grown in the different 
samples. A total of three sites were investigated around 
each sample surface giving a total of 9 investigated areas 
for epoxy, BN/epoxy and C/epoxy. The left image firstly 
gives the tapping mode results, the middle image gives the 
SVM results, and the right images gives a 3D rendered 
image of the height taking into account the tapping mode 
and SVM results. The first observation from the tapping 
mode results is the shape and width of the tree channels 
which grew in the samples. Given all the sites investigated, 
the dimensions of the tree channels are summarised in 
Figure 14. From Figure 14 the electrical tree channels 
appear to be wider in nanodielectrics ~20 µm when 
compared to pure epoxy ~6 µm. It is also interesting to 
note the tubule size in BN/epoxy on average was smaller 
~1.2 µm compared to both pure epoxy and C/epoxy 3 µm.   

 

Figure 14: Channel and tubule average measurement 
results of epoxy samples after electrical tree aging. 

From the SVM results, the first observation is that it is 
possible to partially indicate the presence of particles 
within the tree channels. Additionally, it is remarkable to 
note that electrically, the areas devoid of electric potential 
(i.e. tree channel) are slightly smaller than that of the 
tapping mode tree results, especially exaggerated in Figure 
13. This indicates that the electrical trees must have gone 
over/around the particles present in the BN/epoxy and 
C/epoxy. The electrical tree channels shown in Figure 11 
and Figure 12 appear to be relatively smooth, while in 
Figure 13, the tree channel is relatively rugged. However, 
from Figure 10 (b), it can be seen that there are some 
bumps present in the tree channel. Additionally, the 3D 
rendered images show that the electrical tree channels in 
the nanodielectrics are relatively rugged compared to the 
pure epoxy. From the AFM results, one can conclude that 
the electrical trees go around/over certain sites/particles.   

4. CONCLUSION 

The purpose of this work was to investigate electrical trees 
grown in epoxy, BN/Epoxy and C/Epoxy. The results 
indicate firstly that SEM is not a viable candidate to image 
CNS in epoxy because the particles cannot be discerned in 
epoxy while SEM can be used to investigate the surface of 
BN/epoxy and pure epoxy. PD results were used to 

confirm the presence of electrical trees in the samples. 
After sample preparation, AFM was used to investigate 
electrical tree sites. The AFM results show that tree 
channel diameters are larger in nanodielectrics with 
~20 µm channels against ~6 µm in pure epoxy. However, 
the tree tubules are smaller ~1.2 µm compared to both pure 
epoxy and C/epoxy ~3 µm. It is however still a challenge 
to image a tree but AFM and SEM seem as feasible 
cheaper candidates against XCT.   
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Abstract: This paper describes a project aimed at generating and investigating the spectrum of UV 
light emitted by different types of corona. Positive DC corona, negative DC corona and AC corona 
are generated for a 10 mm air-gap for a rod-sphere geometry. The UV emission spectra are measured 
using an optical system with an AvaSpec-ULS2048L spectrometer which has a wavelength range of 
200 nm – 320 nm, thus focusing on the UV B and UV C regions. It was found that at wavelengths 
ranging between 227 nm and 320 nm, there are peaks that are due to excited nitrogen gas molecules. 
In addition, peaks were found at wavelengths between 197 nm and 211 nm. These were attributed to 
the presence of nitric oxide impurities in air. It was found that the intensity of the negative DC corona 
peaks was higher than that of the positive DC corona and this was due to the electron-attachment 
processes that occur predominantly in the negative DC corona case. The Stark effect was not 
observed for the given air gap and voltage range. As a future recommendation, the resultant ultra-
corona emission spectra can be analysed and compared to literature. 
 
Key words: Corona, emission spectrum, Ultraviolet (UV) 
 
 

1. INTRODUCTION 
 

Corona is a partial discharge that occurs on High Voltage 
(HV) equipment due to a high localised electric field [1]. 
This results in the ionization of the air molecules 
surrounding the conductor which leads to the emission of 
photons (light). The emitted light is mainly in the UV B 
and UV C spectral regions. The aim of this project was to 
observe and analyse the emission spectra of the different 
types of corona discharges. As part of the requirements of 
this project, positive DC corona, negative DC corona and 
AC corona were generated. The emission spectra were 
then measured and analysed for the rod-sphere airgap 
geometry. Experiments are performed taking into 
consideration a 10 mm air gap. 
 
The investigation used an AvaSpec-ULS2048L 
spectrometer with a wavelength range of 200 nm – 
320 nm, a 5° aperture cosine corrector and a biconvex 
lens with a 75 mm focal length. It was assumed that the 
3-minute waiting period that was taken between 
subsequent tests was sufficient for air to fully heal to 
ensure that results are unaffected by previous 
experiments.  
 
 

2. BACKGROUND 
 

2.1. Corona 
 
Corona is a discharge phenomenon that occurs  in air as a 
result of ionization processes that take place due to 
increased electric fields [2]. The electrical neutrality of 
air is compromised by naturally occurring phenomena 
such as Gamma rays, Cosmic radiation and Ultra-violet 

light. The energy from these naturally occurring 
processes is used to ionize gas molecules resulting in a 
number of free electrons and positive ions. These 
ionization processes can also be initiated by intricate 
means. The existence of charged particles makes air 
vulnerable to discharge phenomena such as corona 
provided sufficient electric fields exist [2]. 
 
 

2.2. Ionization processes 
 
The processes that lead to the ionization of neutral air 
molecules are explained using Bohr’s model of an atom; 
wherein the nucleus consists of neutrons and protons 
which are equal to the number of electrons in the atom’s 
orbitals. The ionization processes during corona are 
initiated by imparting energy on the atoms, mostly 
through collisions [3]. In the case that the energy from the 
collision is only enough to excite the electron but not 
remove it, the atom is said to be excited which is 
represented by A* in the expression below [3 - 5]. 
  A + e  A* + e 
As the electron of the excited atom relaxes to its original 
energy level, the atom returns to its neutral state and a 
photon (hv) is emitted as shown below. 
  A*  A + hv  
This form of ionization is known as photon-emission. In 
the case that the energy from the collision is sufficient to 
dislodge the outermost electron, the ionization process 
occurs as shown below [3 – 5]. 
 
  A + e  A+ + e + e 
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A+ represents the ionized molecule which is now a 
positive ion given that the dislodged electron cannot 
revert to its original state. Photons can also be emitted 
through processes such as electron attachment (with 
electronegative gases) and recombination. 
Electronegative gases are naturally missing one or two 
electrons in their outermost orbitals hence they tend to 
acquire free electrons to become negative ions (A-) and 
energy in the form of a photon is released. This process is 
illustrated below [3 – 5]. 
 
  A + e  A+ + hv  
 
The process of recombination occurs as positively and 
negatively charged particles that coexist in the same 
space recombine to form a neutral molecule and emit a 
photon as shown below [3 – 5]. 
 
  A+ +  AB + hv  
 
Overall, if 0n electrons existed initially then the number 
of electrons that remain after both ionization and 
attachment processes is indicated by equation 1 which 
takes into account the first ionization coefficient (D ) and 
the attachment coefficient (K  ) [2]. 
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2.3. Types of corona 
 
The different types of corona considered in this 
investigation are positive DC corona, negative DC corona 
and AC corona.   
 
In the case of negative DC corona, an electron avalanche 
originates at the cathode and propagates  away from the 
cathode in the direction of decreasing electric field, hence 
creating a non-uniform field. With an increase in the 
applied negative voltage, ionization occurs resulting in 
anvil-shaped space charge with the free electrons at the 
tip of the avalanche; this is because electrons can move 
faster than the positive ions [4, 6]. A high intensity of 
positive ions forms in the area between the halfway line 
and the high voltage conductor, whereas beyond this line, 
electrons quickly attach themselves to the electronegative 
oxygen gas molecules , forming negative ions that are 
concentrated in the region beyond the halfway line [4]. 
 
Positive DC corona mechanisms initiate with a naturally 
occurring free electron halfway through the air gap, and 
an avalanche propagates towards the anode in an 
increasing electric field. High ionization then occurs at 
the anode as the positive ions with a low drift velocity are 
left behind. The high field intensity near the anode 
rapidly absorbs the free electrons making electron 
attachment processes less effective than they would be in 
negative DC corona [4]. 

In the case of AC corona, the electric field at the HV 
electrode varies in intensity and polarity with time. The 
corona mechanisms occur as specified for positive DC 
corona and negative DC corona for the respective half-
cycles [4, 6]. The difference between the discharge 
processes of AC corona and DC corona is that; in DC 
corona the polarity of the applied voltage is constant, so 
the same polarity space charges continuously repels . In 
the AC corona case, the polarity of the applied voltage 
varies. During the positive half-cycle, positive space 
charges are repelled from the anode and the negative 
space charges are attracted to it. During the negative half-
cycle the reverse is true. This results in a restricted 
movement of space charges. As such, the only difference 
is in the movement of space charges. 
 
Another type of corona discharge is ultra-corona, which 
is a phenomenon that was discovered by Uhlig [4, 6]. It 
was found that ultra-corona occurs in the positive half-
cycle and can only be observed on thin-wires with a 
diameter that is equal to or less than 1 mm [4, 6]. 
Visually, ultra-corona is seen as a stable positive glow 
discharge without streamer discharges till the point where 
breakdown occurs [4]. 
 
These different corona types were generated by applying 
different voltage sources. The source that was used for 
both positive and negative DC corona was a Cockroft-
Walton generator [7]. For high voltage AC corona a 
variable autotransformer (variac) and a step-up 
transformer were used.  
 
 

2.4. Emission spectrum 
 

According to Einstein, light can be thought of as 
consisting of particles known as photons. These particles 
have energy equal to hv where h is Plank’s constant and v 
is the frequency of radiation [8]. The visual manifestation 
of corona through electromagnetic radiation is due to the 
presence of these photons [2]. This radiation is in the UV 
region of the spectrum which ranges between 10 nm - 
400 nm [9, 10]. 

Electrons move at fast speeds in the presence of an 
electric field as they find ways to quickly attach 
themselves to neutral oxygen gas molecules [2]. This 
process results in photon emission which means that in 
the graphical results that are to be obtained, one should 
expect to observe peaks in the emission spectrum [2]. 
 
Grum and Costa in [9] measured the emission spectra 
from corona discharges. Their results were compared to 
the literature and were found to be satisfactory. Using [9] 
and the given spectrometer wavelength range, the 
resulting spectra is expected to have approximately 14 
peaks due to excited nitrogen gas molecules  as shown in 
Table 1. 
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Table 1: Corona Spectrum in Air, adapted from [9] 
Expected Peaks 

(nm) 
Intensity 

level 
Molecule 

227 W N2 
237 M N2 
248 M N2 
256 M N2 
259 M N2 
264 M N2 
268 M N2 
272 M N2 
276 M N2 
282 M N2 
286 M N2 
290 W N2 
298 M N2 
317 MS N2 

 
In Table 1 above, the intensity level W, M and MS 
correspond to weak, medium and medium strong peak 
intensities. 

2.5. The optical system 
 
An optical system is used to measure the spectral 
emission of corona. This system comprises  a biconvex 
lens, a cosine corrector, an optic fibre, a spectrometer and 
software that is installed on a computer.  The lens is used 
for focusing the light emitted by the corona onto a 
specific point. The cosine corrector is used to capture the 
light at that specific point using the optic fibre as a 
transportation medium for transferring light to the slit of 
the spectrometer. The breakdown of light into its spectral 
components, its digitization and display as a function of 
wavelength is done by the spectrometer and the software 
[11]. 
 

2.6. Stark Effect 
 
The external application of a large electric field affects 
the structural makeup of atoms or molecules  [12]. These 
effects manifest as modifications to spectral lines of the 
emission spectrum, which is known as the Stark effect. 
This phenomenon was discovered by Johannes Stark, in 
the early twentieth century, who observed the splitting of 
the Balmer transitions in hydrogen, due to high electric 
fields above 100 kV/cm [13, 14]. The Stark effect occurs 
due to the interactions between the electric dipole 
moment of atoms and the external background electric 
field [13 – 16]. Two types of Stark effects may be 
observed; linear and quadratic Stark effects. The linear 
Stark effect is due to a dipole moment that results from 
naturally occurring non-symmetric distribution of 
electron charge, while the quadratic effect is due to a 
dipole moment arising from the external electric field  
[12]. 
 
 
 
 

3. EXPERIMENTA L METHODOLOGY 
 
The rod-sphere configuration was  utilized to generate 
corona which was measured using the optical system. The 
focal length of the lens quantifies how effective the 
system focuses light [17], as such; it was used to 
determine the perpendicular distance at which the lens 
was placed from the test object [10]. In this experiment 
the lens was placed at a distance 2f away from the test 
setup. The cosine corrector was correspondingly placed at 
2f away from the lens, which was the maximum point of 
focus for the lens [18]. 
 
The experimental setup is shown in Figure 1 and 2 below. 
The current limiting resistor R shown is 300 kΩ for AC 
corona experiments and 1.2 MΩ for DC. 
 

 

Figure 1: AC test circuit 

 

Figure 2: DC test circuit 

4. RESULTS 
 
The presented results are for the rod-sphere airgap 
geometry. When a positive DC voltage was applied, the 
obtained corona emission spectrum was as shown in 
Figure 3 for varying voltages. 
 

 
Figure 3: Positive DC corona spectra for varying 
voltages. 
 
The voltages 11 kV, 12 kV and 13 kV represent the 
instances where a light bluish/white glow was seen, the 
glow became bluish/purple and a stable purple glow 
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occurred respectively. Figure 4 shows the observed 
emission spectrum for negative DC. 

 
Figure 4: Negative DC corona spectra for varying 
voltages. 
 
From Figure 4 above, a hissing sound was heard at 9 kV, 
a short purple arc appeared at 10 kV and more rapid arcs 
were seen at 11 kV. Figure 5 below shows the emission 
spectrum in the AC corona case. 
 

 
Figure 5: AC corona emission spectra for varying 
voltages. 
 
The emission spectra for the positive DC corona and 
negative DC corona are compared at 11 kV, and the 
relationship is depicted in Figure 6 below. 
 

 
Figure 6: Positive DC corona vs negative DC corona at 
11 kV. 

Additionally, an experiment was performed to observe 
ultra-corona using the positive DC test circuit mentioned 
in Section 3. The spectral response obtained is given by 
Figure 7. 
 

 
Figure 7: Ultra-corona emission spectrum 
 
Table 2 shows the experimental peaks and the ones from 
literature. 
 
Table 2: Wavelength at which major pulses occurred [9] 

                          Wavelength identification 
       Experimental        Literature 
Non- 
Identified 

Identified Identified Missing 

197.210    
197.418    
198.247    
199.904    
204.784    
205.469    
208.135    
209.907    
211.608    
 229.848                                            227 W  
 241.383                                   237 M  
 242.162                                                     237 M  
 242.745                                                  237 M  
   248 M 
   256 M 
   259 M 
 263.764                                                264 M  
 264.261                                        264 M  
   268 M 
 272.146                        272 M  
   276 M 
   282 M 
   286 M 
   290 W 
 299.010                                       298 M  
 299.067                                                 298 M  
 318.275                                                     317 MS  
 318.435 317 MS  
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5. CRITICAL ANALYSIS 
 
From Table 2, 11 of the identified peaks correspond to 6 
out of the 14 peaks claimed to be present in the literature. 
The remaining 8 were not obtained experimentally due to 
ozone absorption. Ozone which is created through 
ionisation processes is known to absorb UV radiation 
between 170 nm-350 nm that is why it is believed to have 
absorbed the emission of the missing peaks. The 9 
unidentified peaks were obtained experimentally but do 
not correspond to any literature. This is due to nitric 
oxide impurities that exist in air. Nitric oxide has beta, 
gamma, epsilon and delta bands. The beta band emits 
radiation that lies between 300 nm - 400 nm [19], whilst 
gamma emits one that lies between 195.8 nm - 300 nm 
[19, 20]. Epsilon’s emission spectrum is observed 
between 187.5 nm - 202 nm whilst the spectrum from 
delta lies between 191 nm - 205.7 nm [20]. All three of 
these bands (excluding beta) have spectral emissions that 
explain the occurrence of the unidentified spectral lines 
that were observed between 197.210 nm and 211.608 nm. 
This makes NOx the impurity responsible for the 
unidentified spectral lines. 
 
Considering Figure 6, the intensity of spectral lines  of the 
negative DC corona is higher than that of positive DC 
corona. Although the ionization processes occurring in 
both these corona types are similar, electron attachment 
processes occur predominantly in the case of negative DC 
corona. Since free electrons are drifting in the direction of 
the decreasing electric field (away from the cathode), 
they are available for combination with electronegative 
oxygen gas molecules, thus releasing additional photons 
in the process. The intensity for positive DC corona is 
less since electrons are rapidly absorbed by the anode as 
explained in Section 2.3 above. 
 
When supplying the electrodes with a DC voltage, more 
voltage is required to initiate corona than when supplying 
with an AC voltage. This is because DC polarity is 
constant so the same polarity space charges continuously 
repel as they travel from the energised electrode. In the 
AC corona case, the polarity of the supply is not constant, 
during the positive half cycle, positive space charges are 
repelled from the anode and the negative space charges 
are attracted to it. During the negative half cycle, the 
reverse is true. This varying polarity results in the 
restricted movement of space charges. So the corona 
onset voltage in the AC case is lower that of DC for the 
same electrode setup. 

From Figure 3; as the applied voltage increases, the 
intensity of the corona peaks increases, however peak 
shifting and spectral broadening are not observed as the 
peaks (for the different voltages) are directly above each 
other. Therefore, the Stark effect was not observed for the 
voltage range that was used for the 10 mm air gap. This is 
due to the fact that the localized electric fields did not 

reach the levels of 100 kV/cm (as stated by Stark) for the 
given air gap [13, 14]. 
 
The emission spectrum for ultra-corona is shown in 
Figure 7. The spectrum is shown for voltages 17 kV and 
28 kV. It is found that the spectrum is quite different 
from the emission spectra shown above. The peaks occur 
at wavelengths less than 210 nm and the intensity is as 
low as 10 ADC counts. 
 
Overall, the corona emission spectrum was captured 
successfully and the existence of all the obtained peaks 
was justifiable using previously published results .  
 

6. FUTURE RECOMMENDATIONS 
 
As a future recommendation, the reasons that explain the 
ambiguity of results that were obtained from the ultra-
corona emission spectrum can be found.  
 

7. CONCLUSION 
 

The project entailed generating AC corona, DC corona 
(both polarities) and ultra-corona. The emission spectra 
were measured using an optical measurement system with 
an AvaSpec-ULS2048L spectrometer. The resultant 
spectra showed the existence of about 20 peaks in the 
wavelength range from 197 nm to 320 nm. It was 
deduced that peaks at wavelengths between 229 nm and 
320 nm are due to the presence of nitrogen gas in air and 
the unidentified peaks at wavelengths between 197 nm 
and 209 nm are due to nitric oxide impurities. The 
experimental results also revealed that the intensity of 
negative DC corona peaks is greater than those of 
positive DC corona (for the same applied voltage), but 
AC corona peaks have the lowest intensity of all when 
the same voltage is applied. For the 10 mm gap and the 
corresponding voltages that were used, spectral shifting 
and broadening were not seen and thus the Stark effect  
was not observed. In future, the corona emission spectra 
can be measured over a larger wavelength range in order 
to detect the spectral lines of the other gases in air. 
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Abstract: In South Africa, heating water for domestic use is one of the most energy consuming processes in residential 
buildings. This process represents up to 60% of the total energy in the residential sector. Using more efficient and improved 
technologies to heat domestic water can make a positive contribution to the fight against the country’s current energy crisis 
which has a direct implication on the yearly increase in electricity prices. The purpose of this paper is to conduct a survey, 
summarize and critically analyze the different technologies used to heat water for domestic purposes. The results of this 
survey aim to identify gaps in the existing research, especially in the case of South Africa. Several research papers and other 
academic studies are reviewed and classified based on their focus, contribution and the type of technology to achieve a 
comfortable thermal level of water for domestic use.  The key findings indicate importance of implementing hybrid systems 
for increased reliability and hot water availability while minimizing operating costs. 
 
Key words: Electric storage tank water heater; solar collector water heater; heat pump water heater; geothermal water heater; 
gas-fired tankless water heater; photovoltaic/thermal water heater 
 

 

1. INTRODUCTION  
     Water heating for hygienic purposes such as showering and 
bathing is one of the most energy consuming processes in 
residential areas.  In South Africa, for instance, about 40 to 
60% of the total energy of a normal residential building can be 
allocated to the heating of water [1]. Water needs to be heated 
from a lower temperature to the user’s specific comfortable 
thermal temperature level.  Traditionally, a standard electric 
storage tank-water heater (EST-WH), also called a geyser in 
South Africa, has been the main device for residential water 
heating within the country. However, the increase in the South 
African population, economy and living standard has led to an 
energy shortage, which has resulted in a steadily increasing 
electricity price of 9.4% annually according to NERSA 
(National Energy Regulator of South Africa) [2]. As an 
attempt to solve this, Eskom (the main electricity supplier), 
has recently introduced energy management activities, such as 
energy efficiency (EE), and use of renewable energy (RE) 
systems [3]. On the one hand, the EE activities consist of 
reducing the total (overall) energy consumption during all the 
time periods, while load management activities aims to reduce 
the energy consumption during given time periods, such as 
peak times, when the Eskom grid cannot meet the demand. 
During peak times, the electricity consumption is charged at 
higher rates to encourage customers to shift their loads to off-
peak and standard periods when the electricity is cheaper. This 
type of tariff is referred to as time-of-use (TOU) electricity 
tariff. With TOU, customers can therefore reduce their 
electricity bills by shifting load demands away from the peak 
time periods [4]. Some EE activities on EST-WH have been 
suggested to reduce the corresponding overall energy 
consumption. The first method is the use of insulation material 
on the tank for standby loss reduction. However, the cost-
effectiveness of this solution has been questionable [5]. The 
second method, which is the most cost-effective, is to reduce 
the temperature to which the water needs to be heated. This is 

accomplished by simply changing the setting of the thermostat 
to a lower value. The temperature can be reduced to suit the 
consumers’ needs and thermal comfort level [6].  However, by 
reducing the temperature, a risk of bacterial infection arises 
and this is an important factor that needs to be considered 
when assessing thermal comfort level of the hot water users.  
This can result in the production of the Legionella 
pneumophila which is hot water bacteria growing at water 
temperatures ranging from 20ºC to 45ºC.  In its most virulent 
form, it can cause Legionnaire’s disease. However, studies 
have shown that only 1-5% of people exposed to the bacteria 
were infected [7]. With South Africa’s populations ever 
decreasing health condition and immune viruses, the 
probability of contracting such a disease can be a higher 
possibility.  The WHO (World Health Organization) has 
therefore determined that a temperature of 60 ºC can eliminate 
these bacteria in hot water.  Further, it has been determined 
that the hot water supply should reach a temperature of 60 ºC 
once daily to prevent infection [8]. 

2. DESCRIPTION AND OPERATION OF DIFFERENT 
RESIDENTIAL WATER HEATING TECHNOLOGIES 

A. Electric storage tank water heater 
An electric storage tank water heater has a cold water inlet, 

hot water outlet and an element to increase the temperature of 
the water by using electrical energy.  The water heating 
process takes place inside the storage tank where the element 
is situated [9]. A temperature sensor detects the temperature 
level of the water and switches the electrical element on 
through a thermostat when the water temperature is below a 
certain pre-set threshold.  The hot water is drained when it is 
needed and cold water flows into the tank where it then mixes 
with the remaining hot water. The temperature falls due to the 
mixing and the heating process is started again in order to 
increase the temperature to the predetermined value.  
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B. Electric tankless water heater 
The tankless water heater also referred to as a demand 

water heater system, heats water directly to ensure 
instantaneous hot water availability. The heater has a cold 
water inlet valve and a hot water outlet, the system is switched 
on when the hot water valve is opened.  Cold water flows into 
the heater where it is heated by a resistive electric element and 
exits through the hot water outlet. An outlet thermistor is 
located near the hot water outlet valve in order to measure the 
temperature of the heated water and provide feedback to the 
control circuit, similarly an inlet thermistor is situated at the 
cold water inlet.  The control circuit monitors the temperatures 
and adjusts the power input to the heating elements 
accordingly through solid state switching triacs to provide the 
required hot water at the temperature set by the user.  This 
water heater requires less space due to the absence of the 
storage tank.  The heater is usually mounted close to the 
source where the hot water will be used thereby reducing 
standby energy losses.   The electric element uses a substantial 
amount of electrical energy to provide the required hot water 
on demand [10]. 

C. Solar water heater 
The solar water heater works by collecting thermal solar 

radiation and transferring the heat to water. The main benefit of 
this type of water heating method is that it uses the energy of 
the sun, which is indefinitely renewable and a free source of 
energy.  The solar collector is usually mounted at an angle on 
rooftops of residential buildings in order to absorb the 
maximum amount of radiation from the sun.  The majority of 
standalone solar water heater systems have hot water tanks 
fixed to the top of the collector arrays. This is due to the effect 
of thermosiphon which allows water with a higher temperature 
to rise to the top part of the specific water volume.  The hot 
water is stored in hot water tanks before being supplied to the 
users [11]. 

D. Hybrid Solar Collector Coupled with Electric Storage 
Tank Water Heater 
In the event of needing access to hot water in a 24-hour 

day, the solar water heater described in Section A. of this 
paper can be coupled to an existing electric storage tank water 
heater (defined in Section B.) in order to heat water when the 
solar radiation is at insufficient levels.  An auxiliary heater 
situated inside the tank converts electrical energy into thermal 
energy when the temperature of the water falls below a certain 
value [12]. 

E. Heat Pump Water Heater 
A heat pump absorbs ambient energy in the surrounding 

air and increases it by means of compression.  The principle of 
operation is based on the refrigerant cycle.  The compressor 
uses electrical energy in order to compress the refrigerant 
inside the constant volume of the condenser and evaporator 
loop.  The heated refrigerant transfers the heat to the water 
through heat exchanger action.  The refrigerant is isolated 
from the water and never mixes.  A common heat pump 

system draws only one unit of electrical energy to create three 
units of thermal energy [13]. 

F. Gas Fired tankless Water Heater 
The gas fired tankless water heater (GFTWH) offers 

instantaneous hot water due to the rapid heat transfer to the 
heat exchanger.  Gas is fed to the heater and is ignited in order 
to create a constant flame. The gas fired water heater can be 
categorized into two groups; the low efficiency condensing 
model and the high efficiency condensing model. The 
difference between a low efficiency condensing model and a 
higher efficiency condensing model is their overall heat loss.  
The high efficiency condensing model has a heat recovery 
system where most of the heat is reused and exits the exhaust 
as vapour; the vapour is collected and drained [14].  
Therefore, a low efficiency condensing model has a much 
higher heat loss due to the absence of this heat recovery 
system. A sensor detects the amount of water that needs to be 
heated and accordingly adjusts the gas control valve. If an 
increased hot water demand is detected, then an increased 
amount of gas will be supplied to the burner [15]. 

G. Hybrid Heat Pump Coupled with Gas Fired Water Heater 
This arrangement has two heating systems where each can 

operate independently or simultaneously (either the heat 
pump, gas fired water heater or both).   Water is heated by one 
of the two systems; the heat pump receives the cold water 
from the main water supply of the household first due to its 
high efficiency of increasing the thermal level of the water 
from a low temperature [16].  The heated water from the heat 
pump is transported to the gas fired heater so that thermal 
energy can be transferred by means of a heat exchanger (gas 
transfer medium), which is fed from the combustion chamber.  
This process increases the temperature to the preset 
comfortable water thermal level of the user [17].   

H. Geothermal Hot Spring Water Extraction 
Geothermal sources of energy are extracted from the earth. 

Geothermal heating can occur naturally, for example where 
water is present and forms a hot spring, the heated water from 
the spring can be pumped to residential areas (as long as they 
are in close proximity to the hot spring to avoid heat loss).  
The pumped water can be used for general hygienic purposes. 
It is usually necessary to first pump the water through a 
filtration system so that the water has increased purity.  In 
South Africa, only seven thermal springs have high enough 
thermal levels to accommodate hot water users’ requirements 
(exceeding 50˚C) for bathing and other cleaning type duties 
[18]. 

I. Geothermal Heat Pump System 
Geothermal heat pumps extract thermal energy from the 

ground.  The energy originates from radio-active decay from 
minerals and solar energy absorbed at earth surface level. The 
system works on the same principle as a common heat pump, 
however in this configuration; the heat is extracted from the 
ground rather than the surrounding air [19].  Heat is absorbed 
by an exchange fluid flowing through pipes underground. The 
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pipes are usually buried 10m below the surface.  At a depth of 
10 meters, the temperature stops fluctuating and takes on a 
constant value.  At this level beneath the surface, the earth’s 
temperature ranges from 10° C to 12°C and remains in the 
respective boundaries even during winter [20].  Due to this, 
the heat pump is much more efficient than a common air 
extracting heat pump where temperatures fluctuate out of 
operating limits.  

J. Hybrid Photovoltaic-Thermal Solar Collector Water 
Heater 
The photovoltaic-thermal system is a combination of a 

solar thermal collector and a photovoltaic module as the PV 
cell absorbs radiation from the sun in order to generate 
electricity, it becomes hot and its efficiency drops due to the 
excess heat. The thermal collector is contained within a glass 
cover which helps to trap the thermal energy.   The heat is 
absorbed by a transfer fluid such as a refrigerant or water 
flowing through the ducts of the thermal collector part of the 
system. Another flow duct separated by a backplane is situated 
beneath the solar cell to increase the heat absorption of the 
system [21].  The heated water, as a result of the absorption, 
can be transferred to an electric storage tank water heater to be 
reserved, or the thermal level can be increased for household 
use [22].  Photovoltaic–thermal collectors have a high energy 
yield due to simultaneous energy conversion and are more 
efficient when comparing standalone PV modules [23]. 

3.   DISCUSSION 

A. Key Results and Findings 
Table I presents some benefits, limitations, approximate 

install cost, average lifetime and average source efficiency of 
the different technologies in general; this information gives an 
indication on which technologies are well suited for the 
specific case of South Africa. 

B. Impact of WaterHeating Systems on South Africa Energy 
Efficiency Program   
Renewable energies combined with cost saving strategies 

in South Africa have seen increased popularity throughout 
recent years.  Government rebate programs have provided 
large growth in renewable technology implementation, 
especially in solar water heating setups. Unfortunately, Eskom 
the electricity supplier of South Africa and other countries 
have recently halted all rebate programs for the installation of 
renewable energy water heaters such as heat pumps and solar 
geysers since January 2014 [25]. Research in renewable 
energies have improved the efficiency and in turn the 
feasibility of these technologies, so that more consumers can 
reap greater benefits from these systems.  Consumers face 
ever increasing electricity prices and are forced to turn to 
alternative and/or higher efficiency devices if lower energy 
bills are to be expected [26-27].  A large group of South 
Africans still have insufficient education on recent 
developments of alternative energy systems and 
misunderstand the feasibility and potential savings they might 
offer. Information needs to be conveyed to the country’s 

populous on recent developments in order to increase 
awareness.  

4.  CONCLUSION 
     Water heating systems are responsible for more than half of 
the energy consumed in South African households, this is a 
problem feeding the energy crisis in South Africa.  The high 
energy consumption can be accredited to the inefficiency of 
these devices making it unnecessarily expensive to the 
consumer. It is evident that substantial research on improving 
the efficiency of water heating systems for domestic use has 
been carried out.  Furthermore, heat loss reduction and 
prevention studies have also seen considerable improvement 
in current technologies.   
     This paper has conducted a survey of different technologies 
used to heat water for domestic purposes, especially in the 
case of South Africa. Two or more of these technologies 
combined forms hybrid systems to increase the efficiency and 
hot water availability.  It has been found that hybrid systems 
have the potential to lower energy costs and increase 
reliability (if each system can operate independently).  The 
cost effectiveness as well as the ability of hybrid systems to 
produce proper water heating in South Africa have also been 
analyzed and their viability in South Africa was assessed.  It 
has been noted that for the specific case of South Africa, solar 
collector systems seem to overshadow other technologies due 
to its high efficiency and usage of abundant solar resource.  As 
South Africa has the best solar radiation compared to other 
countries, the solar collector as a primary water heater makes 
the most sense. It is expected that a hybrid water heating 
system when managed properly can have extensive savings in 
energy bills as a result. Recommendations for future research 
include optimal energy management of hybrid heat pump 
systems, improvement on South African policies regarding 
renewable energy systems implementation such as solar water 
heaters and other efficient devices needs to be reviewed.  Due 
to Eskom’s cancellation of the solar geyser and heat pump 
rebate program, a decline in energy efficient water heaters 
implementation has been observed. The people of South 
Africa should be able to implement a device that suits their 
geographical and financial needs with the appropriate financial 
assistance from the government in order to reduce the 
dependency on fossil fuels.  The energy awareness in South 
Africa needs to be increased through media and government 
channels in order to mitigate unnecessary energy usage.   
Efficient devices in conjunction with appropriate knowledge 
of the benefits these systems might offer, can decrease the 
severity of the energy crisis that South Africa is currently 
facing and in turn allow South Africans to improve their 
financial situation.  The authors of strongly believe that the 
work presented in this paper would be will be of benefit for 
researchers and engineers in the related field. 
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TABLE I. Discussion 

 
 

 
 
 
 

 
 

 

 

Technologies Comments applicable to South Africa 
Approximate 
install cost 

(ZAR)a 

Average 
lifetime 
(years) 

Source 
Efficiency 

 

Electric storage tank 
water heater 

Hot water is always on tap, however the input energy required is substantial.  This 
has a negative impact on the energy costs to consumers and is not a viable system 
due to the current energy crisis in South Africa. 

2584-3800 13 
 

0.27 

Electric tankless 
water heater. 

Instantaneous water heating method provides virtually unlimited supply of hot 
water.  Due to the high electrical energy consumption and high payback period, this 
system can be deemed unviable. 

2799-4800 10 
 
 

0.3 

Solar water heater 

Hot water availability decreased compared to other water heaters since the sun only 
irradiates the earth at certain intervals (approx. 10 hours per day) in summer and 
winter months.  The upside of this water heater is that the input energy is free and 
abundant in South Africa.   

7000-11598 30 

 
 

1 

Heat-pump water 
heater 

The heat pump water heater has increased electrical efficiency over the standard 
ESTWH (energy in ambient surrounding air supplements the production of hot 
water). Hot water is readily available when ambient air temperature is within 
operating temperature limits.  The only drawback this system has, is the electrical 
input energy requirement. The electrical energy needed is 1 unit input energy in 
order to generate 3 units of thermal energy, making it a feasible option for South 
African residents.  

12000-
18762 13 

 
 
 

0.59-0.70 

Gas fired tankless 
water heater 

This method of heating water ensures instantaneous hot water availability, however 
the gas used for combustion is not free and renewable compared to solar radiation 
energy used by the solar water heater. Due to increasing gas prices, this may not be 
the best alternative for cheaper running energy costs in South Africa 

3984-5597 20 

 
 

0.75-0.90 

Geothermal water 
heating (springs) 

Geothermal springs can supply virtually unlimited amount of hot water at any given 
time.  The source of the water can be questionable and may contain harmful bacteria 

and substances, thus requiring a filtration process. 
The only energy requirement in this type of hot water system is for pumping the 

already heated water to residential buildings for domestic use.  There are only a few 
locations in South Africa where the temperature of the hot springs are over 50˚C 

(suitable for hot water user requirements).  This means that only a small amount of 
the South African population can benefit from this method of water heating. 

N/A Pump 
lifetime 

 
 

Depends on 
 

Pump 

Hybrid 
Photovoltaic/Therm
al (PVT) water 
heater 

The PVT water heater has the benefit of simultaneously heating water and 
converting solar energy into electrical energy.  The electrical energy created by the 
PV panel can be stored for heating water when solar radiation is poor or absent. The 
PV panel is kept cool by the flowing water but solar radiation is lost due to some of 
the water duct components blocking the panel.  Some drawbacks of this system 
include high initial cost and difficulty in reaching desired temperature levels.  The 
majority of South Africans will find it difficult to meet the initial costs of 
implementation for this method, therefore it can be deduced that this method is 
questionable for South African use. 

10000+ 30 

 
 
 
 

1 

Hybrid heat pump 
gas fired water 
heater 

This configuration can be highly efficient with a low input energy requirement, the 
two technologies can work independently from each other, which ensures increased 
reliability. The drawback of this technology is that the energy required is non-
renewable.  Furthermore, the initial costs to implement this system can be very 
high. The objective in South Africa is to move away from fossil fuel consumption 
and keep all costs to a minimum, this method can therefore be seen as unviable.   

15984-  
24359 13 

 
 
 

0.67-0.8 

Hybrid solar electric 
water heater 

This hybrid arrangement ensures hot water at all times. The primary water heater 
(solar water heater) uses solar radiation as its input energy. When solar energy is 
unavailable, it uses electrical energy to heat the water if required.  The secondary 
water heater uses electrical energy which increases operating costs to the consumer.  
This method can be implemented with low cost to the consumer due to the fact that 
the solar collector part can be coupled to an existing ESTWH.  By heating water in 
this way, with the solar collector as the primary heater, this method can be used in 
South Africa and offer more benefits to the consumer. 

16170-
22000 30 

 
 
 
 

1 

Hybrid geothermal 
heat pump water 
heater 

The hybrid geothermal heat pump water heater has a higher efficiency than the 
common air source heat pump. This system requires electrical and geothermal 
energy to heat water.  The initial costs of implementing this arrangement can be 
high due to the underground network of heat exchangers needed. Approximately 
54% of the South African population lives below the poverty line[24], making this 
option overly expensive to implement, thus the running electricity costs increases 
the overall expense. 

19000-
18762 13 

 
 
 

0.53-2.67 
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RAW MILK PRE-COOLER. 
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Abstract: The process of milk cooling in a dairy facility is energy intensive and contributes to about 
20% of the total consumption of the dairy farm. Raw milk is cooled from 35°C to a storage 
temperature of 4°C. As such considerable amount of heat must be extracted from the raw milk during 
the cooling process by the bulk milk cooler (BMC). This paper presents energy management 
opportunities and the potential savings from using a raw milk pre-cooler on a dairy farm. Through an 
energy audit methodology, an economical and low investment method to reduce raw milk temperature 
before final cooling is proposed. Preliminary results depict that the current BMC system consumed an 
average of 2854 kWh per month for the monitoring period. The introduction of a pre-cooler can lead 
to about 50.3% savings on energy consumption which translates to approximately R22,571.96 per 
year. The payback period of 3.5 years was determined using simple payback analysis.   
 
Keywords: Bulk Milk Cooler, pre-cooler, payback period, energy management. 
 
 
 

1. INTRODUCTION 
 

South Africa is the third largest producer of fresh cow 
milk in Africa after Sudan and Kenya [1] and in 2013 
about 3 400 000 tonnes of milk was produced locally. 
According to [2] the country contributes to 0.5% of the 
world’s dairy demand. The South African dairy industry 
constitutes of 60% liquid and 40% milk concentrates [2]. 
The dairy market in South Africa consists mainly of both 
commercial farms and small to medium enterprises. 
However, most dairy farms in the country concentrate on 
raw milk handling and sell their milk to large processors 
who operate on a national basis [3]. In that regard, they 
have raw milk cooling as one of the energy intensive 
processes on the farm. As reported by [4], cooling of raw 
milk accounts for approximately 20% of the total energy 
consumption of a dairy farm. Extensive use of energy in 
the agricultural sector can contribute to greenhouse gas 
(GHG) emission, as such energy management and energy 
efficiency initiatives are of vital importance to the 
industry [5]. Agriculture as a sector is a producer and also 
a consumer of energy thus there can be significant 
contribution either positively or negatively to the 
environment.  Milk production is a fast growing business 
in the world and energy management plays a crucial role 
in profit realisation.  
 
2. OVERVIEW OF THE MILK COOLING PROCESS 
 
Typically, milk from the dairy cows is at a temperature of 
35°C – 37°C. The milk is should be cooled to a safe 
storage temperature of 4°C to prevent any microbial 
activities to occur which cause the quality of milk to 
deteriorate [4;6;7]. This temperature reduction means that 
some heat has to be extracted from the milk within a short 
space of time to make it safe for transportation to 

processing plants. BMCs are used both to cool the milk 
and store it before it can be collected by refrigerated 
trucks to the processing destination or plant. The BMCs 
operate with the utilisation of a vapour compression 
refrigerant cycle, and there are two types which are the 
ice bank (IB) and the direct expansion type. The IB is an 
indirect system which uses chilled water to cool the milk 
in a tank by circulating the water around the bulk tank. 
The direct expansion involves the direct contact of the 
milk to the cooling surface, the evaporator of this system 
forms part of the BMC, and in most cases, it is the lower 
half of the tank. The agitators stir the milk for 
temperature distribution during the cooling process. Milk 
cooling can be achieved through multiple stages to lower 
the cooling load and energy consumption.  
 
There are various initiatives and ways that demand can be 
reduced in dairy facilities [8]. A study by [9] revealed 
that performance of a BMC could be enhanced by waste 
heat recovery from the condenser by using a coil type 
heat exchanger. Pre-cooling of raw milk has been studied 
and savings of 40% have been reported [10]. Even though 
there is limited literature specifically on BMCs some 
work has been done on other refrigeration systems which 
include domestic refrigerators and air conditioners 
[11;12;13]. The top findings from the different studies 
reveal that the performance of the cooling system can be 
improved by using heat recovery systems from Vapour 
Compression Refrigerant Cycle (VCRC). There is 
potential to reduce demand if waste heat recovery 
mechanisms can be used on dairy farms and also lead to 
financial gain to the farmers. This study seeks to ascertain 
the potential of a raw milk pre-cooler in a dairy farm 
regarding energy savings and evaluating its payback 
period using simple payback analysis. 
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3. MATERIALS AND METHODS 

 
An operational dairy farm was used for this study. The 
farm operates with an average of 500 cows, that are 
milking twice daily, i.e. in the morning (AM) and late 
afternoon (PM). Milk cooling and storage on the farm is 
achieved using a 21m3 direct expansion BMC.  The 
methodology for this study was as indicated below: 
 
3.1 BMC Demand Measurements 
 
A data acquisition system (DAS) was built and developed 
comprising of a power meter, temperature sensor and a 
logger to measure the daily demand of the BMC and the 
temperature of the milk delivered to the BMC 
respectively. A Class 0.5S Landis and Gyr meter 
configured to log at 5-minute intervals was used for the 
demand and energy measurements of the BMC. All the 
energy users for the BMC (condensing unit, condenser 
fan and agitators) were metered on the main supply of the 
BMC. A Hobo TMC6-HD temperature sensor used in 
conjunction with the Hobo UX120-006M 4-channel 
analog data logger configured at the same logging 
interval of 5-minutes for the milk temperature 
measurement. The data extracted for the power was 
converted into energy using equation 1 and integrated 
into 30-minute intervals while the milk temperature 
profiles for the AM and PM milking periods was 
averaged into daily profiles. Figure 1 illustrates the actual 
installation of the DAS on the farm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Milk Production Records 
 
Daily farm records were used to compute the daily milk 
production and the number of cows in milking for five 
months (April 2016 – July 2016). The total milk 
production was derived from addition of the morning and 
afternoon milk productions.  Data collected was analysed 
using Matlab software 
 
3.3 Theory and calculations 

 
The following equation gives the electrical energy 
consumed by the BMC for a typical day: 

tPEEC u      (1) 
Where: 
 
EEC = Electrical energy consumption in kWh 
P =Power rating of the BMC in kW 
t = time for cooling and storing milk in hours  
 
Investment appraisal for the pre-cooler was done using 
the Simple payback analysis (SPA). The analysis 
considered the initial purchase cost and installation cost 
of the pre-cooler and the annual savings achieved using 
the pre-cooler.  
 

4. RESULTS AND DISCUSSION 
 
4.1 BMC power consumption and milk production 
 
The power consumption for the period under 
consideration is average to produce an average daily load 
profile for the BMC, shown in Fig 2 Fig 3. The power 
consumption of the system comprised of all the energy 
equipment used in the cooling of the milk for cooling of 
the milk, these are the condensing unit compressor, 
condenser fan and agitators. 

 
 

 
 Figure 3: Average power consumption of the BMC 

Figure 1: Actual Installation of the DAS on a dairy farm 
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Figure 2: Average monthly power consumption of the 
BMC 
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As shown in Fig 2 and 3, there are two distinct peak 
power consumption periods for the BMC. These periods 
(B and D) occur during the morning and afternoon 
milking. The average power requirement of the BMC 
varied between the two milking cycles with the morning 
milking having the highest of  19.07 kW while the 
afternoon milking had a maximum average power of 
17.61 kW. A one way ANOVA test deduced that there 
was no significance in the peak power consumption of the 
BMC during the monitoring period with a p-value = 
0.770 owing to that all the system were operating 
irrespective of the load in the BMC. However, the energy 
consumption increased with an increase in the volume of 
milk delivered to the BMC. The segments labelled A, C 
and E represent the periods during which milk was being 
maintained at the required temperature of 4°C. During the 
storage periods, the power consumption ranged between 
0.12 – 1.1 kW since only the agitators were operating to 
keep the milk in the tank well mixed and maintained at 
the standard set temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variation in energy consumption was owing to the 
volume of milk produced during the two milking periods 
as shown in Figure 3. The average total daily energy 
consumed by the BMC was 95.14 kWh.  It can be shown 
that the volume of milk production on average increased 
over the months from 4.957m3 to 9.88m3 per day. The 
main cause for the increase in the milk volume between 
June and July was mainly due to the increase in the cows 
in milking from 377 - 489. Furthermore, improvement in 
the quantity and quality of feed directly influeneced the 
volume of milk. The average daily milk production per 
day for the cows in milking increased by 19.9% from 
12.98 L/cow/day to 16.22 L/cow/day. A similar trend is 
also seen with the electrical energy consumed by the 
BMC to attain and maintain the set point temperature. It 
can be explicated that the electrical energy consumption 
of the BMC is likely to increase with an increase in milk 
production. Also, it can be inferred that the BMC is 
operational throughout the day either for cooling the raw 
milk or maintaining the temperature at 4°C. The average 

milk production was 3.166m3 and 2.267m3 for the AM 
and PM milking periods respectively. Figures 4 and 5 
illustrates the temperature profiles of the milk delivered 
to the BMC for a randomly sampled 50 observations. 
There was minimum variation between the incoming milk 
temperature for the two milking times. The average 
temperature during the AM milking was 30.94°C with a 
maximum of 33.58°C and a minimum of 29.53°C. It can 
be said with 95% confidence that the mean temperature 
for the AM milking period lies within 30.66°C - 31.19°C. 
The average PM milking temperature was 31.66°C with a 
maximum and minimum of 34.60°C and 29.55°C. The 
findings revealed that for the system under study, during 
the PM milking there is 95% confidence that the mean 
temperature varies between 31.44°C - 31.98°C. The 
slightly lower temperatures recorded in the morning 
might be due to the response of the milk to the stainless 
steel piping since monitoring was conducted in winter. 
Although there was a difference between the AM and PM 
milk temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Average milk production 
Figure 5: AM milk temperature profile 

Figure 6: PM Milk temperature profile 
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4.2 Performance of the existing system 
 
The current system in place on the dairy farm is a direct 
milking to the refrigeration system. Thus milk is 
delivered to the BMC at an average temperature of 29.53 
– 34.50°C and the BMC cools the milk to 4°C. On 
average as indicated in Figure 2 cooling to set 
temperature took approximately 4 hours for both milking 
periods. Figure 6 shows a schematic layout of the existing 
system, where milk is delivered directly to the BMC for 
cooling to take place.  
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Most of the dairy farms in the Eastern Cape Province is 
using this system for their milk cooling [15]. Milk 
leaving the cow’s udder (3) is at a temperature of 35 – 
37°C flows to the milk receiver jar (4). After attaining a 
certain volume, the milk is released to the milk pump (5) 
which pumps the milk through a filter (6) before it enters 
the BMC (7). Though there might be some heat losses 
due to the milk piping, however, there is no substantial 
literature published about the rate of heat loss before milk 
delivery to the BMC. In that regard, an assumption for 
the system shown in Figure 6, states that the average milk 
temperature delivered to the BMC is at 36°C. On average 
the daily thermal energy extracted from the milk was 
196.08 kWh.  
 
 
4.3 Performance of the proposed system 
 
The proposed system operates in more or less the same 
way as the existing system from the milking of the cows 
to when the milk passes through the filter (6). Unlike in 
Figure 6, before the milk enters the BMC it passes 
through a pre-cooler (9) as shown in Figure 8. A pre-
cooler is a heat exchanger which is used to extract heat 
from the milk before final cooling of the product. Pre-
coolers can be tubular or plate type, however, for this 
study, a plate heat exchanger was considered for the milk 
pre-cooling. The reason for selecting the plate heat 
exchanger is based on the cost and also ease in 
maintenance. A plate heat exchanger comprises of thin 
metal plates which are tightly packed together leaving a 
channel between them. The channels form the passages 
for the product and the coolant which are milk and water 
respectively. Heat exchange occurs between the water 
and the milk as they flow in the seperate channels in a 

counter flow direction. The widely used flow ratio are 
1:1, 2:1 and 3:1 as water:milk ratio. An illustration of the 
pre-cooler is given in Figure 8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Previous studies conducted revealed that a pre-cooler 
using ground water as the coolant is capable of reducing 
milk temperature to an average of 19.9°C and can be 
coupled directly to the main water supply to avoid the use 
of a water pump [10]. From a conservative approach 
assuming the milk temperature to be 19.9°C at the same 
average daily milk production, the heat extracted from the 
milk will be 97.43 kWh. The analysis advocates that there 
will be a 50.3% decrease in energy consumption. The use 
of a pre-cooler will enhance the efficiency of the BMC 
and lead to significant reduction in energy consumption.  
 
 
 
 
 
 
 
 
 
 
 
 
 
The preheated water can be channeled to the sanitary hot 
water system where it can be further heated to 70°C for 
use in cleaning the milk contact surfaces. In addition, the 
water can also be used as drinking water for the cows. It 
is worthy, to mention that the pre-heated water can be 
recycled through the use of a hot and cold tanks to 
facilitate reuse of the water during consecutive milking 
periods. 
  
4.4 Simple payback analysis for the pre-cooler 
 
Assuming that the dairy farm is not on the mega flex 
tariff and that a rate of R1.30 per kWh applies. Using a 
conservative approach, the annual energy is given by: 
 

kWh1.3472636514.95  u  
 
 

Figure 7: Existing milk cooling system 
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Figure 9: Proposed milk cooling system 

Milk Inlet 

Milk Outlet 

Water Inlet 
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Figure 8: Milk pre-cooler configuration 
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At 50.3% decrease in energy consumption through the 
use of a pre-cooler, the annual energy is estimated to be  
 

kWh23.17367503.01.34726  u  
 
The energy used in the existing system translates to an 
average of 34.73 MWh annually whereas for the 
proposed system the annual energy consumption can be 
estimated at 17.36 MWh. Estimated Annual energy cost 
for the proposed system will be estimated at  
 
Existing System annual energy cost 

93.143,4530.11.34726 R u  
 
Proposed System annual energy cost 

97.571,2230.105.17363 R u  
 
The annual electricity cost for the two systems is 
estimated at R45,143.38 and R22,571.97 for the existing 
and proposed system respectively. For optimum heat 
exchange between the milk and the water a 2:1 (water to 
milk ratio) pre-cooler heat exchanger is proposed for the 
dairy farm. Through a market survey, on average the cost 
of the pre-cooler including installation was found to be 
R75,000.00.  
 
Using a conservative approach and simple payback 
analysis the payback for the pre-cooler is given by 
 

Years
SavingsCostAnnual

coolereofCost
32.3

96.571,22
000,75Pr

  
�  

 
The payback of the pre-cooler will be about 3.5 years 
based on an annual cost savings of R22,571.96.  
 

5. CONCLUSION 
 
In conclusion, the use of a pre-cooler can go a long way 
in reducing the cooling demand for a dairy farm. The 
potential savings from the precooler has been ascertained 
to be approximately 50.3%. However, it is worth 
mentioning that for optimum pre-cooler operation and a 
pre-cooler needs to be sized according to the daily 
production of milk. Also, it can also be suggested that the 
preheated water be used as water to the geysers which are 
used to heat the water for sanitary purposes, the excess 
water can be cooled down and recycled for the 
subsequent milking period since there are approximately 
8hrs intervals. An extension of this work will be 
performance monitoring of the BMC system with an 
installed pre-cooler to predict the savings through this 
energy efficient initiative accurately. 
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RESIDENTIAL AIR SOURCE HEAT PUMP WATER HEATERS AS 
RENEWABLE AND ENERGY EFFICIENT SYSTEMS 
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Abstract: Inefficient geysers still stand as the most popular and conventional modes of hot water 
production in the country. This study emphasized the used of the data acquisition system housing 
various temperature sensors, power meters, flow meter, relative humidity and ambient temperature 
sensor, to determine electrical energy consumption and useful thermal energy gained by the hot water 
in a 150 l geyser and 150 l storage tanks of the air source heat pump (ASHP) water heaters. The 
results depicted that the average electrical energy consumptions of the summer months for the geyser, 
split and integrated types ASHP water heaters were 312.3 kWh, 111.7 kWh and 121.1kWh, 
respectively. The electrical energy consumption for sanitary hot water production showed an annual 
reduction of 65% and 58.5% by attempting to assess the viability of the split and integrated type 
ASHP water heaters, respectively. Finally, the simple payback period for both the split and integrated 
types ASHP water heater were determined to be 3.9 years and 5.2 years respectively. 
 
Keywords: Split type air source heat pump, Integrated type air source heat pump water heater, 
Geyser, Data acquisition system, Payback period 
 
 

1. INTRODUCTION 
 

The ASHP water heater is an energy efficient device for 
sanitary hot water production. It is capable of using 1 unit 
of input electrical energy to provide 3 units of useful 
thermal output energy, assuming a COP of 3 during vapor 
compression refrigerant cycles. The rest of the useful 
thermal energy emanates from ambient aero-thermal 
energy. Sanitary hot water is set at a threshold 
temperature of 55oC to prevent growth of the bacteria 
(Legionella). Water should be kept at a temperature of a 
minimum of 55°C (optimally 60°C) so that water at the 
outlet points of the hot water storage tank can be above 
50°C within a minute [15]. 
Eskom is the sole supplier of electricity in South Africa 
with more than 90% of its generation coming from coal.  
The global warming potential because of greenhouse 
gases, primarily carbon dioxide, is 510 million tons, of 
which 45% emanates from the generation of electricity 
from coal [3]. In South Africa, domestic energy 
consumption contributed to 15-18% of total energy 
generations and is typically allocated according to the 
proportions of various residential energy devices (water 
heating, 43%, washing machine, 12.3%, stove, 10.2%, 
heater, 9.9%, fridge 8.6% and small appliances, 11.2%) 
[10]. It can be depicted without loss of generality, but 
based on further research that the contribution of energy 
consumption by sanitary hot water production in the 
domestic sector ranged from 40 to 60% depending on 
climatic conditions.  Sanitary, water heating in the 
country is the largest residential consumer of electrical 
energy with up to 50% of the monthly consumption used 
for this purpose [8].   
 
It is worth mentioning that most of the hot water devices 
are the traditional convectional heater (electric geysers) 

with an average energy factor of 0.92 [6].  Interestingly, 
the ASHP water heater is a renewable energy device 
capable of heating water with the majority of the useful 
thermal output energy derived from ambient aero-thermal 
energy [9].  It can provide energy saving in the ranged 
from 50-70%, as the ASHP unit has a coefficient of 
performance ranging from 2 to 4 [7; 1].  The type of hot 
water storage tank for the ASHP water heater is a real 
challenge to the hot water temperature inside the tank.  
Heated water by ASHP of similar volume is at much 
higher temperature in a dual tank than a single tank 
system, but the heat losses are lower for the latter [5].  An 
ASHP unit comprises of evaporator, compressor, 
condenser and thermal expansion valve connected in a 
closed circuit by copper pipes with refrigerant as the heat 
transfer medium.  The thermo-physical properties of the 
refrigerant are a priority in ASHP. Extensive research has 
exploited eco-friendly fluid, replacing R12 
(Dichlorodifluoromethane) and R22 
(Chlorodifluoromethane) because of their high ozone 
depletion potential [14].  The special characteristics that 
present the heat pump with excellent efficiency are its 
coefficient of performance [2].   
In this regard, it is noteworthy that series of researches 
have effectively evaluated heat pump water heater 
performance. Also, a dynamic model of an ASHP water 
heater was designed to achieve optimal energy 
management in a test room [4].  In a bid to avoid 
constraint on the national grid during peak hours, Eskom 
targeted rolling out more than 65 500 ASHP up to March 
2013 under a residential rebate scheme to achieve a 
demand reduction of 54 MW [11]. The projected annual 
cost saving by the implementations of ASHP water 
heaters as retrofits to existing geysers were determined 
using the Eskom mega flex tariff [12]. Eskom 
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unfortunately stopped the rebate schemes at the end of 
2013 due to lack of funding. However, a substantial need 
for demand side management still exists due to the 
continuously growing strain on the national grid [16]. 
Residential ASHP water heaters are reliable and 
renewable energy technology for sanitary hot water 
production with a viable technoeconomic potential [11]. 
The avoided annual water and carbon dioxide reduction 
by the energy efficiency intervention were evaluated 
using the South African national energy regulation 
(NERSA) and Eskom statistics for the emission factors 
[12]. This research elaborates the use of the various 
sensors and transducers housed by the data acquisition 
system (DAS) to monitor the hot water consumption 
under simulated controlled volume of hot water drawn 
off, using a convectional electric heater (150 l geyser) 
and a 150 l split and integrated types ASHP water heaters 
installed at the research centre of the Fort Hare Institute 
of Technology, University of Fort Hare. The emphasis of 
the research was on the demand reduction, energy and 
cost saving achieved by the implementation of both types 
ASHP water heaters [15].  
 

2. CATEGORIES AND TYPES OF ASHP UNITS 
 
All 65,580 ASHP water heaters targeted in the rollout 
were classified into two broad categories; integrated (add-
on) and split type (retrofit). Both exist in two modes; with 
an auxiliary element as backup, or without a backup.  The 
two types could be grouped as single passed or 
recirculation.  The single passed type ensures ASHP inlet 
water reach a set point temperature before exiting the 
ASHP outlet.  The recirculation type is a multiple-passed 
system where ASHP inlet water undergoes continuous 
circulation before reaching set point temperature.  The 
integrated type has better and higher COP than the 
retrofitted due to larger parasitic losses in the latter and 
also provided both types do not make use of a backup 
element. The retrofitted types are more reliable and 
stable. The targeted 65,580 residential ASHPs to be 
rollout by ESKOM were divided into two categories 
(category 1 and category 2). It is of great important to 
mention that the category 1 which constituted of small 
tank size systems made up 51,186 of the total systems. 
The total number of small tank size residential split and 
integrated types ASHP systems were 46,067 and 5,117, 
respectively. Furthermore, 55% of this number was 
allocated to the 150 l tank size ASHP systems. The 150 l 
ASHP systems were divided into split type residential 
ASHP units and the integrated type ASHP water heater 
and the allocated intended number to be installed were 
25,337 and 2,815 respectively.  The research focused on 
the 150 l ASHP systems because of the huge potential of 
demand and energy saving anticipated to be achievable 
by replacing or retrofitting the existing geysers with these 
energy efficient devices. Finally, the research also 

provides justifiable reasons of the viability of ASHP 
water heaters on the basis of payback periods. 
 

3. MATERIALS AND METHODS 
 

The DAS comprised of three quality track analyzers, one 
hobo U30-NRC data logger, one relative humidity and 
ambient temperature sensor, six temperature sensors, one 
flow meter and a 100 l calibrated water container.  The 
quality track analyzer is a single-phase power meter with 
a built-in data logger. The logger is configured to log the 
active,reactive and apparent power of each hot water 
heating device with a one-minute interval. It also 
measured the power factor of the hot water systems. A 
temperature sensor was installed close to the geyser hot 
water outlet pipe, another to the inlet of the cold water 
pipe.  The remaining temperature sensors were connected 
to the inlet water pipe, outlet water pipe of the split and 
integrated types ASHP. A flow meter was installed 
adjacent to the temperature sensor connected in close 
proximity to the split type ASHP unit, thus measuring 
water flowing into the ASHP as well as the volume of 
water heated by the ASHP.  The relative humidity and 
ambient temperature were measured by a relative 
humidity and an ambient temperature sensor.  All 
temperature sensors and flow meter were integrated with 
electronic input pulse adapters which converted analog to 
digital signal to eliminate errors that could have been 
introduced in the analog signal as noise. All the sensors 
and transducers were housed by a U30-NRC 15 channel 
data logger which was configured to log every minute. A 
100 l calibrated water container with graduation of five 
liters was used to measure the volume of hot water drawn 
off from each tank of the hot water heating devices. The 
volume of 150 l, 50 l and 100 l of hot water were drawn 
daily, from the geyser, split and integrated type ASHP 
water heaters in the morning, afternoon and evening 
respectively. The hot water set point temperature for each 
of the technology was 55oC. The systems were all 
configured to start running after completion of the 
specific hot water drawn off at the same time. The 
experiment was conducted for 12 months (October 2015 
– September 2016). The figure 1 shows the installations 
of the hot water systems and DAS designed and 
constructed to monitor the various hot water demand and 
energy consumptions. 
 
 
4. THEORY AND CALCULATIONS 

 
The electrical energy consumed of the geyser and ASHP 
water heaters was given by equation 1. 
 

PtE        (1) 

Where  

             P = active electrical power in kW 
             t = Time in hour (h) 
            E = Electrical energy consumption in kWh 
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The power factor (PF) of the geyser and the ASHP water 
heaters was given by equation 2.    

powerApparent
powerActivePF      (2) 

Where 

                Active power was measured in kW   
                Apparent power was measured in kVA 
 
The coefficient of performance of the ASHP water 
heaters was given by equation 3. 

inE
outQ

COP       (3) 

Where 
          Qout = output useful thermal energy gained in kWh 
          Ein = input electrical energy in kWh 
 

The simple payback period of the ASHP water heaters 
was determined by equation 4. 

� � tarrifsavingenergyAnnual
tcosCapitalSPP

u
   (4) 

Where 

          SPP = Simple payback period 
 

5. RESULTS AND DISCUSSION 
 
5.1 Average daily energy consumption and COP 
 
The table 1 shows the average daily energy consumptions 
(electrical ( E ) and thermal ( Q )) and the coefficient of 
performance (COP) of the three hot water heating 
technologies. It should be noted that the total daily 
volume of hot water drawn off for both the summer and 
winter seasons was 300 l.  The drawn off was controlled 
such that a volume of 150 l, 50 l and 100 l were drawn in 
the morning, afternoon and evening period. 
 
Table 1: Average daily energy consumed and COP 
 
System Season P/kW E/kWh Q/kWh COP 
Geyser 
 

Summer 2.40 10.31 10.31 1.00 

Integrated 
ASHP 

Summer 0.92 3.99 10.31 2.69 

Split  
ASHP 

Summer 1.25 3.69 10.31 3.04 

Geyser 
 

Winter 2.40 13.59 13.59 1.00 

Integrated 
ASHP 

Winter 0.87 6.00 13.59 2.26 

Split  
ASHP 

Winter 1.20 4.66 13.59 2.86 

The COP of the split type ASHP had a better year round 
performance of 2.95 as opposed to the COP of 2.48 for 
the integrated ASHP water heater. The maximum power 
consumption during the heating up cycles for the summer 
and winter periods as per the geyser was 2.5 kW and for 
the split type ASHP water heater was 1.50 kW and 1.40 
kW. Also, the maximum power consumption in the 
summer and winter seasons with regards to the integrated 
ASHP water heater was 0.92 kW and 0.87 kW. These 
three hot water heating technologies had an excellent 
power factor of about 0.98 all year round.  
 
5.2 Typical summer and winter performances with time of  
      hot water use drawn off 
 
The table 2 shows the typical summer and winter daily 
average power (P), energy consumptions (E), mean 
ambient temperature (Ta) and relative humidity (Rh ) for 
the 50 l, 100 l and 150 l hot water drawn off (Vd) 
scenarios of each hot water technology. 
 
Table 2: Typical daily time of use systems performance 
 
System Time Season Vd/ 

l 
E/ 
kWh 

Ta/ 
oC 

Rh/ 
% 

Geyser 
 

MN Summer 150 4.42 22.95 57.00 

Integrated 
ASHP 

MN Summer 150 1.40 22.97 57.10 

Split  
ASHP 

MN Summer 150 1.34 23.40 55.66 

Geyser 
 

AF Summer 50 1.78 29.60 36.88 

Integrated 
ASHP 

AF Summer 50 0.86 29.60 36.88 

Split  
ASHP 

AF Summer 50 0.81 29.53 36.73 

Geyser 
 

EN Summer 100 3.67 23.27 67.66 

Integrated 
ASHP 

EN Summer 100 1.57 23.27 67.66 

Split  
ASHP 

EN Summer 100 1.43 22.55 71.53 

Geyser 
 

MN Winter 150 6.06 16.14 78.85 

Integrated 
ASHP 

MN Winter 150 2.28 16.14 78.85 

Split  
ASHP 

MN Winter 150 1.94 17.29 72.26 

Geyser 
 

AF Winter 50 2.48 12.13 76.44 

Integrated 
ASHP 

AF Winter 50 1.56 12.13 76.44 

Split  
ASHP 

AF Winter 50 1.06 12.64 73.66 

Geyser 
 

EN Winter 100 4.64 15.07 84.04 

Integrated 
ASHP 

EN Winter 100 2.00 15.07 84.04 

Split  
ASHP 

EN Winter 100 1.54 13.55 88.58 

MN = Morning , AF = Afternoon  and EN = Evening 
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It can be depicted from table 2 that during the summer 
period, the average ambient temperature (25.24 oC) was 
higher while the average relative humidity (54.12 %) was 
lower compared to the winter period average ambient 
temperature (14.46 oC) and relative humidity (79.24%) 
during the period of the heating cycle process after hot 
water drawn off. The favorable average ambient 
condition during the summer season was responsible for 
the lesser energy consumed by each of the hot water 
device compared to the average winter performance. The 
typical average daily power consumption of the summer 
period for the geyser was 2.4 kW and was practically 
equal to that of the average daily power consumption for 
winter. The average daily energy consumption of the 
geyser was higher in the winter (13.18 kWh) compared to 
that of the summer period (9.87 kWh). The typical 
summer daily power consumption of the integrated and 
split type ASHP water heaters (0.90 kW and 1.27 kW) 
were higher than that of the winter power consumption 
(0.87 kW and 1.20 kW), respectively. It should be alluded 
that the typical average daily energy consumptions of the 
split and integrated type ASHP water heaters for the 
summer period (3.58 kWh and 3.83 kWh) were much 
lower to that of the winter period (4.54 kWh and 5.84 
kWh) respectively. 
 
5.3 Annual  consumption and emission avoidance 
 
The figure 2 shows the monthly energy consumptions 
throughout the year (from October 2015 to September 
2016) of the geyser, the split and integrated types ASHP 
water heaters. The monthly electrical energy consumption 
of the geyser ranged from 299.08 kWh to 421.22 kWh. 
The minimum electrical energy consumption occurred 
during the summer seasons and the maximum electrical 
energy consumed occurred during the winter periods. In 
addition, the total annual energy consumption of the 
geyser was 4.27 MWh. The minimum monthly energy 
consumption of the integrated and split type ASHP water 
heaters was 115.94 kWh and 106.92 kWh, respectively 
and these also occurred during the summer month 
(February 2016). It can also be deduced from the bar 
plots that the maximum electrical energy consumption of 
the integrated and split type ASHP water heaters occurred 
during the winter month (May 2016) and was 186.14 
kWh and 144.61 kWh, respectively. The annual electrical 
energy consumption of the integrated and split type 
ASHP water heaters was 1.766 MWh and 1.495 MWh. 
The annual electrical energy saving by replacing the 
geyser with the integrated ASHP water heater would be 
2.499MWh. The annual electrical energy saved by 
retrofitting of the geyser with a split type ASHP unit 
would be 2.770 MWh. The projected combined annual 
electrical saving for the 25,337 of the 150 l split type 
ASHP water heaters and the 2,815  of the 150 l integrated 
type ASHP water heaters would be 77.22 GWh with a 
potential demand reduction of 33.94 MW. The 
application of the emission factor of carbon dioxide of 
1.07 kg and water saving factor of 1.46 kl, revealed that 
the avoided carbon dioxide reduction of the both 

integrated and spit type ASHP water heaters would be 
112,734.90 kl of water saved and 82620.79 kg of 
carbondioxide emisson  avoidance. The water saving is 
an indirect saving at Eskom generation as a result of 
lower energy generation and not an actual water saving 
by the ASHP system. 
  
5.4 Determination of the payback periods  
 
Vividly, the payback period is an economic analysis of a 
technology in a bid to assess its viability in retrospect to 
its capital cost and to some extent, the maintenance cost. 
A product can be considered viable provided both the 
lifespan and payback period are favorable. The payback 
period could also be greatly impacted by the increase in 
electrical energy tariff price. The residential ASHP water 
heaters have a lifespan of close to 15 years with 
negligible once off cost of maintenance of the filters 
(strainer) and capacitors after 5 years or more depending 
on the water quality [11]. The simple payback period for 
the both ASHP water heaters was evaluated using the 
Eskom flat tariff of R1.30 for 1 kWh of the electrical 
energy saved. The payback period for the split and 
integrated type ASHP water heaters was also calculated 
using an annual increase in the tariff rate of 15%. It’s 
very important to highlight that the capital cost of the 
split type ASHP unit and the integrated type ASHP water 
heater together with the installations was R14, 000.00 and 
R17, 000.00, respectively. The annual electrical energy 
saving by retrofitting the geyser with the ASHP unit was 
2.77 MWh and the cost saving was R3,600.00. The 
simple payback period and the payback period inclusive 
of electricity tariff hikes was 3.9 years and 3.3 years 
respectively. The figure 3 demonstrates the simple 
payback period derived from the analytical calculation 
and the payback period due to tariff hikes from 
computational economic analytic methodology. The 
individual stacks bar plots on the figure 3 shows both the 
cumulative annual cost saving (bottom – blue color bar) 
and the consecutive yearly cost saving (top – brown color 
bar). The cost saving labelled by the text arrow (14000) 
correspond to the capital cost of the residential ASHP 
system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Shows payback analysis of split ASHP  
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The annual electrical energy saving by replacing the 
geyser with the integrated type ASHP water heater was 
2.50 MWh and the cost saving was R3,248.00. The 
simple payback period and the payback period inclusive 
of electricity tariff hikes was 5.2 years and 4.1 years, 
respectively. The figure 4 illustrates the simple payback 
period obtained from the analytical calculation and the 
payback period due to tariff hikes from computational 
economic analytic methodology. The cost saving labelled 
by the text arrow (17000) correspond to the capital cost 
of the residential ASHP system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Shows payback analysis of integrated ASHP  
 

6. CONCLUSION 
 
It could be affirmed that retrofitting or replacing of 
existing geysers to ASHP systems (split or integrated 
type) can provide a permanent solution on potential 
demand and electrical energy reduction. Hence, 
contributing in minimizing the constraint on the Eskom 
national grids. Both types of ASHP water heaters are 
viable technologies for sanitary hot water heating with a 
favorable payback period. The ASHP water heater could 
perform with a COP of over 2 all-round the year, but with 
a better performance during the summer period. 
Although, the ASHP water heater COP was lower during 
the winter season, both the amount of electrical energy 
consumption and the projected electrical energy saving 
was higher during the winter period. Furthermore, the 
implementation of the ASHP water heaters could lead to 
both water saving and carbon dioxide emission reduction 
which can be determined from the achievable electrical 
energy saved. Even with the stopped of Eskom rebates, 
the payback period of ASHP systems remains favorable. 
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Figure 2: Shows the bar plots of the annual electrical energy consumed of the three technologies 
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Figure 1: Shows the installations of the different hot water technologies and the DAS 
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BEST OPERATION TIME OF AIR SOURCE HEAT PUMP WATER 
HEATERS FOR OPTIMAL ENERGY MANAGEMENT. 
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Abstract: Air source heat pump (ASHP) water heater though energy efficient relies on ambient 
conditions and hot water usage pattern to achieve its best performance. The variant nature of ambient 
conditions and hot water needs therefore imposes a constraint on the user regarding the best operation 
time. In this work, the performance evaluation of a split-type ASHP water heater relative to the time of 
use and volume of hot water drawn is carried out with emphasis on the coefficient of performance 
(COP) and the performance of the condenser. It resulted that, the total heat losses during the complete 
heating up cycle ranges from 14.3 – 19.6% and 13.5 – 21% of the heat rejected by the refrigerant during 
summer and winter respectively. More specifically, the condenser heat losses can be over 2 times lower 
during the morning compared to the afternoon and evening heating up cycles while the COP is higher 
with large volumes of hot water drawn with a relatively higher COP achieved during the morning hours. 
 
Key words: Split-type air source heat pump water heater, energy management, condenser heat losses, 
coefficient of performance. 
 
 
 

1. INTRODUCTION 
 

For the past years, energy efficiency has been at the centre 
of all energy forums worldwide purposely to face the 
challenge of sustainable energy. South Africa is a 
developing nation with significant heavy industry, which 
is by its nature energy intensive. The need for energy 
efficiency projects is therefore undeniable as it brings 
along environmental, economic and social benefits of 
which the most tangible could be seen through greenhouse 
gas emission reduction, alleviation of fuel poverty and 
even human health [1]. In the course of aligning demand 
side management (DSM) incentives to national energy 
efficiency goals, a mass roll out of 65,580 air source heat 
pump (ASHP) water units was initiated in order to provide 
a sustainable solution for hot water production in the 
residential sector where conventional water heating 
technologies account for over 45% the total energy 
consumption [2]. ASHP water heaters are energy efficient 
technologies with the potential of saving over 67% of 
energy compared to conventional geysers [3] but then, still 
offers the possibility for a better and more efficient 
operation their performance is condition by the ambient 
conditions and more likely by the customer’s usage 
pattern.  
 
Next to compressors, proper design and selection of 
condensers and evaporators is very important for 
satisfactory performance of any refrigeration system.  
Similarly the dynamics of a vapour compression system is 
assumed to be dominated by the dynamics of the heat 
exchangers, since those of the actuator components are 
much faster. Shenglan et al. [4] developed a generic 
dynamic heat exchanger model for transient and steady 
state simulation based on moving boundary approach 
which could help in the creation and customization of heat 
exchangers with any level of complexity. Wei et al. [5] 

studied heat exchangers of single and multiple tube rows 
and concluded that temperature and relative humidity of 
air, flow rate of air, refrigerant temperature, and row 
number are parameters that all affect the heat transfer 
performance. In the same line, extensive work has been 
done to provide details about the factors influencing the 
performance of heat exchangers  [6,7] and even more to 
provide simulation platforms for design and performance 
visualization [8] though with little consideration to ASHP 
water heaters specifically. 
 

2. THEORY OF HEAT EXCHANGERS 
 
Heat exchangers are devices used to transfer heat between 
two or more fluid streams at different temperatures. In 
evaporators, the liquid refrigerant evaporates by extracting 
heat from an external fluid (low temperature heat source). 
The low temperature vapor and liquid mixture is usually 
slightly superheated before it leaves the evaporator and 
enters the compressor. At the condenser level, the 
refrigerant rejects heat to an external fluid (heat sink) by 
condensation. The condenser of the residential split-type 
ASHP water heater under investigation is of the shell-and-
tube type heat exchanger with counter flow arrangement. 
Shell-and-tube heat exchangers offer several advantages 
over their counterparts such as wide range of pressures and 
pressure drops, inexpensive accommodation of thermal 
stresses and the ease of repair and maintenance [9]. 
 
The heat transfer process at the heat exchanger can be 
summarized by the following equations based on 
fundamentals of thermodynamics and fluid mechanics. 
 

� �12
.

 cc m   Q cc hh �                                                                  (1) 

� �21
.
h h m   Q hh hh �                                                                  (2) 
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Where, mc and mh are the cold and hot fluid masses 
respectively while h1 and h2 refer to the inlet and outlet 
fluid enthalpies. Qc and Qh refer to the heat gained by the 
cold and hot fluid respectively. The goal of heat exchanger 
design is to relate the inlet and outlet temperatures, the 
overall heat transfer coefficient, and the geometry of the 
heat exchanger, to the rate of heat transfer between the two 
fluids. In the eventuality of heat losses at the condenser, 
this could be easily computed by from equations 1 and 2 
by 
 

ch   loss  Q- Q  Q                                                        (3) 
 

3. EXPERIMENTAL SETUP AND DATA 
ACQUISITION SYSTEM 

 
The system under investigation was a 1.3 kW split type 
ASHP water heater retrofitting a 150l geyser with R417A 
as the primary fluid. The DAS comprised of a power meter 
with inbuilt logging capabilities configured to log every 5 
minutes interval, a flow meter installed on the pipe 
supplying water to the ASHP unit, eight temperature 
sensors installed to capture the full thermal dynamics of 
the vapour compression refrigeration cycle (VCRC), an 
ambient temperature and a relative humidity sensor and a 
U30-NRC hobo data logger configured to log every 5 
minutes interval. The temperature sensors were connected 
to the data logger as shown in figure 1. The experiment 
consisted in a benchmark performance evaluation with 
controlled hot water scenarios carried in the morning 
(06:00-09:00 am), afternoon (12:00-14:00 pm) and 
evening (17:00-20:00 pm). The experiment was repeated 
for a 50 L, 100 L and 150 L draw scenarios. 
 
The refrigerant mass flow rate in the closed-loop VCRC 
cycle was computed using the linear regression model 
developed by Takuya et al. [10] as shown in equation 4 and 
5. 
 

10 2-9.65   T10 482.3 T10 3-3.87  G dsu u��u�u             (4) 
 

VGur u 
.

m                                                                        (5) 
 

Where V is the compressor displacement, Ts and Td are the 
compressor suction and discharge temperatures 
respectively and mr is the mass flow rate of the refrigerant. 
After computing the refrigerant mass flow rate, we can 
therefore accurately determine the useful thermal output in 
terms of heat gained by water. This in turn is crucial in 
computing the COP from equation 6. 
 

E  input,  Electrcial

Qw  Output,  Thermal  Useful
    COP                                      (6) 

 
Where Qw is the thermal heat gained by water and E is 
the total electrical energy consumption of the entire 
ASHP unit. 

 

 
 

Figure 1: Installed Data Acquisition System on Heat 
Exchangers 

 
Table 1: ASHP water heater Specifications [11] 

 
Designation Specifications 
Compressor Type Rotary Compressor 
Compressor Displacement 80.4 cc/rev 
Refrigerant Type 417A 
Electric Source 1ɸ 230 V 
Condenser Type  Shell-and-tube type 
Evaporator Type Finned-Tube 

 
All through the phase collection of the results, it was 
assumed that the refrigerant as well as water inside the 
condenser tubes all flow in one dimension. The tubes 
geometry was considered long, thin, uniform, horizontal 
and a uniform temperature distribution along their surfaces 
 
4. EXPERIMENTAL RESULTS AND DISCUSSIONS 
 
The initial projected thermal performance of the heat 
exchangers is critical at the design stage where a good 
number of unknowns have to be adjusted like the total heat 
transfer area, mean transfer rate across the condenser, the 
overall heat transfer coefficient or even the mean 
temperature difference. In this experiment, we evaluated 
through simple computations the thermal energy gain at 
the evaporator, the total rejected heat at the condenser (heat 
duty) as well as the heat absorbed by the cold fluid (water). 
 
Figures 2 and 3 show the ambient temperature profiles for 
both seasons of summer and winter respectively during the 
morning, afternoon and evening heating up cycles (all hot 
water draw scenarios combined). Throughout the 
experiment, ambient temperatures in summer attained 
average values of 18.94 ºC and 26.54 ºC during the 
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morning and afternoon heating up cycles respectively 
while sitting at around 13.51 ºC and 22 ºC in winter during 
the morning and afternoon respectively. 
 

 
Figure 2: Summer Average Ambient Temperature Profile 
 

 
Figure 3: Winter Average Ambient Temperature Profile  

 
As predicted by the multiple linear regression model 
developed by Tangwe et al [12] correlating the COP of a 
residential ASHP to a set of selected predictors, it was 
revealed that the volume of hot water heated up is a 
primary factor. Figures 4 and 5 show the average COP 
profiles for each draw scenario alongside with average 
ambient temperature during the entire heating up cycle. It 
can be deduced that, higher COP are reached during huge 
hot water draws though greatly influenced by the ambient 
conditions as well. 
 
Despite the difference in magnitude of the COP for both 
seasons of summer and winter, it however exhibits similar 
profiles with respect to the volume of water heated up as 
well as the time of use of the system. The ASHP water 
heater seems to perform best during the morning followed 
by the evening draws and lastly in the afternoon though 
other factors like the cold inlet water temperature could 
also play a significant role. 

 
Figure 4: Summer average COP Profile against Volume 

of Water Heated up 
 

 

 
Figure 5: Winter average COP Profile against Volume of 

Water Heated up 
 
Table 2 therefore depicts that, it could be possible to 
achieve best COP values in the morning heating up cycle 
provided, the volume of hot water drawn is high. This 
could be ideal for a house with many occupants where 
most activities requiring hot water are carried out in the 
morning and little in the afternoon.  
 
However, a closer look at the performance of the 2 heat 
exchangers (evaporator and condenser) shows that, not all 
the heat gained during the VCRC cycle is effectively 
harnessed by water. Some of the heat rejected by the 
refrigerant R417A (at the condenser) is lost along the 
copper pipes, natural convection and thermal heat 
exchanger with the environment due to air leaks. Analysis 
showed that, heat losses during summer and winter are 
highest in the afternoon with average values of 19.6% and 
21% respectively. 
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Table 2: COP Variation with Volume of Hot Water and Time of Use 

 

Volume of Water Heated/ Litres 
COP 

Summer Winter 
Morning Afternoon Evening Morning Afternoon Evening 

150 3.63251 3.54005 3.28997 2.82784 3.08308 2.90442 
100 3.24688 3.22278 3.01557 2.49217 2.53084 2.57326 
50 3.35890 2.82363 3.41383 3.14491 2.20786 2.78749 

 
 
 

 
 

 
 

Figure 6: Summer Thermal Energy Profiles 
 
Analysis of the heat exchangers shows that the thermal 
energy gain at the evaporator is higher during the afternoon 
heating up cycle (subplot 3 of figure 6). This is as a result 
of the sensible heat gain which increases almost in direct 
proportion to ambient temperature (highest in the 
afternoon). The refrigerant heat content is therefore 
highest during the afternoon (subplot 1 of figure 6) 
enhanced the high evaporator heat gain at this time. 
Unfortunately, the total heat duty and consequently the 
heat absorbed by water is lowest in the afternoon (subplot 
2 of figure 6).  This is explained from the fundamentals of 
heat transfer whereby the driving force for heat transfer is 
the difference in temperature levels between the R417A 
(hot fluid) and water (cold fluid). As a result, a reduced 
amount of heat is effectively transferred to the water 
during the afternoon heating up cycle as compared to the 
morning where the wider temperature lift optimizes the 

heat transfer process (heat loss profiles in subplot 4 of 
figure 6). 
 
The thermal performance of the two heat exchangers 
(condenser and evaporator) exhibit very similar profiles 
though with reduced overall performance during winter as 
depicted in table 3 which could be attributed to the 
relatively high ambient temperatures in summer compared 
to winter all other conditions being equal. This therefore 
reveals the contrast between the two heat exchangers 
whereby the evaporator performs best during high ambient 
temperatures while the condenser performs best with low 
initial secondary fluid temperatures. This could help 
manufacturers to device a method to levy the constraint of 
both heat exchangers in a bid to boost the global 
performance of the entire heat pump unit. 
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Figure 7: Winter Thermal Energy Profiles 

 
Table 3: Condenser Average Thermal Performance Parameters
  

Average Thermal 
Energies 

Summer Winter 
Morning Afternoon Evening Morning Afternoon Evening 

Rejected Heat/kWh 0.43675 0.52936 0.48451 0.34360 0.50139 0.39883 
Heat Absorbed by 

Water/kWh 0.30397 0.26899 0.29619 0.25389 0.23844 0.24721 

Heat Loss/kWh 0.14614 0.26231 0.19137 0.10260 0.26324 0.15286 
 
The effect of the performance of heat exchangers on the 
overall performance of the ASHP water heater measurable 
through the COP is therefore undeniable. The evident 
contribution of ambient conditions on the performance of 
heat exchangers can therefore be linked directly to the 
cooling water inlet temperature, the condenser and 
evaporator thermal load and even the condenser cooling 
area. The analysis though limited to ambient conditions 

could however be extended the flow configurations, the 
amount of air leaking into the condenser, the refrigerant 
mass flow rate and the thermo-physical properties of 
R417A. 
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5. CONCLUSION 
 

The performance of the shell-and-tube exchanger is 
negatively affected by heat losses which account for over 
21% of the total heat rejected by the refrigerant during a 
typical heating up cycle. Moreover, the performance of the 
condenser is best during the morning where heat losses are 
minimal as a result of a higher temperature difference 
between the two fluids as compared to the afternoon. In 
spite of the fact that ASHP water heaters generally perform 
better during summer, average winter heat losses profiles 
could serve as baseline in the performance evaluation of 
the heat exchangers from which a benchmark work could 
be carried out to assess the influence of other heat loss 
factors like the entrance, core and exit losses as result of 
pressure drops and friction along the pipes. The total 
volume of hot water utilized also plays an important role 
on the performance of the ASHP water heater as a higher 
volume of water heated in the morning will tend to induce 
a higher COP while lowest in the afternoon.  
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Abstract: This paper intends to perform an energy based comparative analysis between space 
conditioning devices, which includes a heater and fan with a domestic split-type air conditioner. This 
comparative analysis seeks to demonstrate and improve on the awareness of the available long term 
benefits as well as electrical energy and water savings achievable upon replacing a heater and fan 
with a split-type air conditioner. The analysis was achieved by monitoring and comparing the 
performance in terms of energy consumption of the space conditioning devices for a 107.5 m3 living 
room of residential home in Alice, Eastern Cape, South Africa. The result of the analysis portrayed a 
52.9 % total annual energy savings for space conditioning, which is equivalent to 1,714.41 kWh and 
R2,228.9. Associated to the energy savings is 52.9 % annual water saving, annual reduction in CO2, 
SOx and NOx emission. Hence, the replacement will significantly contribute to demand reduction. 
 
Key words: Air conditioner, energy, heater, fan, COP, winter monitoring time interval, summer 
monitoring time interval, cooling, heating 
 
 
 

1. INTRODUCTION 
 

As of the year 2011, 93% of South Africa’s electricity 
was being generated from coal and the other 7% from 
other sources like fuel, hydro and others [1]. Depending 
solely on coal for electricity production is suicidal 
primarily because coal is an exhaustive source of energy. 
It has been proven that the coal reserve in South Africa 
can last only for 150years. Secondly, utilising coal as a 
source of electricity is dangerous to the health due to the 
liberation of greenhouse gases (GHG) like NOx and SOx 
and also dangerous to the environment due to the 
liberation of CO2, which is the primary factor and 
causative agent of global warming and climate change. 
This accounts for reasons why South African electricity 
utility company, Eskom, was once named to be the 
second in the world with the highest amount of Carbon 
footprint after India [1]. This production of electricity 
also has a negative effect on water consumption as 
Eskom energy generation contributes 2% to the annual 
South African fresh water consumption. As a result of 
these reasons, increase in electricity demand will not only 
increase constrain on the national grid but will also foster 
deterioration of the climate as well as make water, which 
is already in short supply much scarce. It is in a bid to 
combat these adverse effects that Eskom embarked on a 
“do much with little” strategy by introducing the 
Integrated Demand Management Program (IDM) and 
creating or enhancing the awareness on the benefits of 
utilising energy efficient technologies as well as avoiding 
energy wastage. 
 
The domestic sector happens to be the second largest 
energy consuming sector in South Africa. In 2006, it was 

realised that this sector consumes about 20.4% of the 
total electrical energy produced in South Africa [2]. Over 
the years, this percentage is increasing as the population 
increases. About 16% of this energy is used for space 
conditioning [3]. The desire for space conditioning will 
increase as the population increases and as the climate 
change rate keeps increasing; hence increase in electrical 
energy consumption based on space conditioning devices. 
With this increase in energy, it will make it difficult for 
10% demand reduction in the residential sector to be 
achieved [4]. As such, it is necessary to ensure that the 
right technology, which is energy efficient, is used for 
space conditioning to prevent energy wastage. 
 
Electric heaters and fans, which could also be referred to 
as traditional space conditioning devices have been noted 
to have a maximum efficiency of 100% or a coefficient of 
performance (COP) of at most 1. This is not the case for 
air conditioners, which perform both heating and cooling 
and have efficiency in the range of 200% - 400% or a 
COP in the range 2 – 4. Yet the purchase and installation 
of ACs is still increasing shyly as compared to the 
traditional space conditioning devices probably because 
of less information about the advantages of the latter 
system despite its high cost of purchase and installation. 
As such, this paper intends to enhance awareness on the 
underlying long term benefits and potential energy 
savings, water savings, GHGs and CO2 emission 
prevention potential available upon replacement of an 
electric heater and fan with a domestic split-type air 
conditioner (AC) by performing a yearly electrical energy 
consumption comparative analysis between the traditional 
space conditioning devices and an AC. The AC choice in 
this case is a split-type AC because according to Theo et 
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al in 2015, they reported that the split-type AC is the 
most penetrative AC type in the South African market 
with its installation increasing by 18% between 1999 and 
2013  [5]. 
 

2. FUNCTIONAL PRINCIPLE OF THE DEVICES 
 
4.1 Air conditioner(AC) 
 
AC systems as opposed to common knowledge can be 
used for heating, cooling, dehumidification and drying. 
They can also be referred to as “renewable space 
conditioning devices” because a portion of the thermal 
energy they make available to the room to be conditioned 
comes from the outdoor air while the other part comes 
from electrical energy. A split-type AC in particular has 
both an outdoor and an indoor unit. It performs multiple 
functions with the aid of a four way reversing valve. This 
valve has the ability to make the outdoor heat exchanger 
act as an evaporator or condenser based on the mode of 
operation.  
 
During summer, when the AC is needed for cooling, the 
outdoor heat exchanger acts as the condenser whereas 
during winter or heating mode, the outdoor heat 
exchanger acts as the evaporator while the indoor heat 
exchanger acts as the condenser. Split-type AC operate 
based on the vapour compression refrigeration cycle 
(VCRC). In this cycle, during the heating mode, the 
refrigerant in the evaporator, gains thermal energy from 
the surrounding outdoor air, evaporates and become a 
saturated vapour as it exits the evaporator into the 
compressor. Due to the pressure difference between the 
suction and discharge line, the temperature and pressure 
of the vapour refrigerant is further increased and the 
saturated vapour refrigerant gets into the condenser, loses 
thermal heat to heat up the room space and exits the 
indoor unit as a saturated liquid. It flows into the 
evaporator passing via the expansion valve where its 
temperature and pressure is further dropped. In winter, 
the cycle is reversed. Figure 1 is a schematic diagram of a 
split-type AC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Block diagram of split-type AC 
 
 
 

4.1 Heater and Fan 
 
Domestic electric heaters do not have a separate indoor 
and outdoor unit as in the case of split-type ACs. They 
are made up of electrical resistors into which electric 
current is caused to flow thereby generating heat used to 
heat up the room. Depending on the type of heater, the 
generated heat can be allowed to circulate in the room 
with or without an inbuilt fan. 
 
In the case of electric fans, cooling is ensured through the 
process convection in which heat from the surface of a 
hot body is carried away by moving air. The moving air 
is thanks to the blades of the fan connected to an electric 
motor, whose speed determines the velocity at which the 
moving air travels and hence how fast cooling will take 
place. In both electric heater and fan, the respective 
generation and dissipation of heat needed in the space in 
question is strictly sourced from electrical energy 
 

3. METHODOLOGY 
 

For the purpose of this research, a (8.43 x 4.25 x 3.00) m3 
living room of a residential home in Alice, Eastern Cape 
Province, South Africa was used. The assumption made 
during this analysis was that the summer and winter rise 
up time is 06:00 and 07:00 respectively and the bedtime 
is 22:00. This means that daily summer activities time 
interval is 06:00 – 22:00 while that of winter is 07:00 – 
22:00. Whether the space conditioning devices are turned 
on or not is a function of the ambient temperature. As 
such the ambient temperature for an average summer and 
winter day was monitored so as to define the winter and 
summer monitoring time interval, which falls in the living 
room activity time interval. The fan, heater and AC were 
sized based on the dimension of this room.  
 
In the case of a fan, the most important parameter to take 
into consideration whilst sizing the fan is the air flowrate. 
According to Manrose in 2013, this flowrate (FR) in litres 
per second is given by equation 1 [6] 
 

  
3.6

AERHWLFR uuu
    (1) 

Where: 
 L  length of the room 
 W width of the room 
 H height of the room 
 AER  air exchange rate per hour of the type of 

room in question, in this case, it is 5 
since it is a living room.  

 
Based on the 2011 domestic building compliance guide, it 
stated that the maximum specific fan power for an 
intermittent extract ventilation device should be 0.5 W 
per litre per second [7]. This means fan power (Fp) for the 
room in question will be given by equation 2. 
 

0.5FRFp u     (2) 
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In the case of the AC and in accordance with the 2001 
ASHRAE fundamental handbook and Burdick in 2012, 
the cooling and heating load determination was done 
taking into consideration the number of occupants in the 
house and how much heat is gained and rejected due to 
their presence and activities, the number of electrical 
appliances present in the room and how much heat they 
produce, amount of heat gained by the presence of 
transparent windows, heat gained through walls and roof 
[8][9]. From the btu/h values, the electrical power input 
in kW will be derived by dividing the computed loads by 
3600. 
 
In the case of the electric heater, the heating load does not 
change and so is the mode of operation of an electric 
heater since it releases thermal energy into the room just 
like the AC during heating. The COP of this system is 1 
as such; it is assumed that the kW equivalence of the 
heating btu/h for the AC is equal to the electrical input 
power of the electric heater.  
 
Following the sizing of the systems was the installation of 
the AC in the room. In this system was installed a 
temperature sensor at the input and output of the indoor 
and outdoor heat exchangers as well as an energy meter 
at the input of the AC as shown on the block diagram in 
figure 2. The temperature readings were used on 
REFPROP – NIST to calculate the COP both for the 
cooling and heating mode of the AC. For this experiment, 
the set heating temperature was 27 oC and the set cooling 
temperature was 25 oC. These temperatures are within the 
human comfort temperature range of 23 – 27 oC as 
specified by Bhatia in 2012 [10]. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Schematic of data acquisition system 
 
T represents the temperature sensors and P1 is the energy 
meter that was used to monitor the consumption of the 
entire AC unit. 
 
Daily energy of the AC for both heating (Edh) and cooling 
(Edc) based on the respective monitoring time intervals 
was gotten from analysis performed on the data 
downloaded from the energy meter and used to predict 
the daily energy of the heater (EdH) and fan (EdF) using 
the heating (COPh) and cooling (COPc) Coefficient of 
performance as illustrated in equation 3 and 4.  
 

hdhdH COPEE u    (3) 
cdcdF COPEE u    (4) 

 
The energy savings were computed for a period of 1year 
under an energy tariff flat rate of ZAR1.30 using equation 
5. 
 

acfhsav E-EE     (5) 
Where: 

 savE yearly energy savings 
 fhE  yearly fan and heater consumption 
 acE  yearly air conditioner consumption 

 
As regards water savings, CO2, NOx and SOx emission, 
the computations and analysis were done based on the per 
kWh energy generation corresponding values gotten from 
Eskom 2015 integrated report as shown in table 1  [11]. 
 

Table 1: Per kWh values for GHG emission and water 
consumption (Eskom, 2015) 

 

Parameter H2O 
(l) 

CO2 
(kg) 

NOx 
(kg) 

SOx 
(kg) 

Qty/kWh 1.41 0.92 0.0042 0.0083 
 

4. RESULTS AND DISCUSSION 
 

4.1 System Sizing 
 
Upon fan sizing, the air flowrate was computed to be 
about 149 l/s and the fan wattage was about 75 W based 
on the sizing rules in  [6, 7]. As for the AC, a 9000/12000 
btu/h split-type AC was the resulting cooling and heating 
load with a kW equivalence of 2.5/3.3 kW. This system 
was found to have a cooling and heating input power of 
750/910 W. With a COP of at most 1, the size of the 
electric heater was assumed to be 3.3 kW. 
 
4.2 Annual Heating Energy Savings Computation 

 
For an average day in winter, the ambient temperature 
was in the range 8 oC – 22 oC as shown in figure 3. 

 

 

 

 

 

 

 

Figure 3: average winter day ambient temperature profile 
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Based on the assumed rise up and bed time, it could be 
seen from figure 3 that from about 07:00 to about 22:00, 
there is a need for the AC to be switched on in an average 
winter day. This explains why, the heating energy 
consumption and system performance was monitored 
from 07:00 to 22:00, which is referred to as the winter 
monitoring interval. 

Figure 4 is a representation of a winter average day 
demand profile for the AC in the winter monitoring 
interval. From that profile, it could be depicted that 
demand is highest between 07:00 and 08:00 and 
minimum between 14:00 and 15:00. This is as a result of 
the ambient conditions like the ambient temperature, 
which was realised to be lowest between 07:00 and 08:00 
and highest between 14:00 and 15:00 as seen in figure 3. 
The cooling demand ranged from 0.45 kW to 0.7 kW. 

 

 

 

 

 

 

 

 

Figure 4: Winter average daily demand profile for the AC 

From the analysis, average daily total energy 
consumption in the winter monitoring interval is 8.37 
kWh. Secondly, the average heating COP (COPh) was 
2.1. Based on equation 3, for an average day, the total 
energy consumed by the heater will be 17.58 kWh. Table 
2 is a representation of the total heating energy consumed 
during the heating months in one year 

Table 2: Summary of heating energy consumption 

Duration Heater (kWh) AC (kWh) 
Daily 17.58 8.37 
Months with 30 days 1,054.80 502.20 
Months with 31 days 1,634.94 778.41 
Yearly Heating Total 2,689.74 1,280.61 
 
As regards the energy consumption of each of appliances, 
it is associated with some amount of yearly GHGs as well 
as water consumption and CO2 release by Eskom to 
generate that electrical energy from coal as shown in 
table 3. 
 

 
 

Table 3: Yearly GHGs, CO2 emission and water 
consumption for heating 

 
 H2O (l) CO2(kg) NOx(kg) SOx(kg) 

Heater 3,792.50 2,474.60 11.29 22.33 
ACh 1,805.70 1,178.20 5.38 10.63 

Reduction 1,986.80 1,296.40 5.91 11.70 
 
Based on the computations in table 2 and 3, it can be seen 
that replacing a heater with a split-type AC during winter 
will result in yearly heating energy savings corresponding 
to 1,409.13 kWh, which is 52.4% of what the heater 
would have consumed. For a R1.30 tariff, the equivalence 
of this saving is about R1,831.9. There is also visible 
52.4% GHG and CO2 emission reduction as well as 
reduction in the amount of water used for energy 
generation which is same percentage. 
 
4.2 Annual Cooling Energy Savings Computation 
 
For an average summer day, the ambient temperature 
profile is shown in the figure 5. Ambient temperature 
ranges from 12 – 32 oC. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5: average summer daily ambient temperature 
profile 

With regards to the activity time range, it can be seen 
from figure 5 that the heating is need from about 09:00 
where ambient temperature goes above 25 oC to about 
17:00 when temperature falls below 25 oC. Nevertheless, 
daily summer monitoring time interval in which the 
system performance and energy consumption is 
monitored is same as that of winter 07:00 – 22:00 for 
consistency. 
 
Figure 6 is a representation of an average day demand 
profile for the room cooling using a split-type AC.  
 
 
 
 
 
 
 
 
 

SAUPEC 2017 185



07:00 09:00 11:00 13:00 15:00 17:00 19:00 21:00
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time (HH:MM)

D
em

an
d 

(k
W

)

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Summer average daily demand profile for the 
AC 

 
Maximum demand for cooling is at 13:00, which is the 
same time where ambient temperature is highest as seen 
in Figure 5. 
 
With the installed AC, the analysis revealed that for an 
average day, the total energy consumed by the AC is 1.14 
kWh, with an average cooling COP of 2.26. This means 
that as mathematically elaborated by equation 4, the fan 
will consume 2.58 kWh in a day. Yearly energy 
consumption for both the cooling mode AC and the fan is 
summarised in table 4 

 
Table 4: Summary of yearly cooling energy consumption 

Duration Fan 
(kWh) AC (kWh) 

Daily 2.58 1.14 
Months with 28 and 30 days 227.04 100.32 
Months with 31 days 319.92 141.36 
Yearly Cooling Total 546.96 241.68 
 
Just like in the heating mode, this energy consumption for 
both devices is accompanied by GHG emissions and 
water usage as summarised in table 5. 
 

Table 5: Yearly GHGs, CO2 emission and water 
consumption for cooling 

 
 H2O (l) CO2(kg) NOx(kg) SOx(kg)  

Fan 771.21 503.20 2.31 4.54 
ACc 340.77 222.35 1.02 2.01 

Reduction 430.44 280.85 1.29 2.53 
 
It can thus be observed that during the system cooling 
mode, replacing a fan with the cooling operating mode of 
an AC will result in 55.8 % cooing energy reduction per 
annum. This percentage is equivalent to 305.28 kWh 
energy saved and about R397 per annum as well. This 
also means same percentage reduction in GHGs and CO2 
emission as well as water usage reduction. 
 
 
 
 

4.2 Total Annual Energy Savings 
  
With the achieved annual heating and cooling energy 
savings, a total yearly energy savings to the tune of 
52.9% is achievable, which is equivalent to 1,714.41 
kWh. This energy savings has a money equivalent of 
about R2,228.9. The accompanying GHGs, CO2 emission 
and water usage reduction is summarised in Table 6. 
 

Table 6: Yearly total GHGs, CO2 emission and water 
usage reduction 

 
H2O (l) CO2(kg) NOx(kg) SOx(kg) 
2,417.24 1,577.25 7.20 14.23 
  

5. CONCLUSION 
 
From the analysis carried out, it was realised that 
replacing an electric heater and fan with a domestic split-
type air conditioner actually results in a significant 
amount of annual heating and cooling energy savings to a 
tune of about 52.4 % and 55.8 % respectively. This gives 
rise to a total annual savings of 52.9% for space 
conditioning, which is equivalent to 1,714.41 kWh and 
R2,228.9. This energy saving is accompanied by 
environmental advantages, which include reduction of 
greenhouse gases emission most especially SOx and NOx 
and reduction of CO2 of same percentage. In addition, 
this energy savings contributes to reduction in water 
usage. As such, though some considerable assumptions 
were made, it can be concluded that replacing traditional 
space conditioning devices with an air conditioner, 
especially in the residential sector, will not only benefit 
the consumer in terms of reduction in electricity bills, but 
will also benefit the nation in terms of saving water, less 
harm to the local environment, less constrain on the 
national grid and reduction in the rate at which the 
climate is changing. 
 
It is recommended that a 24hour daily heating and 
cooling energy consumption monitoring be done as this 
will give a deeper inside on the energy consumption as 
well as permit computation of the AC payback period. 
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Abstract: Nowadays wind energy units perform a significant role in the electricity generation. Among 
all type of wind generators, the units equipped with squirrel cage induction generator (SCIG) have a 30 
percent share of the market due to their advantages such as simplicity, low cost, and being easy to 
utilize, despite their older technology. As SCIGs absorb reactive power and create undesirable effects 
on the system voltage, particularly voltage fluctuations, they are liable to cause instability in power 
systems. Therefore, it is necessary to use reactive power compensating devices incorporating with wind 
turbine SCIG- based generating units. In this study, the slip and voltage of the wind turbine units, as 
well as their reactive power, were considered as a function of the connecting bus for forecasting through 
the artificial neural networks. The forecasting intervals have been evaluated in short-term and medium-
term for the considered wind speed data. The results obtained by this forecast algorithm provide useful 
information about the amount of reactive power absorbed by the wind turbine or wind farm for the 
system operator.  Also, it will be possible to forecast the reactive power compensation level of the wind 
farm and loadability margin of the system, as well as system voltage stability. In order to verify the 
practicality of the proposed methodology of the study, all the algorithms have been tested on the IEEE-
9 bus test system, where simulations have been executed in MATLAB and PSAT/toolbox environment. 
 
Keywords: Loadability Margin, Artificial Neural Network (ANN), Reactive Power, FACTs, SCIG. 
 
 

Nomenclature  
Indexes  
ANN Artificial neural network  
MAE Mean absolute error  
MARE Mean absolute relative error  
PSAT Power system analysis toolbox   
RMSE Root mean square error  
SCIG Squirrel cage induction generator  
WTG Wind turbine generator  
Abbreviations  
A Turbine swept area (m2) 
β Blade pitch angle (degree) 
Cp Performance coefficient of the turbine 
λ Tip speed ratio of the rotor blade tip speed to wind 

speed 
Pwind Extractable power of an air mass 
ρair Air density (kg/m3) 
Pm Mechanical output power of the turbine (W) 
Pe generated active electrical power (p.u) 
R the length of wind turbine blades (m) 
R2 rotor side equivalent resistor (p.u) 
Re the equivalent resistance of induction machine  
s slip of induction machine (p.u) 
νwind Wind speed (m/s) 
Vs grid side voltage (p.u) 
Vr rotor side voltage (p.u) 
ω Rotational speed of the rotor (rad/sec) 
Xe equivalent inductance of induction machine  
 

1. INTRODUCTION 
 

Possible effects of the development of renewable 
energies on the structure and stable performance of power 

systems have attracted great attention due to the increasing 
growth of the renewable resources in recent years. Among 
renewable resources, the wind energy has caused a great 
concern because of the stochastic nature of the wind speed 
as the actuator of the wind turbines. Fluctuations of wind 
speed affect the slip and the absorption or generation of 
reactive power, in addition to directly affecting the active 
power of the output of wind turbine units. This will affect 
the performance of the entire power system as the 
penetration of wind energy increases in the power system.  

Due to advantages of the squirrel cage induction 
generator (SCIG) such as simplicity of maintenance and 
low costs, using this type of wind turbine generators 
(WTGs) has always been considered as an important 
choice for developing wind farms in less-developed 
countries. If SCIG-equipped wind turbines are developed 
in an unsystematic manner, they cause undesirable effects 
in the network because of their reactive power absorbing 
characteristics [1]. Therefore, identifying the negative 
effects of this type of generator has been the subject of a 
large number of studies [2] [3]. One of the main problems 
of using SCIG based WTGs is the decrease of the loading 
margin of the power system [4] which in the case of 
continuous situation it will cause an early voltage collapse 
in the power network. In [1] and [5], by substituting the 
wind speed fluctuation in equations of the slip, active and 
reactive power, wind speed fluctuation has been modelled 
as an effective and controlling factor generated power of 
the wind farms. The use of wind speed forecast models for 
short-term and even mid-term estimation of the power 
generated by the wind farms has been studied in [9-11]. 
ANN-based approaches have gained a lot of attention due 
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to their capability in real-time monitoring of the wind 
farms production.  

Forecasting of generated active power by ANN is 
performed at the stage of operation of wind turbine units 
and for operational justification of constructed plans [5]. 
While assessing the network potential for supplying 
demanded capacity of reactive power, and voltage stability 
studies of the network requires more accurate studies in the 
field of reactive power control. Thus in this study, after 
modelling the wind speed in the form of the induction 
machine slip, the reactive power consumed by the SCIG-
based wind farm is forecasted by using neural networks as 
a function of wind speed, slip, and voltage of the points. In 
the case of those units which are connected to the network, 
the obtained results are used as input data in determining 
the loading coefficient of the system. The performed 
scenarios in this study can be categorized in the following 
domains: 
x Forecasting the reactive power consumed by the 

SCIG-based wind turbines using ANN.  
x Determining the loadability margin of the power 

system. 
x Determining the required compensation level of 

reactive power. 
 

2. METHODOLOGY 
 

2.1 Artificial Neural network (ANN) 
ANNs are designed and implemented based on the 

simple operational elements which have been inspired by 
biological neural networks where the ANN functions are 
operating in parallel with each other. In biological neural 
networks, the function of the network is determined by the 
way that the elements are connected to each other. In 
accordance with biological neural networks, an artificial 
structure could be developed in such way, by assigning 
proper values to each connection as the weight of that 
connection. In other words, the element communications 
with each other will be determined by allocated values. 
Once the training approaches are applied and the neural 
network is trained, applying an input to the network results 
in receiving a unique response which corresponds to that 
particular input can be expected. Figure 1 depicts the 
process of the proposed three-layer perception ANN, 
where the workflow of each layer is specified individually. 

 
 

Figure 1: The three-layer perception ANN 
 

The output of each layer can be formulated as follows: 
  

𝑎1 = 𝑓1(𝐼𝑊1
1 × 𝑃 + 𝑏1)    (1) 

𝑎2 = 𝑓2(𝐿𝑊2
1 × 𝑎1 + 𝑏2)    (2) 

𝑎3 = 𝑓3(𝐿𝑊3
2 × 𝑎2 + 𝑏3)    (3) 

𝑦 = 𝑓3(𝐿𝑊32 × 𝑓2(𝐿𝑊21 × 𝑓1(𝐼𝑊11 × 𝑃 + 𝑏1) + 𝑏2) (4) 

+𝑏3) 

Where: 
 
a is the output vector  

b is the bias vector  

w weight matrix  

IW is the input weight  

LW is the layer weight  

R is number of elements in the input vector   

S is the number of neurons in each layer   

 
ANNs are adjusted based on the homogeneity between 

the input and the objective so that the output of the neural 
network matches the objective function. Figure 2 shows 
the process of adjusting weights in the proposed ANN. 

 
Figure 2: The schematic diagram of the adjusting process 

of ANN 
 

In this study, a three-layer perceptron neural network 
and the Levenberg-Marquardt (TRAINLM) have been 
used. Thirty neurons have been used as input and middle 
layers of each neural network. 
 
2.2 Derivation of the Reactive Power for SCIG Based 
Wind Turbine  

In this section, the equations describing the power of 
induction machine as a function of the slip and voltage 
have been extracted, using the model of induction machine 
[4]. The equation of reactive power has been written as a 
function of the wind speed: 
 

𝑷𝒎 = |𝑽𝒔|𝟐(𝟏−𝒔
𝒔 )𝑹𝟐

[(𝟏−𝒔
𝒔 )𝑹𝟐+𝑹𝒆]

𝟐
+𝑿𝒆𝟐

     (5) 

 
𝑷𝒎 = 𝑪𝒑(𝝀, 𝜷) 𝝆𝑨

𝟐 𝒗𝒘𝒊𝒏𝒅
𝟑     (6) 

 
𝟏−𝒔

𝒔 =      (7) 

(𝑹𝟐|𝑽𝑺|𝟐 − 𝝆𝑨𝑪𝑷𝝑𝟑𝑹𝟐𝑹𝒆) ± √ (𝝆𝑨𝑪𝒑𝝑𝟑𝑹𝟐𝑹𝒆 − 𝑹𝟐|𝑽𝑺|𝟐)𝟐

− 𝟐(𝝆𝑨𝑪𝑷𝑽𝟑)𝟐𝑹𝟐
𝟐(𝑿𝒆

𝟐 + 𝑹𝒆
𝟐)

𝝆𝑨𝑪𝑷𝝑𝟑𝑹𝟐
𝟐  
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𝑷𝒆 = |𝑽𝒔|𝟐[(𝟏−𝒔
𝒔 )𝑹𝟐−𝑹𝒆]

[(𝟏−𝒔
𝒔 )𝑹𝟐+𝑹𝒆]

𝟐
+𝑿𝒆𝟐

     (8) 

 
𝑸𝒆 = − |𝑽𝒔|𝟐

𝑿𝒎
− 𝑿𝒆

|𝑽𝒔|𝟐

[(𝟏−𝒔
𝒔 )𝑹𝟐+𝑹𝒆]

𝟐
+𝑿𝒆𝟐

   (9) 

 
 

In this study, we have considered the IEEE 9 bus test 
system to examine our proposed methodology [4].The 
schematic diagram of the mentioned test system is shown 
in Fig. 3. The studied wind farm is connected to 5th bus of 
the system through a transformer with capacity of  
100 MVA and a transmission line with line impedance of 
5.25×10-7 + j9.23×10-3. The simulated wind farm consists 
of 43 units of wind turbine equipped SCIGs with total 
capacity of 28.38 MW. It is worth to note that, the main 
purpose of using this test system is to verify the practicality 
of the proposed methodology before applying it into a 
larger test system for real applications.  

 

 
Figure. 3 Schematic diagram of IEEE 9 bus test system 
 
 

3. RESULT DISCUSSION 
 
3.1 Reactive Power Forecast Results 

In this study, the real data of daily wind speed of the 
Elde station of the Metrologic Institute of Netherland 
(KNMI) has been used [12]. The maximum reactive power 
absorbed by SCIGs was determined on a daily basis. For 
simplicity of the calculations the entire year has been 
divided into four seasons to have a holistic overview of the 
analysis. By substituting the wind speed data which has 
been collected during a five-year-period in Equation (5), 
the amount of maximum daily reactive power for wind 
units has been determined for the same five-year interval. 
The data related to the first four years has been used as the 
input for training phase of the network and the data of the 
fifth year has been used as the testing and verification of 
the output results. According to availability of the data, we 
have used the daily wind speed, consequently, the 
prediction of the reactive power is on the daily basis.  

The error analysis (Table 1) has been performed based 
on the mean absolute error (MAE), mean absolute relative 
error (MARE) and root mean squared error (RMSE). The 
best predicted was achieved at autumn 2013, where the 

lowest errors have been obtained. The values of MAE, 
MARE, and RMSE for autumn 2013 are as follows 0.0206, 
0.1774 and 0.0226 respectively as presented in Table 1.  
The second best prediction has occurred in spring 2013 
with the following errors for MAE, MARE and RMSE 
0.0425, 0.5603 and 0.099 respectively. 

 
Table 1: Error analysis of the forecasted reactive power 

 

 
 

Fig. 4 shows the result of forecasted reactive power in 
the year of 2013 in comparison with its actual values (the 
actual values refers to the real values which has been 
measured by the system operator). In Fig 4, the negative 
sign indicates that the reactive power has not been 
absorbed by the system. In general, the system nominal 
power is specified by the grid designer based on the 
characteristics of the grid components and topology of the 
system. The system nominal power is frequently used for 
all calculations related to system analysis such as per unit 
(p.u.) system. The p.u. system values helps to simplify the 
calculations while dealing with large power systems. 
Values in the p.u. system are in the range between 0 and 1.  
In this study, there some cases which have values greater 
than 1 and this implies that a fault has occurred in the grid. 
To determine the maximum reactive power that can 
happen in the case of a fault, we have removed the stability 
margin. Therefore, in Fig 4 there are some cases which 
their values are greater than 1. 

The study has used the daily time step for its 
predictions. To have an accurate comparison the entire 
year has been divided into four different seasons and each 
season has been forecasted individually. In this forecast, 
the amount of penetration of wind energy in power system 
could be modelled by changing the number of wind energy 
units, and its effect on system stability can be evaluated. 
As it can be seen from Figures 4(a) through 4(d), the 
reactive power oscillations have been predicted close to 
real values where it demonstrates the correctness of the 
applied scenario. 
 

 
(a) 

MAE MARE RMSE
0.0425 0.5603 0.099
0.0426 0.8562 0.1116
0.0206 0.1774 0.0226
0.1144 2.6837 0.2765

Spring 2013
Summer 2013
Autumn 2013
Winter 2013

Errors
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(b) 

 
(c) 

 
(d) 

 
Figure 4 (a) to (d): The reactive power forecasted by the 

neural network per season 
 

The Fig. 5 shows the variations of the reactive power 
modelled as a function of the wind speed and the voltage 
of connection bus. It is observable from Fig 5, as the bus 
voltage drops the induction generator becomes unstable at 
lower wind speeds. This fact emanates from the principle 
of the imbalance between incoming and outgoing powers. 
We have assumed that, as the reduction of bus voltage 
leads to electrical active power decreasing while incoming 
the mechanical power tends to be stable. This is caused by 

the difference between output and input powers will 
appear in the format of kinetic energy. 

A practical wind turbine has a restriction in operation to 
within the cut-in and cut-off speed, however, in our 
simulation in order to investigate the effect of the high 
level of wind penetration by the wind farms, the system 
was allowed to exceed the cut-off speed instead of 
increasing the number of WTG units in a wind farm. This 
technique has been previously presented in [14].  
 

 
Figure 5: The reactive power at various voltages and 

wind speeds 
 
3.2 Investigating the Loading Margin of Power System 
 

By connecting the WTG unit to the 5th bus of test 
system (weakest bus in voltage stability point of view [4]) 
and running the continuous load flow for the calculation of 
the reactive powers and its forecast in the previous section, 
the loading of the system can also be forecasted so that a 
more accurate analysis could be made on the effect of 
SCIG-based wind turbines on the stability of the entire 
system. In fact, the minimum and the maximum loading of 
the system are determined by the loading coefficient O so 
that a numerical index is presented for evaluating the 
forecasts. The results show that the maximum and 
minimum loading margins are Omax=1.61 and Omin=1.5531, 
respectively. 

 
Figure 6: The maximum and minimum loading margin of 

the power system 
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Considering the variation of the reactive power and 

variation of the loading coefficient in a closed interval, as 
a result, the variation has only been plotted for minimum 
and maximum values of loading coefficient. Based on this 
index illustrated in Fig. 6, the maximum load that can be 
withstood by the system in a stable manner could be 
determined. It is necessary to mention as the bus voltage 
drops, the induction generator becomes unstable at lower 
wind speeds. In Figure 7 it is visible that with increasing 
the bus voltage from 0.9 p.u. up to 1.05 p.u.  (with 0.01 
step values) the operation collapse will be held faster and 
at reactive power absorbed. 

 

 
Figure 7: Absorbed reactive power vs. wind speed for 

variety of wind speed bus voltage 
 

3.3 Determining the Compensation Level of Reactive 
Power 

Due to the absorption of reactive power by SCIGs, 
connecting the SCIG-equipped wind turbine to the 
network results in attenuation of loading margin of the 
system [1]. The severity of this decrease varies with factors 
such as system topology, voltage strength of the 
connection bus, and the compensation level of the network 
[13], but it mainly decreases system stability. Determining 
the desirable compensation level to supply the reactive 
power demand of the SCIGs could lead to the role of active 
power becoming more noticeable by neutralizing 
undesirable effects of reactive power.  

It is evident from the forecasted reactive power results, 
the maximum effective capacitance in compensating the 
reactive power consumed by SCIGs can be forecasted and 
calculated so that the most appropriate type of 
compensation, either static or dynamic, can be selected. 
Furthermore, the maximum occupied capacity of the 
compensator devices under normal operating conditions 
could be forecast on a daily basis and planned for extra 
capacity while an error occurs. The maximum and 
minimum capacitive reactive power required for 
stabilizing a power factor of 0.95 will be equal to -0.6963 
and -0.1356 per unit, respectively so that the loading 
margin of the system remains constant. 
 
 
 

4. CONCLUSION 
 

With respect to the problem of absorbing the reactive 
power by SCIG-equipped wind turbines, this paper is 
focused on forecasting the reactive power consumption of 
such units. Evaluating the variations interval of loading 
margin of a sample power system when such units 
connected to the network are studied, and the forecasting 
of this interval by using neural networks is conducted. The 
minimum and maximum capacitive reactive power 
required for maintaining system stability are determined so 
that the required compensation capacity could be 
determined. From the results, it can be inferred that the 
system operators will be able to forecast the required 
loading amount of wind farm-based power systems and 
based on this, the respective preventive procedures could 
be considered to improve the system stability and prevent 
operational mistakes which can cause to voltage collapse 
and consequently unforeseen black-out. 
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COOLING PHOTOVOLTAIC SYSTEMS: A SURVEY OF AVAILABLE 
TECHNOLOGIES 
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Abstract: Cooling is a key operation factor to take into consideration to achieve higher efficiency when operating solar 
photovoltaic systems. Proper cooling can improve the electrical efficiency, and the heat removed by the cooling system can 
be used in other domestic, commercial or industrial applications. 
This paper is a survey of various methods that can be used to minimize the negative impacts of the increased temperature 
while making an attempt to enhance the efficiency of photovoltaic solar panels operating beyond the recommended 
temperature from the Standard Test Conditions (STC). These technologies are discussed based on their operation principles, 
technical advantages, and disadvantages. The results of this study highlight that any technology selected to cool a 
photovoltaic panel should be used to keep the operating surface temperature low and steady, be simple and reliable and, if 
possible, enable the use of extracted thermal heat to enhance efficiency of the overall conversion system. 
 
Key words: Solar photovoltaic; cooling technologies; conversion efficiency. 

 

1. INTRODUCTION 
     Globalization and economic growth led to an increase in 
the consumption of conventional methods of generating 
electricity mainly using fossil fuels, which have some negative 
environmental impacts such as greenhouse gas emissions [1-
2]. Therefore, there was a need for investigating alternative 
energy sources such as renewable energy sources, which is a 
clean and environmental friendly means of producing energy. 
     A renewable energy technology, such as solar conversion 
systems can be used for thermal applications like water 
heating, water purification, cooking, drying, refrigeration and 
also to generate electricity using the photovoltaic 
phenomenon. It is pollutant free during operation, diminishes 
the global warming issue, lower operational costs, minimal 
maintenance and highest power density among the other 
renewable energy technologies are the advantages of solar 
photovoltaic (PV) energy [3-4].  
     Apart from the several advantages displayed by PV system; 
this conversion system has some general problems such as 
hail, dust and surface operating temperature which can 
negatively affect the efficiency of the conversion system [5]. 
Where hail could damage the PV module; dust on the surface 
of the PV module could affect the amount of solar irradiation 
absorbed by the PV cells and temperature is the most 
important factor influencing the performance of a PV module. 
Exogenous climatic parameters such as wind speed, ambient 
temperature, relative humidity, accumulated dust and solar 
radiation are the most common natural factors which influence 
the temperature of the surface of a PV module [6]. Every 1˚C 
surface temperature rise of the PV panel, cause a reduction in 
efficiency by 0.5%. If the PV panel surface temperature 
increases, the PV panel efficiency decreases. Due to the 
temperature raise, not all of the solar energy absorbed by the 
photovoltaic cells is converted into electrical energy. To 
satisfy the law of conservation of energy, the remaining solar 
energy is converted or wasted into heat. The consequences of 

this wasted heat cause a reduction in the electrical efficiency 
and the overall conversion efficiency [7]. 
     Improvements in solar energy conversion systems must be 
made in order for this renewable energy technology to be a 
viable solution. To make it a viable solution, there is a need to 
find different means of solving this temperature problem, 
which must result in an increase of the overall conversion 
efficiency.  
     Very few authors have presented an extensive review of 
different technologies that can be used to cool the operating 
surface of solar panels with the aim of increasing the overall 
efficiency of the solar conversion system. 
    Sahay et al. have briefly discussed various Solar PV panel 
cooling technologies. However, only few technologies were 
introduced while the main focus of the paper was on the 
testing and performance of a developed Ground-Coupled 
Central Panel Cooling System (GC-CPCS).  
     Royne et al. presented an overview of various methods that 
can be employed for the cooling of photovoltaic cells. While 
looking closely, it can be seen that the focus of the paper was 
only on examining the passive, forced air and liquid forced 
convection cooling methods applied to different solar 
concentrator systems. 
     Unlike the above mentioned review studies, this paper 
provides a comprehensive review on how different 
technologies can be used to minimize the negative effects of 
the increased temperature while attempting to improve the 
performances of PV panel operating beyond the recommended 
temperature from the Standard Test Conditions (STC). For this 
purpose, an extensive number of research papers from 
different authors are used to reach the objectives of the current 
study.  
The following technologies will be discussed and analyzed in 
this work: 

 Floating tracking concentrating cooling system 
(FTCC) 

 Hybrid solar Photovoltaic/Thermal system cooled by 
water spraying 
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 Hybrid solar Photovoltaic/Thermoelectric PV/TE 
system cooled by heat sink 

 Hybrid solar Photovoltaic/Thermal (PV/T) 
 Improving the performance of solar panels through 

the use phase-change materials 
 Solar panel with water immersion cooling technique 
 Solar PV panel cooled by transparent coating 

(photonic crystal cooling) 
 Hybrid solar Photovoltaic/Thermal system cooled by 

forced air circulation 
 Solar panel with thermoelectric cooling  

     The paper is organized as follows: in Section 2, the basic 
operation principle of a PV cell is presented. The problem 
caused by an increase of temperature is clearly explained 
using equations. In Section 3, the different cooling 
technologies are described based on their operation principle, 
advantages and disadvantages. The last section is where a 
conclusion is made. 

2. SOLAR PHOTOVOLTAIC ENERGY TECHNOLOGIES 
     When a PV cell experiences solar irradiation, the P-N 
junction absorbs the photon from the incident light, which 
creates a potential difference across the junction. The charge 
carriers start to flow and the photocurrent resulted denoted as 
IPV, which is paralleled by a P-N junction diode. 
     When investigating the performance of a PV cell, the 
surface operating temperature plays a crucial part during the 
PV energy conversion process. Due to high ambient 
temperatures and high PV panel surface operating 
temperatures cause overheating of the PV panel, which 
reduces the efficiency radically [10]. 
     The effect of temperature on the solar panel’s electrical 
efficiency can be analyzed using the following equation: 
 

]log)(1[ 10 PVRCRRTPV ITT                                   (1) 

 
Where: ηPV is the PV module efficiency measured at reference 
cell temperature, TR (25oC). R is the temperature coefficient 
for cell efficiency (typically 0.4-0.5/oC) [11]. IPV is the average 
hourly irradiation incident on the PV module at nominal 
operating temperature, NT. TC are the PV module temperature 
and γ is the radiation-intensity coefficient for cell efficiency, 
which is mostly assumed to be zero [12, 13], reducing the 
equation to: 
 

)](1[ RCRRTPV TT                                                  (2) 
By adding and subtracting the ambient temperature, TA, to and 
from the two temperature terms respectively, the following 
expression is obtained [11]: 
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                 (3)  

Where: IPV and IPV,NT are the average hourly solar irradiation 
and the average hourly solar irradiation at NT test conditions.  
TC,NT (typically 45oC) and TA,NT (typically 20oC) are the cell 

and ambient temperatures at NT test conditions, respectively. 
TA and TC are the ambient and cell temperature, respectively. 
When using equation (3), it can be clearly seen that when TA,NT  
increases, the efficiency decreases.  

3. TECHNOLOGIES USED TO INCREASE THE EFFICIENCY OF 
THE PV BY SOLVING THE TEMPERATURE PROBLEM 

     In this section the general principle of the operation of the 
different technologies that can be used to minimize the effect 
of the increased temperature, while trying to improving the 
performances of PV panel operating beyond the recommended 
temperature from the Standard Test Conditions (STC), will be 
discussed. 

A. Floating tracking concentrating cooling (FTCC) 
     A method to achieve optimal output power of a PV module 
is by using artificial basins for installing PV floating plants. 
These floating plants consist of a platform with PV modules, 
set of reflectors and a solar tracking system. Cooling of the PV 
module is achieved via water sprinklers. Reflectors are used to 
concentrate the solar radiation to increase the energy 
harvesting. The floating platform allows for a one-axis 
tracking system for the positioning of reflectors and also 
increasing the solar radiation on the PV modules. These plants 
are called FTCC, the acronym of Floating, Tracking, 
Concentrating and Cooling [14]. 

B. Hybrid solar Photovoltaic/Thermal PV/T system cooled by 
water spraying 

     In this system, the pump draws water from the center of the 
tank via a suction pipe to avoid dust. The suction pipe consists 
of a non-return valve and a strainer to avoid sucking of large 
particles to protect the water pump. After the strainer the water 
flows through a filter, then sprayed using nozzles over the PV 
modules. A hybrid Photovoltaic/Thermal (PV/T) system 
consists of a PV panel and cooling system. The cooling agent, 
i.e., water, is sprayed on the surface area of the PV panel by 
using a fan [15]. When spraying water on the surface of the 
PV module, the temperature decreases and the electrical 
efficiency increases. 

C. Hybrid solar Photovoltaic/Thermoelectric PV/TE system 
cooled by heat sink  

     Advancements have been made in PV conversion systems, 
by combining it with a thermoelectric module (TE) and heat 
sink [16]. The thermoelectric module is placed at the center of 
the backside of the PV module. One thermo-resistor is placed 
on top of the TE module and other thermo-resistors in the 
remaining surrounding areas of the TE module. The 
temperature increases with time when the PV/TE system is 
exposed to solar irradiation. There is a small temperature 
difference between the thermo-resistors, due to the diffusion 
of charge carriers within the thermoelectric materials when the 
top and bottom surfaces have a temperature variance. The 
collected power from the PV module is dissipated into 
thermoelectric resistors and stored into a battery via an 
inverter. The heat sink is used for heat dissipation of the PV 
module, which cools down the surface of the PV module [17].  
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D. Hybrid solar Photovoltaic/Thermal PV/T 
     With the aim of increasing the PV system efficiency, a 
hybrid Photovoltaic/Thermal (PV/T) system generates 
electrical energy and thermal energy simultaneously [18]. The 
system consists of a photovoltaic module and thermal solar 
collector, which is mounted to the backside of the PV module 
[19]. Collector pipes are used to improve the contact area. 
Water is used as the circulating fluid, which flows inside the 
collector via a DC pump, which can be powered by the PV 
module or other sources. After the heat from the surface area 
of the PV module is transferred into the circulating water, the 
heated water flows back to the hot water insulated tank for 
domestic or other applications. 

E. Phase-change materials 
     A technique that can be used to reduce the surface 
operating temperature of a PV panel in order to reach a higher 
electrical efficiency is by incorporating phase-change 
materials (PCM), such as tungsten photonic crystals. PCM is a 
latent heat storage material, which is situated on the backside 
of the PV panel. When the temperature increases, the chemical 
bonds within the PCM separate as phase-changing from solid 
to liquid occur. The PCM absorbs heat, due to the phase 
change being a heat-seeking (endothermic) process [20]. 
When the heat stored within the storage material reaches the 
phase change temperature, the material starts to melt [21]. The 
temperature then stays constant until the melting process is 
finished. It is called latent heat storage material, because the 
heat is stored during the melting process (phase-change 
process). 

F. Water immersion cooling technique 
     Another technique that can be used to reduce the 
temperature of a PV panel is by implementing the water 
immersion cooling technique. With the water immersion 
cooling technique a PV module is placed in large water bodies 
like rivers, oceans, lakes, canals etc. Water is used as the 
immersing fluid, which absorbs the heat from the PV module 
and maintains the surface temperature of the PV module. 
Therefore, when water absorbs the heat from the PV module 
the electrical efficiency increases [22]. 

G. Transparent coating( photonic crystal cooling) 
     A technique that can be used to reduce the surface 
operating temperature of a PV panel in order to reach a higher 
electrical efficiency is by incorporating transparent coating 
(photonic crystal cooling). This visible transparent thermal 
blackbody is based on photonic crystals and is placed on the 
top surface of the PV cells, which reflects some of the heat 
generated by the PV cells under solar irradiance back into 
space [23]. Therefore, the PV cells are cooled by enabling 

more photons to be absorbed, and thereafter converted into 
electrical energy.  

H. Hybrid solar Photovoltaic/Thermal system cooled by 
forced air circulation 

     Another technique that can be used to reduce the surface 
operating temperature of a PV panel in order to reach a higher 
electrical efficiency is by making use of forced air circulation. 
This system consists of a photovoltaic module, which is 
placed on top of a steel plate with air channels underneath. Air 
is used as the working fluid, which is forced through the 
channels with a fan by means of a nozzle. The heat from the 
PV panel is transferred to the air in the channels, therefore 
reducing the surface operating temperature in order to reach a 
higher electrical efficiency [24]. 

I. Thermoelectric cooling system 
     Thermoelectric devices comprise of an n-type 
semiconductor and p-type semiconductor, which are 
connected in series electrically and in parallel thermally. 
Under a temperature gradient, the majority charge carriers 
diffuse from the hot to the cold side, which creates a voltage 
that results in current flowing. When a voltage is applied over 
the material it forces a current to flow through it, which causes 
the heat pump to cool the one side and heat the other, which 
must be connected to a heat sink for excess heat dissipation 
[8].   

4. DISCUSSIONS 
     After investigating the various technologies used to deal 
with the temperature problem with the aim of increasing the 
efficiency, it is imperative to summarize the findings in an 
easy and accessible way to any party interested in these 
technologies; this is done in Table 1.  
This table provides the advantages, disadvantages, cost, 
efficiency and the comments to justify the uses of these 
different technologies.  
     After analyzing this table, it can be concluded that any 
cooling arrangement selected should be used to keep the 
photovoltaic cell temperature low and steady with the aim of 
increasing the electrical efficiency. It should also, if possible, 
allow the use of extracted thermal heat to be used for other 
meaningful purposes. 
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TABLE I: DISCUSSION ON SOLAR PHOTOVOLTAIC COOLING TECHNOLOGIES 
Technology Advantages Disadvantages Cost Efficiency  Comments 

Floating 
tracking 
concentrating 
cooling 
(FTCC) 

Avoid energy dispersion 
problems by using 
hydro-electric basins. 
Avoid electric grid 
stress by using a 
pumping scheme to 
store energy. 
These systems operate 
highly efficient [14]. 
 

Evaporation of water and 
therefore water being 
wasted. 
The sprinklers cannot 
spray the entire surface of 
the PV module and 
therefore, only parts of it 
will be cooled [15]. 
Take long to recover 
capital cost [14]. 
 

High Increased The FTCC system operates efficiently, 
due to combination of the components. 
Nevertheless, when spraying the water on 
the surface of the PV module, the whole 
surface area of the PV panel cannot get 
sprayed (only parts of it are cooled). 
Also, water is wasted during evaporation. 
Due to high manufacturing costs, the 
return on investment period is 5 years 
[14]. 

Hybrid solar 
Photovoltaic/ 
Thermal 
PV/T system 
cooled by 
water 
spraying 

Generates more energy 
with cooling technique 
than without [15]. 
More efficient than 
compared to air cooling. 
 

The whole surface area of 
the PV panel cannot get 
sprayed and therefore, 
only part of the PV panel 
will be cooled. 
Heat energy wasted by 
spraying water [15]. 
 

Medium Increased With the water spraying system, the 
experimental results showed that an 
efficiency increase was obtained. But, 
water was wasted and the heat energy 
should be utilized. 
High manufacturing costs, mainly for the 
PV panels. Return on investment period 
is much shorter than FTCC systems [15]. 

Hybrid solar 
Photovoltaic/ 
Thermoelectr
ic PV/TE 
system 
cooled by 
heat sink 
 

The temperature with 
heat sink decreased by 
8.29% [17]. 
Improves the efficiency 
of the PV cell. 
Alleviates hot spotting, 
which is due to PV cell 
being unevenly heated 
during operation. 
 

Heat conduction loss 
through semiconductors 
between hot and cold parts 
Turbulent airflow with the 
pin fin heat sink [17]. 
Thermal energy is wasted 
into the air, rather than 
utilizing it to improve 
electrical efficiency. 
 

Medium Increased To decrease the surface operating 
temperature using a heat sink, can be 
noticed as viable when looking at the 
experimental results [17]. However, the 
turbulent airflow makes the heat sink 
highly unstable. Future research must be 
carried out on improving the thermal 
stability of this system. By making use of 
a thermoelectric module, the return on 
investment period will decrease 
drastically. 

Hybrid solar 
Photovoltaic/
Thermal 
(PV/T) 

The energy and 
emissions payback time 
are much shorter than 
the expected lifetime of 
module, which makes it 
environmentally viable 
[18]. 
An increase in electrical 
efficiency is found when 
combined. 
Utilize heated water for 
domestic applications. 

The optimal efficiency of 
a PV module cannot be 
achieved, due to constant 
flow rate. 
Need subsidies for these 
systems. 
 

Medium Increased The hybrid PV/T system operates 
effectively when it comes to increasing 
the electrical efficiency of the PV 
module. However, it cannot reach 
optimal efficiency, due to the flow rate 
kept constant, rather adjusting the flow 
rate according to the temperature change 
to achieve optimal efficiency. 
Due to the presence of the circulating 
fluid, the electrical output power 
increased by 20%. Therefore, the energy 
payback time decreases. 

Hybrid 
PV/PCM 

Store large amounts of 
heat with small 
temperature changes 
[20]. 
The phase-change at a 
constant temperature 
take time to complete, it 
becomes possible to 
smooth temperature 
variations. 
Absorbed heat can be 
used to heat buildings. 

Paraffin has low thermal 
conductivity in their solid 
state. 
Segregation is formation 
of other hydrates or 
dehydrated salts that tend 
to settle out and reduce the 
active volume available 
for heat storage. 
Less efficient in colder 
areas. 

Medium  Increased The PCM shows to operate effectively. 
The system stores the heat from the PV 
panel during the melting process, 
however the absorbing capabilities of the 
PCM material degrades over a long 
period of time. Also, this system will not 
achieve the same performance between 
cold and hot climatic conditions. The 
energy payback period will be shorter 
and the lifetime of the PV panel will 
expand [20]. 
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Technology Advantages Disadvantages Cost Efficiency  Comments 
PV panel 
with water 
immersion 
cooling 

Highly efficient 
Economic 
Environmentally 
friendly system [22]. 
Electrical efficiency 
increased during clear 
days when using water 
immersion cooling 
technique. 
Land requirements not 
needed, by using rivers, 
oceans, lakes, canals 
etc. 

Lower efficiency during 
cloudy days. 
Water is a conductive 
liquid which when 
decomposes into its ions 
may affect the electrical 
efficiency as the ions will 
also have a current. 
The submersion depth 
influences the efficiency 
vastly [22]. 
Electrical efficiency 
degrades when PV panel 
is submerged in ionized 
water for a long time. 

Low Increased When the water immersion cooling 
technique is used, the temperature 
reduced and efficiency increased. The 
energy payback period is short for this 
cooling technique. However, there are 
many factors which need to be taken into 
account, such as the depth of the PV 
panel in the water, water cause 
degradation in the electrical efficiency of 
the PV panel, etc. 
It’s crucial to use deionized water as the 
immersing fluid [22].   

PV panel 
cooled by 
transparent 
coating 
(photonic 
crystal 
cooling) 

Economic and 
environmental friendly 
solution. 
No space requirement 
needed. 
Temperature of the PV 
panel is reduced 
dramatically [23]. 

Heat reflected into space 
is wasted and could rather 
be utilized. 
It becomes quite involved 
when it comes to 
designing of the photonic 
crystal and improving it. 

Medium Increased The PV panel cooled by transparent 
coating (photonic crystal cooling), the 
temperature problem is eliminated 
completely, which enhances the 
efficiency of the PV panel and reduces 
the energy payback period. However, 
heat is wasted and could rather be 
utilized. 

Hybrid solar 
Photovoltaic/
Thermal 
system 
cooled by 
forced air 
circulation 
 

The overall efficiency of 
the system has 
increased. 
Economically viable 
[24]. 
Heated air can be used 
in cold climatic 
conditions for building 
heating. 

The efficiency cooling 
with air is lower than with 
water. 
Not very effective in hot 
climatic conditions when 
compared to water 
cooling. 

Medium Increased The PV panel cooled by forced air 
circulation is very effective, but more 
effective in cold climatic conditions than 
hot climatic conditions. Also, the 
electrical efficiency with forced air 
circulation cannot reach the same 
optimality than that of forced circulation. 
Higher efficiency with forced air 
circulation, which will reduce energy 
payback time. 

Hybrid 
PV/TC 
system 

It’s a clean source of 
energy. 
Waste heat is put into 
useful energy. 
Increase the life span of 
a PV module [8]. 

More efficient in hot 
regions. 
Slow technology 
progression. 
Requires a relatively 
constant heat source 
Low conversion efficiency 
rate. 

Medium  Increased The hybrid PV/TC system can effectively 
use the waste heat for higher efficiency, 
but it has a low conversion efficiency 
rate and the progression of this 
technology is slow. The return on 
investment period reduces drastically 
when using thermoelectric cooling. 

 

5. CONCLUSION 
     Proper cooling is a key operation factor to take into 
consideration to achieve higher efficiency when operating 
solar photovoltaic systems. This review has presented an 
overview of various methods that can be used to minimize the 
negative impacts of the increased temperature while making 
an attempt to enhance the performances of PV panel operating 
beyond the recommended temperature from the Standard Test 
Conditions (STC). It includes the application to photovoltaic 
cells of cooling alternatives, namely Floating tracking 
concentrating cooling system (FTCC), Hybrid solar 
Photovoltaic/Thermal system cooled by water spraying, 
Hybrid solar Photovoltaic/ Thermoelectric PV/TE system 

cooled by heat sink, Hybrid solar Photovoltaic/Thermal 
(PV/T), Improving the performance of solar panels through 
the use phase-change materials, Solar panel with water 
immersion cooling technique, Solar PV panel cooled by 
transparent coating (photonic crystal cooling), Hybrid solar 
Photovoltaic/Thermal system cooled by forced air circulation 
and Solar panel with thermoelectric cooling.  
     Different tools have been used to illustrate and compare the 
various technologies used to address the problem of 
temperature in terms of their advantages, disadvantages and 
technical implementation.   
     After analyzing the different technologies, it can be 
concluded that any cooling arrangement selected should be 
used to keep the photovoltaic cell temperature low and steady, 
be simple and reliable, keep parasitic power consumption to a 
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minimum and, if possible, enable the use of extracted thermal 
heat to enhance efficiency of the overall conversion system. 
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Abstract: Wind energy has proven to be the most promising renewable energy source due to its cost 
competitiveness when compared to the conventional energy sources (fossil fuels). Because the wind 
resource has an intermittent nature, the wind speed tends to change frequently and it can eventually 
exceed the wind turbine (WT)'s rated wind speed. This paper proposes a pitch-angle control scheme 
to protect a 2MW permanent magnet synchronous generated (PMSG)-based WT from over-speeding 
and mechanical stresses during sudden wind gusts. The type of controller used in the pitch-angle 
control scheme is the phase-lead compensator. The wind turbine system is implemented in PSIM 
software and the control system modelling has been carried out in MATLAB software using bode 
plots and step-response curves. Simulations were carried out to analyse the overall system 
performance and to validate the effectiveness of the proposed controller. In view of the simulation 
results, it was observed that the pitch-angle controller got activated during high wind speeds. This led 
to a decrease in the power coefficient Cp to reduce the amount of power extracted from the wind 
resource by the wind turbine. 
 
 
Keywords: Wind Turbine System, Permanent Magnet Synchronous Generator, Pitch-Angle 
 
 

1. INTRODUCTION 
 

Over the past few decades, wind energy has been 
considered as a fast-growing, competitive and 
environmentally friendliest renewable energy resource. 
This is mainly due to the growth in the size of the 
commercially available wind turbine designs [1, 2]. 
During high wind gusts, the wind speed tends to change 
rapidly and it can eventually exceed the wind turbine 
(WT)’s rated wind speed. Therefore, it is essential that a 
variable-speed WT remains protected from over-speeding 
and unexpected breakdown. The WT is usually protected 
from sudden wind gusts by a pitch-angle controller. This 
is ensured by increasing the angle of attack when the 
wind speed exceeds the WT’s rated wind speed. As a 
result, the aerodynamic power coefficient Cp is reduced to 
shed off the aerodynamic power extracted from the wind 
resource [1, 3, 4]. The pitch-angle controller remains 
inactive during low wind speeds and only gets activated 
during high wind speeds. According to literature, a pitch-
angle control strategy can either be a wind speed based; 
rotor speed based or generator power based depending on 
the input signals used to generate the desired pitch-angle 
[5-8].  From literature, the rotor speed based power 
limitation control has proven to be more accurate and it is 
highly used in many applications. 
 

2. SYSTEM MATHEMATICAL MODELLING 
 
2.1 Wind Turbine Mathematical Model 
 

The algebraic relationship between wind speed and the 
power extracted from the wind resource by the wind 
turbine is described by (1) [1, 2]  

 3),(
2
1

wpm vACP EOU  (1)  

Where: ρ is the air density which equals to 1.225kg/m3 at 
sea level, A is the area swept by the rotor blades [m2] (A= 
πr2, r being the radius of the rotor blade in m), vw is the 
wind speed upstream of the rotor [m/s] and Cp is the 
aerodynamic power coefficient dependent on the blade's 
pitch-angle ϑ [deg] and tip speed ratio λ.  
 
The power coefficient Cp has a theoretical maximum 
value of 0.593 [Betz’s limit] [9]. The amount of 
aerodynamic torque Tm [N.m] given by (2) is the ratio 
between the power Pm extracted from the wind resource 
and the turbine rotor speed ωrot [10] 
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2.2 Drive Train Mathematical model 
 
A drive train is a portion of the wind turbine that 
transmits torque from the low-speed shaft to the high-
speed shaft. The drive-train system is modeled as a 
number of discrete masses connected together by springs 
and defined by damping and stiffness coefficients[10]. 
The swing equation describing the lumped-mass drive-
train model is given by (3) [10] 
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Where: Te is the electromagnetic torque [N.m], Bm is the 
damping coefficient [N.m/s] and Jeq is the equivalent 
rotational inertia of the generator [kg.m2]. 
The inertia of a particular WT depends on the mass of the 
rotor, rotor blade length, and the number of rotor blades. 
The wind turbine inertia JWT is defined by (4) [11] 

 2)(
blades

blade
WT n

LmJ   (4) 

Where; m is the rotor mass [kg], Lblade is the length of the 
rotor blades [m] and nblade is the number of rotor blades. 
Using the parameters in Table 1 in the appendix section, 
the WT’s inertia is equal to 6250kg/m2. 
 

3. CONTROL SCHEME’S MODELLING 
 
3.1 Fundamentals of Control Systems 

Controllers are mainly incorporated into a system to 
improve the overall performance and stability of the 
system. This is done to meet certain design specifications 
such as percentage overshoot, rise-time, settling-time, 
phase-margin and a specified bandwidth [12-16]. 
 
3.2 Pitch-angle Controller Modelling 

3.2.1 Derivation of Transfer Functions 

Figure 1 (a), (b), and (c) shows the initial block diagram 
of the pitch-angle controller, the pitch-actuator model, 
and the final block diagram of the pitch-angle controller, 
respectively. 

The closed-loop transfer function of the pitch actuator 
system in Figure 1(b) is given by (5) 

 
1
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Where τβ is the time constant of the actuator system [8]. 
The system transfer function block in Figure 1(a) 
represents the aerodynamic and mechanical system of the 
wind turbine system. It is derived from the swing 
equation given by (3). Taking the Laplace transform of 
(3) gives (6) representing the system transfer function. 
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From Figure 1 (c), the open-loop transfer function of the 
pitch angle controller is given by (7) 
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3.2.2 Design Specifications of the pitch-angle 
controller 

The pitch-angle only changes at a finite rate. The 
maximum rate of change of the pitch angle is in the order 
of 3˚/s to 10˚/s, depending on the size of the wind 
turbine[17]. Considering a rate of change of 10˚/s, the 
bandwidth of the pitch-angle controller can be taken to be 
10 rad/s (1.59Hz). 
 
The pitch-angle controller needs to have a smaller 
overshoot to get rid of as many oscillations in the 
controller as possible to enhance the stability of the entire 
system. Therefore, the percentage overshoot is taken to 
be 5%. The percentage overshoot refers to the amount 
that the waveform overshoots the steady-state value at 
peak time. It is related to the damping ratio ζ by (8)[18] 
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The phase margin is related to the damping ratio by (9) 
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Therefore, considering the percentage overshoot of 5%, 
the damping ratio, and phase margin of the pitch-angle 
controller are equal to 0.69 and 57.85˚, respectively. 
The natural frequency of the system is related to the 
specified bandwidth and damping ratio by (10) [18, 19] 
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Therefore, using the bandwidth of 10rad/s and the 
damping ratio of 0.69, the natural frequency of the system 
is equal to 12.76rad/s.  
 
The settling-time of the controller is related to the 
system’s natural frequency and damping ratio by (11) 
[18, 19] 
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(a) 

 
(b) 

 
(c) 

Figure 1: Pitch-Angle Control; (a) Initial control loop; 
(b) Pitch actuator block diagram; (c) Final control 

loop 
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The rise-time of the controller is related  to the system’s 
natural frequency and damping ratio by (12) [18, 19] 
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Therefore, the settling-time and rise-time of the pitch-
angle controller are equal to 0.45s and 0.164s, 
respectively.  

To satisfy these design specifications, the performance of 
the systems' open-loop transfer functions needs to be 
analysed using bode plots and step response curves. This 
will carried out before and after the compensators have 
been applied to the uncompensated transfer functions. 

3.2.3 Pitch-angle controller design 

3.2.3.1 The uncompensated system 

The bode plot used for the system’s stability analysis is 
plotted using (13) by substituting the equivalent inertia 
calculated using (4), and the rated aerodynamic and 
electromagnetic torque given in Table 2 in the appendix 
section into (7)  
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Figure 2 shows the magnitude and phase curves of the 
uncompensated open-loop transfer function of the pitch-
angle controller, that is Gpitch(s) =1. 

It is observed that the phase margin and bandwidth of the 
uncompensated system are 89.4˚ and 0.131 rad/s, 
respectively. The bandwidth frequency is too low as 
compared to the desired value of 10 rad/s (1.59Hz) and 
hence the system response will be too slow. Furthermore, 
the phase-margin is too high and close to 90˚. A phase-
margin equal to or close to 90˚ reduces the system’s 
response time.To obtain the desired bandwidth, the 
system’s open-loop transfer function needs to be 
multiplied by a gain K to raise the magnitude curve up. 
The gain is determined in such a way that the magnitude 
curve crosses the 0dB line at the desired bandwidth.  

The gain is computed using (14) as follow 
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 Multiplying (13) with the gain K gives (15) which is 
used for plotting the bode plot of the gain-compensated 
transfer function.  
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Figure 3 shows the magnitude and phase curves of the 
gain-compensated open-loop transfer function of the 
pitch-angle controller.  

It is observed that the bandwidth requirement has been 
met. The phase margin at the desired bandwidth is 44.9˚. 
To obtain the desired phase margin of 57.85 ˚, a phase-
lead compensator is needed to boost the phase margin by 
shifting the phase curve up. 
 
3.2.3.2 Phase-lead compensator design 

The phase-lead compensator improves the performance 
of the open-loop system by adding a phase-boost to the 
phase curve to obtain the desired phase margin at the 
desired gain crossover frequency. The first step is to 
compute the phase-boost needed to obtain the desired 
phase margin by subtracting the phase margin of the 
current system from the desired phase margin as follow,  
Phase-boost=PMdesired-PMcurrent=12.95˚. 
 
The phase-boost is used to locate the pole pc and zero zc 
of the phase-lead compensator by calculating the 
frequency [Hz] where the pole and zero will be located 
using (16) [13]. 

 
Figure 2: Bode Plot of the uncompensated open-loop 

transfer function 

 
Figure 3: Bode plot of the gain-compensated transfer 

function 
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Where fBW is the crossover frequency, which is equal to 
1.59Hz (10rad/s/2п). Therefore, fp and fz are equal to 
1.266Hz and 1.997Hz, respectively.  
 
The angular frequencies ωp and ωz where the pole and 
zero of the phase-lead compensator are located are equal 
to 7.955rad/s and 12.55rad/s, respectively. Therefore, the 
transfer function of the phase-lead compensator is given 
by (17)  
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The phase-lead compensator is applied to the gain-
compensated system, and hence, multiplying (15) by (17) 
gives (18) which represent the transfer function of the 
phase-lead compensated system for the pitch-angle 
control loop. 
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Figure 4 shows the magnitude and phase curves of the 
phase-lead compensated open-loop transfer function of 
the pitch-angle controller. 

It is observed that the phase-lead compensator shifted the 
phase curve up to yield the phase-margin of 57.8°. The 
bandwidth is maintained at 10rad/s (1.59Hz). Therefore, 
the phase-margin and bandwidth design specifications 
have been met. 
 
Figure 5 (a), (b) and (c) shows the step response curve 
indicating the peak response, settling time and rise time 
of the uncompensated, gain-compensated and phase-lead 
compensated closed-loop transfer function of the pitch-
angle control loop, respectively. 

 
From Figure 5(a), it is observed that the percentage 
overshoot of the gain-compensated system is 23.4%, 
while the overshoot of the phase-lead compensated 
system is 10.4%. From Figure 5(b), it is observed that 
gain K reduced the settling time of the uncompensated 
system from 29.6s to 0.704s. The phase-lead compensator 
further reduced the settling time of the gain-compensated 
system to 0.414s which is still within the desired settling 
time of 0.45s.  

 
Figure 5: Bode plot of the phase-lead compensated 

transfer function 

 
(a) 

 
(b) 

 
(c) 

Figure 4: Step response of the pitch-angle controller's 
closed-loop transfer function, (a) Peak response; (b) 

Settling time; (c) Rise time 
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This shows that the settling time design specification has 
been met. From Figure 5(c), it is observed that gain K 
reduced the rise-time of the uncompensated system from 
16.6s to 0.125s and hence speeding up the system 
response. However, the phase-lead compensator 
increased the gain-compensated system’s rise time to 
0.132s which is within the desired rise time of 0.164s. 
This shows that the rise time design specification has 
been met. 
 

4. RESULTS AND DISCUSSIONS 
 
The wind speed is made to vary to analyse how the 
system reacts to the change in wind speed. Figure 6 
shows the variation in wind speed from the wind turbine's 
cut-in wind speed (4m/s) to the rated wind speed (13m/s) 
at 0.6s up until 18m/s, approaching the WT’s cut-out 
wind speed. 

Figure 7 (a) shows the variation in pitch angle relative to 
the change in wind speed. Figure 7 (b) shows the power 
coefficient curve. 

From Figure 7 (a), it is shown that the pitch angle 
controller remains inactive when the wind speed is lower 
than the WT’s rated wind speed and only gets activated 
when the wind speed exceeds the WT’s rated wind speed. 
Figure 7 (b) shows that the power coefficient Cp increases 
and remains constant at the rated value and it only starts 
decreasing when the wind speed exceeds the WT’s rated 
wind speed. This occurs due to the activation of the pitch 
angle controller, and hence, the amount of power 
extracted from the wind resource by the wind turbine 
decreases. 
 
Figure 8 (a) and (b) shows the rotor angular speed, the 
aerodynamic power, and aerodynamic torque, 
respectively. 

Figure 8 (a) and (b) shows that as the wind speed 
increases further above the WT's rated wind speed, the 
generated power, and torque remains equal to the rated 
values. That is, 2MW and 849kNm, respectively. This is 
possible because of the pitch-angle control technique.  
 

5. CONCLUSION 
 
Based on simulation results, it was shown that the pitch-
angle controller remained inactive when the wind speed 
was lower than the WT’s rated wind speed and only got 
activated when the wind speed exceeded the WT’s rated 
wind speed. Moreover, it was shown that the power 
coefficient Cp remained constant at its rated value and 
only started dropping when the wind speed exceeded the 
WT’s rated wind speed.  

 
Figure 6: Wind Speed Model 

 
(a) 

 
(b) 

Figure 7: (a) Pitch-angle; (b) Power coefficient 

 

 
(a) 

 
(b) 

Figure 8:  (a) Aerodynamic power; (b) Aerodynamic 
Torque 
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This occurs due to the activation of the pitch-angle 
controller, and hence, the amount of power extracted 
from the wind resource by the wind turbine decreases to 
protect the WT from sudden wind gusts. Furthermore, as 
the wind speed increased further above the WT's rated 
wind speed, the generated power initially overshoots and 
dropped thereafter and remained equal to the rated power.  
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APPENDICES 

Table 1: Wind Turbine Parameters 

Parameters Values 
Rated Power (MW) 2 
Cut-In wind speed (m/s) 4 
Rated wind speed (m/s) 13 
Cut-out wind speed (m/s) 25 
Number of rotor blades 3 
Rotor area (m2) 4587 
Rotor diameter (m) 76.42 
Air density (kg/m2) 1.225  
Maximum Cp 0.4 

Table 2: PMSG Parameters 

Parameters Value 
Generator type PMSG 
Rated mechanical power, P (MW) 2 
Rated apparent power, S (MVA) 2.24 
Rated L-L voltage, VL-L (V) 690 (rms) 
Rated power factor, pf 0.89 
Rated rotor speed, ωrated(rpm) 22.5  
Pole pairs, np 26 
Rated Mechanical Torque (kNm) 848.83 
Flux linkage, ψf (Wb) 4.971  
Stator winding resistance, Rs (mΩ) 0.821  
Stator d-axis inductance, Lds (mH) 1.573  
Stator q-axis inductance, Lqs (mH) 1.573  
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Abstract: Wind energy has proven to be the most promising renewable energy source for generating 
electricity due to its cost competitiveness when compared to the conventional energy sources (fossil 
fuels). Because the wind resource has an intermittent nature, the wind power output is inconsistent. 
This paper proposes a rotor speed controller for a 2MW permanent magnet synchronous generator 
(PMSG) to ensure that maximum power is extracted from the wind resource at a wide range of wind 
speeds to optimize the performance of the wind turbine (WT). The vector-oriented control technique 
is used to control the machine-side converter and the type of controller used is the phase-lag 
compensator. The proposed wind energy conversion system is implemented in PSIM software and the 
control system modelling has been carried out in MATLAB software using bode plots and step-
response curves. The overall system’s performance analysis and validation were done through 
simulations. In view of the simulation results, it was observed that the MPPT controller enabled the 
power generated by the WT to closely track the pre-determined optimal power curve. As a result, 
MPPT was ensured when the wind speed was less than the wind turbine’s rated wind speed. 
 
Keywords: Wind Turbine System, Rotor speed, Maximum Power Point Tracking, phase-lag 
compensator 
 
 

1. INTRODUCTION 
 

Over the past decades, wind energy has been considered 
as a fast-growing and an environmentally friendliest 
renewable energy resource. This is mainly due to the 
growth in the size of the commercially available wind 
turbine (WT) designs [1, 2]. Due to the intermittent 
nature of wind, power electronic converters are put in 
place to interface wind energy conversion systems 
(WECS) with the grid in order to match the 
characteristics of WTs with the requirements of grid 
connections, namely: voltage level, frequency, active 
power and reactive power [3]. It is crucial that these 
power electronic converters be controlled to achieve 
certain desired requirements such as MPPT, DC-link 
voltage control, and pitch-angle control. This paper 
tackles the issue of MPPT. A number of MPPT methods 
have been developed in the past decades and have been 
discussed in the literature [1, 4-7]. These are; Optimal 
Relationship-Based (ORB) control, Tip-Speed Ratio 
(TSR) control, Optimal Torque Control (OTC) and 
Perturb and Observe (P & O)/ Hill-Climb Search (HCS) 
control. In this study, MPPT is achieved through the use 
of ORB control. The ORB is employed because of its 
simplicity, quick response and enhanced power 
smoothing capability[1]. The power is controlled 
indirectly by continuously varying the rotor speed ωr 
relative to the change in wind speed vw. 
 

2. MATHEMATICAL MODELLING OF A WECS 

2.1Wind Turbine Mathematical Modelling 

The algebraic relationship between wind speed and the 
power extracted from the wind resource by the wind 
turbine is described by (1) [1] 

 3),(
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wpm vACP EOU  (1)  

Where: ρ is the air density which equals to 1.225kg/m3 at 
sea level, A is the area swept by the rotor blades [m2] (A= 
πr2, r being the radius of the rotor blade in m), vw is the 
wind speed upstream of the rotor [m/s] and Cp is the 
aerodynamic power coefficient dependent on the blade's 
pitch-angle ϑ [deg] and tip speed ratio λ given by (2) 
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Where: ωrot is the rotor angular speed [rad/s]  
 
2.2 Permanent Magnet Synchronous Generator (PMSG) 
Mathematical Model 

The dynamic modelling of a PMSG is normally carried 
out in the direct-quadrature (dq) synchronous reference 
frame with the q-axis 90˚ ahead of the d-axis with respect 
to the direction of rotation[8]. The mathematical model of 
the PMSG in the d-q synchronous reference frame is 
given by (3) [9] 
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Where; usd  and usq are the d-axis and q-axis stator 
voltages [V], respectively; isd and isq are the d-axis and q-
axis stator currents [A], respectively; Lsd and Lsq are the q-
axis and q-axis inductances [H], respectively; Rs is the 
stator winding resistance [Ω];  ψf is the permanent 
magnetic flux [Wb], and  ωeg is the electrical rotating 
speed [rad/s] of the generator.  
 

3. CONTROL SCHEME MODELLING 
 
3.1 Fundamentals of Control Systems 

The direct and vector control are the well-developed 
control techniques used to carry out the control of active 
and reactive power in grid-connected WECS [10-13]. 
Freire et. al [10] carried out a comparative study on the 
direct and vector control strategies. It was concluded that, 
although the direct control technique has a fast dynamic 
response and it is easy to implement, the vector control 
technique has a better performance due to lower current 
distortions, higher grid power factor, and higher overall 
efficiency. The vector-oriented control (VOC) comprises 
of a dual-loop structure: a slow outer control loop and a 
fast inner current control loop. The output signals from 
the outer control loops serve as reference currents for the 
inner current control loops. The VOC technique is 
implemented in this study. 
 
Controllers are mainly incorporated into a system to 
improve the overall performance and stability of the 
system. This is done to meet certain design specifications 
such as percentage overshoot, phase-margin and a 
specified bandwidth [13-17]. The percentage overshoot 
refers to the amount that the waveform overshoots the 
steady-state value at peak time. It is related to the 
damping ratio ζ by (4)[18] 
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The phase margin is related to the damping ratio by (5) 
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The natural frequency of the system is related to the 
specified bandwidth and damping ratio by (6) [18, 19] 

 
24)21( 242 ����

 
]]]

Z
Z

BW
n

 (6) 

The settling-time of the controller is related to the 
system’s natural frequency and damping ratio by (7) [18, 
19] 

 
]Z u

 
n

sT 4  (7) 

The rise-time of the controller is related  to the system’s 
natural frequency and damping ratio by (8) [18, 19] 
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3.2 Generator-side converter controller 

3.2.1 Controller Objective 

The controller applied to the generator-side converter is 
used to carry out maximum power point tracking (MPPT) 
when the wind speed is lower that the wind turbine 
(WT)’s rated wind speed. This is done by varying the 
generator speed relative to the change in the wind speed. 
 
3.2.2 Derivation of the Transfer Functions: Inner 

Current Control Loop 

Figure 1 (a) and (b) shows the initial and final inner 
current control loops for the generator-side converter, 
respectively. 

A converter is usually considered as an ideal transformer 
with a time delay caused by the switching of the 
converter switches. The delay time is equal to the half of 
the switching time. Therefore, the transfer function of the 
converter block is given by (9) [20]; 
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Where: switchswitcha fTT 212   is the time delay in seconds. 
 
The system’s behavior is governed by the equations that 
represent the PMSG’s stator voltages given in (3). The d- 
and q-components of the stator voltage have cross-
coupling terms; ωseLsqisq and ωse (Lsdisd +ψf), respectively. 
To obtain a good control performance, it is required to 
decouple the d- and q- axis[21]. This is done by removing 
the cross-coupling terms which gives (10) representing 
the system’s transfer function in Figure 1(a). 
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Taking the Laplace transformation of (10) gives (11) 
relating the output stator current to the stator voltage 
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From Figure 1(b), the open-loop transfer function of the 
inner current control loop is given by (12) 

 
(a) 

 
(b) 

Figure 1: Inner current control loop for the generator-
side converter, (a) Initial control loop; (b) Final 

control loop 
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3.2.2.1 Design Specifications of the inner current 
controller 

To prevent the ripple associated with the PWM from 
affecting the controller's performance, it is recommended 
that the controller’s bandwidth should be less than or 
equal to one-fourth of PWM converter’s switching 
frequency. The choice of the PWM converter’s switching 
frequency mainly depends on the switches’ blocking 
voltage and current carrying capacity. According to[22, 
23], the IGBTs are preferred over MOSFETs for blocking 
voltages above 250V and they usually operate at low 
frequencies less than 20kHz for motor drive/control. In 
this study, the PWM converter is rated at 3MVA, above 
the apparent power rating of the WT. Considering the 
WT’s rated line-to-line voltage given in Table 2, the 
switching frequency is taken to be 10 kHz. Therefore, the 
bandwidth of the controller is taken to be 2.5 kHz. The 
percentage overshoot of the inner current control loop is 
taken to be 25% since the inner loop is fast, and hence the 
system can recover from the overshoot faster. Therefore, 
the damping ratio and phase margin calculated using (4) 
and (5) are equal to 0.404 and 39.52˚, respectively. 
Furthermore, the settling-time and rise-time of the inner 
current controller calculated using (7) and (8) are equal to 
0.856ms and 0.127ms, respectively. 
 
3.2.2.2 Controller Modelling of the Inner Current Loop 

3.2.2.2.1 The uncompensated system 

The bode plot used for the system’s stability analysis is 
plotted using (12) by substituting in the delay time, the 
synchronous inductance and stator winding resistance 
given in Table 2. The delay time calculated using (9) is 
equal to 50μs. Therefore, the open-loop transfer function 
is given by (13) 
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Figure 2 shows the bode plot of the open-loop transfer 
function of the inner current control without a 
compensator, that is GC,i(s)=1. 

It is observed that the phase margin and bandwidth of the 
uncompensated system are 88.2˚ and 635 rad/s, 
respectively. The bandwidth is too low as compared to 
the desired value of 1.57x104 rad/s (2500Hz) and hence 
the system response will be too slow. Furthermore, the 
phase margin is too high and much closer to 90˚. To 
obtain the desired bandwidth, the system’s open-loop 
transfer function needs to be multiplied by a gain K to 
raise the magnitude curve up. The gain is determined in 
such a way that the magnitude curve crosses the 0dB line 
at the desired bandwidth. The gain is computed using 
(14)  

 

12.31
)10821.010573.11078(

96.15707

10821.010573.11078
)(

3329

3329_,

 
u�u�u

 

u�u�u
 

���

���

K
jj

K
jj

KjG uncompenI OL

 (14) 

Multiplying (13) with the gain K gives (15) which is used 
for plotting the phase and magnitude curves of the gain-
compensated open-loop transfer function.  
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Figure 3 shows the magnitude and phase curves of the 
gain-compensated open-loop transfer function of the 
inner current control loop.  

It is observed that the bandwidth requirement has been 
met. The phase margin at the desired bandwidth is 52.1˚. 
To obtain the desired phase margin of 39.52˚, a phase-lag 
compensator is needed to shift the phase curve down.  

3.2.2.2.2 Phase-lag compensator design 

The phase-lag compensator improves the performance of 
the open-loop system by adding a phase-attenuation to 
the phase curve to obtain the desired phase margin at the 
desired gain crossover frequency[13]. Therefore, the first 
step is to compute the phase-attenuation needed to obtain 
the desired phase margin. This is done by subtracting the 
phase margin of the current system from the desired 
phase margin as follow, 
Phase-attenuation=PMdesired-PMcurrent= -12.58°. 

 
Figure 3: Bode plot of the gain-compensated transfer 

function 
 

 
Figure 2: Bode plot of the uncompensated open-loop 

transfer function 
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The phase-attenuation is used to locate the pole pc and 
zero zc of the phase-lag compensator by calculating the 
frequency [Hz] where the pole and zero will be located 
using (16) 
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Where fBW is the bandwidth frequency, which in this study 
is equal to 2500Hz. Therefore, fp and fz are equal to 
3119.39Hz and 2003.59Hz, respectively.  
 
The angular frequencies ωp and ωz where the pole and 
zero of the phase-lag compensator are located are equal to 
19599.7rad/s and 12588.9rad/s, respectively. Therefore, 
the transfer function of the phase-lag compensator is 
given by (17) 
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The phase-lag compensator is applied to the gain-
compensated system, and hence, multiplying (15) by (17) 
gives (18) which represents the transfer function of the 
phase-lag compensated system for the inner current 
control loop. 
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Figure 4 shows the magnitude and phase curves of the 
phase-lag compensated open-loop transfer function of the 
inner current control loop. 

It is observed that the phase-lag compensator shifted the 
phase curve down to yield the phase-margin of 39.5°. The 
bandwidth is maintained at 1.57x104 rad/s (2500Hz). 
Therefore, the phase-margin and bandwidth design 
specifications have been met. Figure 5 (a), (b) and (c) 
shows the step response curve indicating the peak 
response, settling time and rise time of the 
uncompensated, gain-compensated and phase-lag 
compensated closed-loop transfer function of the inner 
stator current control loop.  

 

 
Figure 5: Bode plot of the phase-lag compensated 

transfer function 

 
(a) 

 
(b) 

 
(c) 

Figure 4: Step response of the inner current controller's 
closed-loop transfer function, (a) Peak response; (b) 

Settling time; (c) Rise time 
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From Figure 5(a), it is observed that the overshoot of the 
gain-compensated system is 16%, while the overshoot of 
the phase-lag compensated system is 29.5%. Therefore, 
the percentage overshoot of the gain-compensated system 
falls within the desired overshoot of 25%. From Figure 
5(b), it is observed that gain K reduced the settling time 
of the uncompensated system from 6ms to 0.4ms. 
However, the phase-lag compensator reduced the settling 
time of the gain-compensated system to 0.6ms which is 
still within the desired settling time of 0.856ms. This 
illustrates that the settling time design specification has 
been met. From Figure 5(c) it is observed that the gain 
reduced the rise-time of the uncompensated system from 
3.34ms to 0.0829ms and hence speeding up the system 
response. However, the phase-lag compensator increased 
the gain-compensated system’s rise time to 0.079ms 
which is within the desired rise time of 0.127ms. This 
illustrates that the rise time design specification has also 
been met. 

3.2.3 Derivation of the Transfer Functions: Outer 
Control Loop(s) 

3.2.3.1 Design Specifications of the outer control loops 

The outer control loops are expected to be slower than the 
inner current control loops. Therefore, the bandwidth of 
the outer control loop is taken to be 625Hz 
(3926.99rad/s), one-fourth of the inner current control 
loops’ switching frequency. Moreover, the slower outer 
loop needs to have a smaller overshoot as compared to 
the fast inner current controllers loop to get rid of as 
many oscillations in the controller as possible to enhance 
the stability of the entire system. Therefore, the 
percentage overshoot is taken to be 5%. Therefore, the 
damping ratio and phase margin calculated using (4) and 
(5) are equal to 0.69 and 57.85˚, respectively.  

3.2.3.2 Controller modelling of the MPPT Loop 

The equation relating the optimal power to the optimal 
rotor speed is derived by substituting (2) into (1) as 
illustrated by (19)[1]: 
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The output power Popt from the MPPT stage serves as an 
input into the outer active power control loop. The output 
of the outer controller block is the d-component of the 
reference current fed into the inner current control loop. 
Figure 6(a) and (b) shows the initial and final active 
power control loops.  

Using the d-q axis theory, the instantaneous real and 
reactive power of the synchronous generator are 
described by (20) [21]. 
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In stator voltage reference frame, the d-axis of the 
synchronous reference frame is aligned with the stator 
voltage vector. Therefore, the stator voltage only has the 
d-axis component Vsd, while the q-axis component Vsq is 
set to zero. Therefore, (20) becomes (21) 
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Therefore, from Fig. 6(b), the open-loop transfer function 
of the MPPT control loop is given by (22) 
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3.2.3.2.1 The Uncompensated System 

The open-loop transfer function used to plot the 
magnitude and phase curves of the outer MPPT control 
loop is given by (24). It is derived by substituting in the 
converter’s voltage of 620.62V and the closed-loop 
transfer function GI,cl(s) of the phase-lag compensated 
inner current loop given by (23) into (22) 
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Figure 7 shows the bode plot of the uncompensated open-
loop transfer function of the MPPT control loop. That is, 
GC,P(s)=1. 

 
 

 
(a) 

 

 
(b) 

Figure 6: MPPT control loop, (a) Initial control loop; 
(b) Final control loop 

 

 
Figure 7: Bode plot of the uncompensated transfer 

function 
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It is observed that the phase-margin and bandwidth of the 
uncompensated system are 1.38˚ and 5.46x105 rad/s, 
respectively. The bandwidth is much higher than the 
desired value. Furthermore, the phase-margin is very 
small. To reduce the bandwidth, a phase-lag compensator 
is needed to drop the magnitude curve down so that it 
crosses the 0dB line at the desired bandwidth of 
3926.99rad/s (625Hz). 

3.2.3.2.2 Phase-lag compensator design 

The first step is to identify the gain magnitude 
corresponding to the desired bandwidth on the magnitude 
curve.  The gain magnitude at the desired bandwidth is 
59.7dB as shown in Figure 8. 

The magnitude at the desired crossover frequency is then  
used to calculate the attenuation α needed to shift the 
magnitude curve down. The attenuation is used to locate 
the pole and zero of the phase-lag compensator and it is 
calculated using (25) 

 30.9332541010 10
7.59

10    
gain

D  (25) 

The frequencies where the pole pc and zero zc will be 
located are calculated using (26).  
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Therefore the pole and zero of the phase-lag compensator 
with a bandwidth ωbandwidth of 3926.99 rad/s and 
attenuation α of 933254.30 are located at 3.79×106 rad/s 
and 4.065 rad/s, respectively. Therefore, the transfer 
function of the phase-lag compensator is given by (27) 
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Multiplying (24) by (27) gives (28) which represents the 
open-loop transfer function of the phase-lag compensated 
system. 
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Figure 9 shows the magnitude and phase curves of the 
phase-lag compensated open-loop transfer function of the 
MPPT control loop.  

It is observed that phase-lag compensator shifted the 
magnitude curve down by 60.6dB at the bandwidth of 
3.93x103 rad/s, and hence, the bandwidth design 
specification has been met. The phase-margin at the 
desired bandwidth is 80.6°. Therefore, a second phase-lag 
compensator is needed to shift the phase curve down to 
obtain the desired phase margin of 57.85°. 
 
3.2.3.2.3 Second phase-lag compensator design 

The first step is to compute the phase-attenuation needed 
to obtain the desired phase margin by subtracting the 
phase margin of the current system from the desired 
phase margin as follow, 
Phase-attenuation=PMdesired-PMcurrent= -22.75°. 

Therefore, the frequency [Hz] where the pole pc and zero 
zc calculated using (16) and the phase-attenuation are 
equal to 415.64Hz and 939.81Hz, respectively. Moreover, 
the angular frequencies ωp and ωz where the pole and 
zero of the phase-lag compensator will be located are 
equal to 2611.54rad/s and 5905rad/s, respectively. 
Therefore, the transfer function of the phase-lag 
compensator is given by (29) 
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The second phase-lag compensator is applied to the 
phase-lag compensated system, and hence, multiplying 
(28) by (29) gives the transfer function of the phase-lag-
lag compensated system as follow 
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  (30) 
Figure 10 shows the bode plot of the MPPT controller’s 
open-loop transfer function compensated with the two 
phase-lag compensators. 
 

 
Figure 9: Gain magnitude at the desired bandwidth 

 

 
Figure 8: Bode plot of the phase-lag compensated 

transfer function 
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It is observed that the second phase-lag compensator 
shifted the phase curve down to yield the phase-margin of 
57.9°. The bandwidth is maintained at 3.92x103 rad/s 
(625Hz). Therefore, the phase-margin and bandwidth 
design specifications have been met. 
 
Figure 11(a), (b) and (c) shows the step response curve 
indicating the peak response, settling time and rise time 
of the uncompensated, the phase-lag compensated and 
phase-lag-lag compensated closed-loop transfer function 
of the outer MPPT control loop, respectively. 

From Figure 11(a), it is observed that the phase-lag 
compensated system reduced the percentage overshoot of 
the uncompensated system from 96.5% to 12.1%. From 
Figure 11(b), it is observed that the first phase-lag 
compensator increased the settling time of the 
uncompensated system from 0.593ms to 0.956ms. The 
second phase-lag compensator further increased the 
settling time of the phase-lag compensated system 1.3ms, 
which is close to the desired settling time of 1.2ms. From 
Figure 11(c), it is observed that the rise time of the 
uncompensated system is 1.93μs. However, the first 
phase-lag compensator increased the system’s rise time to 
0.485ms, while the second phase-lag compensator 
increased the rise time to 0.297ms which is within the 
desired rise time of 0.42ms. This shows that the rise time 
design specification has been met. 
 

4. RESULTS AND DISCUSSIONS 
 
The wind speed is made to vary to analyse how the 
system reacts to the change in wind speed. Figure 12 
shows the variation in wind speed from the wind 
turbine’s cut-in wind speed (4m/s) to the rated wind 
speed (13m/s) at 0.6s up until 18m/s, approaching the 
WT’s cut-out wind speed. 

 
Figure 11: Bode plot of the transfer function 

compensated with the two phase-lag compensators 
 

 
Figure 12: Wind Speed Model 

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 10: Step response of the MPPT controller's 
closed-loop transfer function, (a) Peak response; (b) 

Settling time; (c) Rise time 
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Figure 13 (a), (b) and (c) shows the rotor angular speed, 
the aerodynamic power, and aerodynamic torque, 
respectively. 

From Figure 13 (a), it is observed that as the wind speed 
increases, the rotor angular speed also increases up to the 
rated rotor speed. Figure 13 (b) shows that when the wind 
speed is below the WT’s rated wind speed (13m/s), the 
power generated from the WT tracks the optimal power 
curve to ensure MPPT. When the wind speed is equal to 
the WT’s rated wind speed, the power generated is equal 
to 2MW which is the WT’s rated power. Moreover, as the 
wind speed increases further above the WT’s rated wind 
speed, the generated power remains equal to the rated 
power. This is possible because of the pitch-angle control 
technique. From Figure 13 (c), it is observed that during 
the MPPT stage, the generated torque closely tracks the 
optimal torque curve until the rated WT’s rated torque. At 
the rated power (2MW), the torque is equal to the WT 
generator’s rated torque of 849kNm. 

5. CONCLUSIONS 
 
The proposed subsystems were successfully implemented 
in PSIM software package and simulations were carried 
out to further analyse the overall system's performance. 
Based on the simulation results, it was observed that the 
MPPT controller enabled the power generated from the 
WT to closely track the optimal power curve to ensure 
maximum power generation when the wind speed is less 
than the WT's rated wind speed (13m/s). It was also 
observed that when the wind speed is equal to the WT's 
rated wind speed, the aerodynamic power generated is 
equal to 2MW which is the WT's rated power. The MPPT 
controller also enabled the generated torque to closely 
track the optimal torque curve when the wind speed was 
lower than the WT’s rated wind speed.  
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APPENDICES 

Table. 1: Wind Turbine Parameters 
Parameters Values 
Rated Power (MW) 2 
Cut-In wind speed (m/s) 4 
Rated wind speed (m/s) 13 
Cut-out wind speed (m/s) 25 
Number of rotor blades 3 
Rotor area (m2) 4587 

Rotor diameter (m) 76.42 
Rated speed (rpm) 19 
Air density (kg/m2) 1.225  
Maximum Cp 0.4 
Maximum λ 9.8 

 

Table. 2: PMSG Parameters 
Parameters Value 
Generator type  PMSG 
Rated mechanical power, P (MW) 2 
Rated apparent power, S (MVA) 2.24 
Rated L-L voltage, VL-L (V), rms 690  
Rated phase voltage, Vph (V), rms 398.37 
Rated power factor, pf 0.89 
Rated mechanical speed, ωrated (rpm) 22.5 
Pole pairs, np 26 
Permanent magnet flux linkage, ψf (Wb) 4.971 
Stator winding resistance, Rs (mΩ) 0.821  
Stator d-axis inductance, Lds (mH) 1.573  
Stator q-axis inductance, Lqs (mH) 1.573  
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PERFORMANCE COMPARISON OF HILL CLIMBING MPPT WITH 
FUZZY LOGIC CONTROL MPPT SCHEME FOR SOLAR PV SYSTEMS 
 
J. Bamukunde* and S. Chowdhury* 
 
Dept. of Electrical Engineering, Upper Campus, Rondebosch, University of Cape Town, South Africa  
 
Abstract:  The purpose of this paper is to compare the performance of the Fuzzy Logic Controller 
(FLC) and Hill Climbing (HC) maximum power point tracking (MPPT) algorithms in a photovoltaic 
simulation system using MATLAB Simulink. The system is simulated under varying solar insolation 
and temperature conditions. For comparison purposes it has been found that FLC possesses faster 
dynamic responses and fewer oscillations than the HC in tracking the maximum power point. The HC 
algorithm is unable to reach the MPP at different levels of insolation because when the incremental 
duty cycle is greater than zero, the operating point is moved farther away from the maximum power 
point and therefore results in poor tracking. In case of temperature variations, HC performs poorly at 
25℃ delivering 38.86% of the maximum power but outperforms FLC at 50℃ by reaching 57.34% of 
the expected maximum power.  
 
Keywords: Maximum Power Point Tracking, Hill Climbing MPPT, Fuzzy Logic MPPT, Solar PV 
Systems, insolation, temperature

 
 
 

1. INTRODUCTION 
 
 Renewable energy resources are gaining popularity not 
only because of the huge consumption and near depletion 
of fossil fuels but also because of the negative 
environmental impacts caused by the consumption of 
fossil fuels [1]. Additionally the increasing world 
population and thus increasing energy demand, calls for 
additional sources of energy [1].  Thus alternative energy 
sources such as solar PV needs to be utilised more 
frequently for generation of electricity. Solar energy is 
the most favourable alternative source of energy because 
of its sustainability, cleanliness and ease of maintenance 
[2]. This is also one of the resources which are 
abundantly available in many African countries including 
South Africa and hence is currently being considered.  
The performance of a PV system will depend on the 
operating conditions and the maximum power obtained 
from a PV system will depend on factors such as the solar 
insolation and atmospheric temperature and also the load 
profile [3]. The insolation changes affect the PV output 
current and the changes in atmospheric temperature 
affects the PV output voltage [3]. Therefore, varying 
weather conditions such as varying insolation and 
atmospheric temperature will affect the PV output power 
[3]. There are many different approaches used for 
maximizing the power output from a PV system as 
discussed in the following section. 
 

2. MAXIMUM POWER POINT TRACKING  
 
The MPPT process ensures that at any atmospheric 
temperature, insolation level and variable load, the 
maximum power is extracted from the PV modules by 
matching its power-voltage working point with the 
corresponding power converter [4, 5]. This maximum 
power is then transferred to the load.  A simple MPPT 
system with converter is shown in Figure 1.  
 

 
 
 
 
In this general PV system the MPPT controller senses the 
voltage and current of the PV array. The MPPT algorithm 
then utilises the sensed voltage and current to compute 
the maximum power point (MPP). The output of the 
MPPT controller is a duty cycle or voltage which then 
becomes the input to the DC-DC boost converter [6]. The 
variation of the duty cycle of the DC-DC converter 
ensures that the operating voltage is maintained at the 
MPP. 
 

 
 

Figure 1: General PV system with MPPT [5] 
 

The DC-DC converter is a boost converter.The boost 
converter is the most favaoured converter in MPPT 
systems because it is inexpensive, has a high efficiency 
and is  simple to implement[2]. The boost converter 
allows for the control of the duty cycle. By controlling 
the duty  the PV system’s internal  resistance is matched 
with equivalent load resistance that is seen by the 
source[7]. The matching of the resistance results in 
maximum power output[5]. The boost converter can be 
modelled as shown in Figure 2. 
 

 
Figure 2: Boost converter circuit [8] 
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The value of the capacitor and inductor of the boost 
converter can be determined from equations (1)-(3). 
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Where, 0V =converter output voltage [V]; iV =converter 
input voltage [V]; D =Duty cycle; I' =Ripple current 
[A]; V' =Ripple voltage [V]; sf =Switching frequency 

in [Hz]; 0I =output current in [A]. 
 

3. MPPT SCHEMES 
 

There are several MPPT schemes, but the research work 
in this paper focuses on the operation and ease of 
implementation of the Hill Climbing (HC) and the Fuzzy 
Logic (FLC) technique. 

 3.1 Hill Climbing MPPT scheme 
The Hill Climbing (HC) scheme utilizes the duty cycle of 
a boost converter to determine the MPP [9]. The MPP is 
reached when the derivative of the PV power with respect 
to the duty cycle is equal to zero, that is 𝑑𝑃

𝑑𝐷 = 0 [9]. In 
each cycle the voltage and current is sensed from the PV 
array and the present power is computed. The present 
power is compared with the power calculated in the 
previous cycle.  If the difference in power (present 
power-previous power) is greater than zero, the duty 
cycle D is increased as shown in Figure 3. When the 
difference in power is less than zero, the duty cycle is 
decreased [9].When the present power is equal to the 
previous power, the MPP has been found. 
 

 
Figure 3: Hill Climbing MPPT Algorithm [9] 

 
Because the duty cycle is changed directly with a PI 
controller, the HC technique is also known as the direct 
duty cycle technique [10].The main advantage of the HC 
MPPT scheme is that it is simple in implementation [9]. 
However this scheme has its drawbacks due to the trade-
off that needs to be made between stability during 
constant atmospheric conditions and speed of response 

during varying atmospheric conditions [9]. Constant 
atmospheric conditions would require a small change in 
duty cycle to reach the MPP and avoid oscillations 
around the MPP. However changing atmospheric 
conditions will require a large change in the duty cycle to 
track the MPP speedily. Therefore a compromise needs to 
be reached between the sizes of the incremental/ 
decremental duty cycle size [9]. 

3.2 Fuzzy Logic Control MPPT Scheme:  
The fuzzy logic control (FLC) MPPT scheme requires 
knowledge of how the output responds qualitatively to 
certain inputs [11]. The process structure of FLC consists 
of three stages, namely fuzzification, rules inference and 
de-fuzzification [11]. The process structure of FLC is 
shown in Figure 4. 

 
Figure 4:  FLC process structure [10] 

 
An error E (i) and change in error ∆𝐸(𝑖) are the inputs to 
the FLC MPPT. The inputs are calculated from the output 
power and voltage of the PV array as follows by 
equations (4)-(5): 
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 The range of E (i) and ∆𝐸 is allocated based on trial and 
error.  During the fuzzification stage , E (i) and ∆𝐸(𝑖)  
are converted into linguistic variables using fuzzy subset, 
namely PB(Positive Big), PM( Positive Medium), 
PS(Positive Small), ZE(Zero), NS(Negative Small), 
NM(Negative Medium) and NB(Negative Big). These 
linguistic variables are characterized by mathematical 
membership functions, MF [12] which are triangular in 
shape to allow for ease of implementation of digital 
control. 

3.3 Performance of FLC and HC under Varying Levels of 
Insolation and temperature 
Varying levels of insolation will influence the output 
current and power produced by the PV arrays. Each 
MPPT algorithm responds uniquely to varying levels of 
insolation. The HC MPPT fails to track the MPP under 
rapidly changing solar insolation levels and also suffers 
from oscillations near the MPP during steady state 
conditions [12].The FLC MPPT algorithm has fast 
convergence towards the MPP and has minimum 
oscillations around the MPP during rapid and gradual 
changes in insolation [13]. Therefore power fluctuations 
of the PV modules and hence power loss is minimised. 
FLC therefore behaves efficiently under varying levels of 
solar insolation [12]. 
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Changes in temperature influences the output power and 
the output voltage of the PV array. As the Temperature 
increases the open circuit voltage of the PV module will 
decrease drastically and the short circuit current will 
increase marginally, resulting in a net decrease in output 
power [14]. Under gradual changes in temperature, FLC 
track the MPP with insignificant oscillations. On the 
other hand the FLC MPPT algorithm is able to track the 
MPP under rapidly changing temperatures, with 
“negligible” oscillations [13]. 

4. SIMULATION OF SOLAR PV SYSTEM  
 
A solar PV system is modelled in MATLAB/ Simulink 
for the comparison of the MPPTs’ performance under 
varying insolation levels and atmospheric temperature. 
The photovoltaic system model consisted of a PV 
module, MPPT algorithm, DC-DC boost converter and a 
load as shown in Figure 5. The electrical characteristics 
of the PV module are shown below in Table 1.The inputs 
into the PV module are solar insolation in kW/m2 and 
temperature in degrees Celsius. The PV module utilizes 
the solar insolation and temperature to calculate the 
output current Ipv. 

 
Figure 5: Simulated solar PV system  

 
Table 1: Specification of SUNTECH STP245-20.WD PV 

Module 
Specification Value 
Maximum Power at STC 245W 
Maximum Operating Voltage 30.5V 
Maximum Operating Current 8.04A 
Open Circuit Voltage 37.3V 
Short Circuit Current 8.52A 
No of cells in series 60 
Temperature Coefficient Of short 
circuit current 

0.067%/℃ 

Module Efficiency 15.1% 

4.1 Modelling of boost converter in Simulink 
The output current of the PV module was connected to a 
controlled current source to allow for it to be connected 
to the electrical circuit consisting of the filter capacitor, 
boost converter and load resistor. A voltmeter was used 
to measure the output voltage of the PV module and is 
fed back into the PV module to allow for the calculation 
of Ipv. The DC-DC boost converter forms the interface 
between the PV module and the load. The boost converter 
is modelled as seen in the circuit of Figure 2.  
Table 2 illustrates the design specifications for a voltage 
of 50V at the load and at standard operating conditions of 
1000W/m2 and atmospheric temperatures of 25℃.  By 

employing equation (1) and design specifications of 
Table 2, the duty cycle D is calculated. 
Depending on the atmospheric conditions, the duty cycle 
of the converter is to be adjusted by the MPPT algorithm 
to maintain a constant voltage at the load.  
 

Table 2: Design specifications of boost converter 
Specification Value 
Input voltage 30.5V 
Input Current 8.04A 

Switching Frequency 20kHz 
Voltage Ripples 5% 
Current Ripples 10% 
Output Voltage 50V 

 
Based on the design specifications of the boost converter 
and equations (2)-(3), Table 3 illustrates the calculated 
values of the boost converter parameters in continuous 
conduction mode. 
 

Table 3: Calculated values of boost converter 
Parameter Calculated Value 
Duty Cycle 0.39 

Load Resistance 10.19Ω 
Inductance, L 739.74µH 
Capacitor, C 38.25µF 

Filter Capacitor 19µF 

4.2 Modelling of Fuzzy Logic Control (FLC) MPPT in 
Simulink 
The implementation of the FLC MPPT algorithm in 
Simulink requires the employment of the Fuzzy Logic 
Simulink Toolbox. The FLC with Rule View Simulink 
block is employed in the implementation of the 
algorithm. The algorithm is simplified into a subsystem 
as shown in Figure. 6 to allow for ease of implementation 
with the rest of the system of Figure. 5. 

 
Figure 6: FLC subsystem block 

4.3 Modelling of HC MPPT in Simulink 
The HC MPPT is implemented in MATLAB Simulink 
without difficulty as it only has one comparison stage. 
The incremental/decremental step size for the HC 
algorithm is designed to be 0.01. The algorithm delivers a 
duty cycle D to the boost converter. A Saturation 
Simulink block is introduced to limit the duty cycle 
between 0 and 1, which corresponds to a duty cycle 
between 0 and 100%. The algorithm is simplified into a 
subsystem as shown in Figure. 7 to allow for ease of 
implementation with the rest of the system of Figure. 5. 
 

 
Figure 7: HC subsystem block 
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5. PERFORMANCE COMPARISON OF HC 
AND FUZZY LOGIC CONTROL MPPT SCHEMES 

 
The performance of the FLC and HC MPPT algorithms 
are simulated in Simulink under the same “atmospheric 
conditions” to determine the MPPT that performs most 
efficiently during varying atmospheric conditions. The 
following two scenarios are considered. 

5.1 Scenario 1: Varying Solar Insolation  
The performances of the above mentioned MPPT 
algorithms were each tested under the same varying 
levels of solar insolation. For this case the atmospheric 
temperature was held at a constant value of 25℃. Gradual 
and rapid changes in solar insolation are implemented at 
the input of the PV module.  
In Figure.8 the insolation pattern that is applied to the PV 
module to assess the performance of the FLC and HC 
under rapid and gradual changes in insolation is 
illustrated. 

 
Figure 8: Varying levels of solar insolation 

 
A Rapid decrease in insolation occurs at time t=0.2s and 
rapid increase in insolation occurs at time t=2 seconds. A 
gradual decrease in insolation occurs between t=0.4 and 
t=1seconds and gradual increase in insolation occurs 
between time t=2 and t=3.5 seconds. Steady state 
conditions are introduced between time t= 1 seconds and 
t=2 seconds and again between time t=3.5 seconds and 
t=4 seconds. 
The performance of each MPPT under the above 
mentioned varying levels of insolation is assessed by 
plotting the output current vs. time graph, output voltage 
vs. time graph and output power vs. time graph of the PV 
module. 

5.2 Scenario 2: Varying Atmospheric Temperatures  
The performance of the above mentioned MPPT 
algorithms are each tested under the same varying levels 
of atmospheric temperatures. For this case the solar 
insolation will be held at a constant value of 1000W/m2. 
Gradual and rapid changes in temperature will be 
employed at the input of the PV module. The temperature 
pattern that is applied to the PV module to assess the 
performance of the HC and FLC MPPTs algorithms 
under rapid and gradual changes in atmospheric 
temperature is as shown in Figure 9. The PV module is 
initially exposed to a constant temperature of 25℃  for a 
period of 1 second after which there is a rapid decrease in 
temperature to 0℃. The temperature then gradually 
increases again to 25℃  and remains at 25℃  for an 

additional 1 second. At time t=2.5 seconds of the 
simulation there is a rapid increase in temperature to 
50℃.  The temperature remains at 50℃  for the remaining 
1.5 seconds of the simulation. 

 
Figure 9: Varying temperature experienced by PV 

module  
 
The performance of each MPPT under the above 
mentioned varying levels of temperature is assessed by 
plotting the output current vs. time graph, output voltage 
vs. time graph and output power vs. time graph of the PV 
module. 
 

6. ANALYSIS OF RESULTS 

6.1 Performance of HC under Scenario 1  

The performance of the HC MPPT under varying levels 
of solar insolation is shown below in Figure 10. 

 
Figure 10: Performance of HC with changes in solar 

insolation: (a) PV current; (b) PV voltage; (c) PV power 
 

The voltage and power curves show that the HC 
algorithm does not track the rapid and gradual decreasing 
and increasing levels of insolation smoothly. At time 
t=0.6 during which the insolation level is decreasing, the 
power curve shows that there is an increase in power, 
when in fact the power should be decreasing. Also 
oscillations are present throughout the simulation even 
during steady state conditions.  

6.2 Performance of FLC MPPT under Scenario 1 
The performance of the FLC MPPT under varying levels 
of solar insolation is shown above in Figure 11. The 
current, voltage and power curves show that the FLC 
algorithm tracks the rapid decreasing and increasing 
levels of insolation smoothly. The output current, voltage 
and power increase with increasing levels of insolation 
and decreases with decreasing levels of insolation. 
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Figure 11: Performance of FLC with changes in solar 

insolation: (a) PV current; (b) PV voltage; (c) PV power 

6.3 Performance Comparison of FLC and HC under 
Scenario 1 

The output power of HC and FLC under varying levels of 
solar insolation is compared to the expected datasheet 
output power in Table 4. As shown in this table HC has 
the poorest performance in terms of tracking the expected 
maximum power at each of the insolation levels. The 
reason is because sometimes the operating point of the 
PV system is located to the left or right side of the MPPT 
whereby when (𝑑𝑃 > 0), the incremental duty cycle 
should be greater than zero(𝑑𝐷 > 0), according to the 
judgement of HC. This causes the operating point to 
move farther away from the MPPT.  At the highest 
simulated insolation level (1000W/m2) the HC algorithm 
tracks 34.57% of the expected output power. At the 
lowest simulated insolation level (200W/m2) HC tracks 
only 28.60% of the expected output power. 
 

Table 4: Performance comparison for scenario 1 

 
The FLC algorithm performs most efficiently overall in 
tracking the expected power. At the highest insolation 
level the FLC MPPT algorithms track 96.84% of the 
expected power. At the lowest insolation level FLC tracks 
74.78% of the expected power. 

6.4 Performance of HC under Scenario 2 

The performance of the HC MPPT under varying levels 
of temperature is shown in Figure 12. The performance of 
the HC algorithm during rapid changes in temperature is 
shown at time t=1second and at time t=2.5 seconds of the 
simulation. At time t=1 seconds when there is a rapid 
decrease in temperature from 25℃  to 0℃, the power 
decreases rapidly to the initial maximum power. When 
the temperature increases rapidly at time t=2.5 seconds, 
the power increases rapidly too. 

 
Figure 12: Performance of HC with temperature changes: 

(a) PV current; (b) PV voltage; (c) PV power 

6.5 Performance of FLC MPPT under Scenario 2 

The performance of the FLC MPPT under varying levels 
of temperature is shown below in Figure.13. 

 
Figure 13: Performance of FLC with temperature 

changes: (a) PV current; (b) PV voltage; (c) PV power 
 

When the temperature is maintained at a constant value of 
25℃ , from period t=0 to t=1 second the maximum power 
is captured but declines to lower power which becomes 
the new steady state power. This steady state power is 
maintained without any oscillations. During the period of 
t= 1.5 seconds and t=2.5 seconds when there is a constant 
temperature of 25℃ , the power is maintained again at a 
constant value, but with a slight overshoot at t=2 seconds. 
Performance of the FLC algorithm during rapid changes 
in temperature is shown at time t=1second and at time 
t=2.5 seconds of the simulation. At time t=1 seconds 
when there is a rapid decrease in temperature from 25℃  
to 0℃, power increases rapidly to the  initial maximum 
steady state  power. When the temperature increases 
rapidly at time t=2.5 seconds, the power decreases rapidly 
too.  

6.6   Performance Comparison of FLC and HC under 
Scenario 2 

The HC and FLC performance under varying levels of 
temperature the output power produced at the 
temperatures 25℃ and 50℃ is compared to the “expected 
datasheet output power in Table 5. FLC produces 50.97% 
of the expected power at 25℃ and 37.57% of the 
expected power at 50℃. The HC performs most poorly at 
25℃ and the PV module delivers only 38.86% of the 
expected and out-performs FLC at 50℃ by producing 

Solar 
Insolation 
[W/m2] 

Output Power  
[W] 

Datasheet  output 
power (maximum 
power) 
[W] 
 

HC FLC 

1000 85.33 239 246.8 
800 68.25 190.9 195.8 
600 58.41 110.5 144.7 
400 25.63 68.21 94.46 
200 12.94 33.84 45.25 
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57.34% of the expected maximum power. The main 
reason behind this is that FLC has well-regulated voltage 
than HC.  

Table 5: Performance comparison for scenario 2 
Temp 
[0C] 

 

Output Power  
[W] 

Datasheet  output 
power (maximum 

power) 
[W] 

 
HC FLC 

25 95.9 125.8 246.8 

50 135.2 88.6 235.8 

 
7. CONCLUSION 

Under rapid and gradual changes in insolation the HC 
algorithm is unable to track the rapid and gradual changes 
in insolation. It also tracks in the incorrect direction 
during the gradual decrease in insolation and therefore 
introduces unnecessary power losses from the PV module 
in its daily operation. The HC algorithm is unable to 
reach the MPP during varying levels of insolation 
because of the misjudgement of the MPP. In this case 
when the operating point of the PV is located to the right 
side of MPP, the duty cycle should be continuously 
reduced back to the MPP. The FLC algorithm is able to 
track the rapid changes in insolation and gradual increase 
in insolation without oscillations, but tracks the gradual 
decrease in insolation with oscillations. No oscillations 
are present at the steady states. Therefore when there is a 
gradual decrease in insolation the FLC algorithm 
experiences additional power losses that are not due to 
the decreasing insolation levels. The HC algorithm tracks 
in the incorrect direction during increasing and 
decreasing temperatures with slight oscillations present 
during the gradual increase in temperature unlike FLC in 
the same temperature conditions, reason being that the 
perturbing parameter of the HC is the duty cycle. The HC 
therefore has greater voltage variations and hence the 
oscillations. 
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Abstract: Land drilling rigs are in most cases powered by generator sets, which burn expensive fossil 
fuels to generate power. This paper looks at possible renewable energy solutions that can be used to 
power the rig.  The area in which the study took place is Graaff-Reinet in the Karoo in South Africa 
as there has been a large drive by companies to start investigating the surrounding areas to look for 
shale gas. The renewable energy sources which were investigated were solar power and wind power. 
A wind topographical study was conducted focusing on concentration systems that occur on ridges of 
mountains and the effect on the speed up of wind at the crest of mountains. It was also investigated 
whether a storage system in the form of batteries could be used to provide power when the renewable 
energy solution could not provide the power due to unfavourable conditions. A hybrid system using 
the renewable energy solution and generators together was also investigated. The best choice was 
modelled and simulated on PSIM software. 
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1. INTRODUCTION 
 

Land hydrocarbon drilling rigs of today generate their 
own power. They do this with large multiple generator 
sets to power the entire rig [1]. With the modern 
economic climate, drilling rigs are required to drill faster 
and deeper at a lower cost [1]. The solution, may be 
renewable energy. There have been vast improvements in 
renewable energy solutions in recent years. They have 
become much more powerful [2]. This project will 
research the possible ways in which a renewable energy 
solution using established renewable energy technology 
can power a land based hydrocarbon drilling rig for 
continuous, uninterrupted drilling.  
 
Drilling rigs work continuously and would therefore 
require constant power to ensure constant operation. The 
investigation was conducted taking into consideration 
that the implementation of the renewable energy system 
will not cause large changes to the rig design. 
 

2. LOAD PROFILE 
 
To determine the electrical load, the Queiroz Galvão 
fleet, or QG constellation fleet of conventional land based 
drilling rigs were examined that operate in Brazil [3] in a 
hot, arid and mountainous area, similar to that of the 
Karoo [4]. It was therefore assumed that a rig with similar 
specifications would be likely to be used in the proposed 
area. 
 
The four largest conventional land based drilling rigs 
were looked at to determine their generator sizes and the 
number of generators used. Their largest power 
requirement would become the power attempted to be 
provided by a renewable energy solution. 
 

Table 1. Generators of the QG fleet [3] 
QG Fleet Main generators 

Name Number of generators Type Rating 
QG1 4 Kato 1000KVA 
QG2 4 Kato 1000KVA 

QG6 4 Cat 
3512B 

1500KVA/ 
1200kW 

QG7 4 Cat 
3512B 

1500KVA/ 
1200kW 

 
From the table above it was noted that the QG6 and QG7 
required the most amount of power. The renewable 
energy solution would therefore be required to generate 
4.8MW of power as that is what the four Cat 3512B 
generators on the largest rig provide. 
 
The voltage required would be 6.66kV as that was the 
voltage supplied from grid to an offshore drilling rig of 
similar size that operated effectively [5]. A frequency of 
60Hz was used. 
 
Fuel cost was estimated at R11.78kW/h which is a large 
expense under 24 hour operation [6].  This equates to a 
cost of Rand 1.36m per day in fuel.  In the next two 
sections; ways of reducing this cost feasibly will be 
examined. 
 

3. KAROO SOLAR STUDY 
 

Solar photovoltaic systems are a well established solar 
technology. With Graaff-Reinet as the proposed site for a 
solar plant, the daily solar irradiation and average daily 
sun hours were found [7]. 
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The direct normal irradiance of the Graaff-Reinet area 
peaks at just over 1000W/m2 when there are clear skies 
[8]. The irradiance drops to below 900 W/m2 peak under 
overcast conditions. The average hours of sun shine is 12 
hours a day [8]. These conditions are favourable for solar 
power production [7]. The Sunmodule SW320-325XL 
mono was selected with a maximum power point power 
of 320W .   
 
Hence, to achieve 4.8MW, 15,000 solar panels would be 
needed. 
 
For the system to be able to operate at night at least 
double the amount of solar panels is needed, plus an 
allowance for dull days [7].  Hence the number of solar 
panels required can be estimated as triple the calculation 
at 45,000. 
 
A 300W solar panels sells for approximately Rand 3000 
[9], hence the total costs for the solar panels is 
approximately Rand 135m. 
 
Conservatively, 5 days of storage is usually 
recommended for solar photovoltaic systems.  The total 
energy storage required is then: 
4.8MW x 24 x 5=576 MWhr 
 
However, the maximum discharge for the cheapest 
battery storage (lead acid) is 50%.  The lead acid energy 
storage efficiency is usually taken as 70%. 
 
Hence the nominal lead acid battery capacity required is:  
576 MWhr x 2/0.7 = 1645 MWhr . 
 
A lead acid, 12V, 100Ah hour (1.2kWhr), deep cycle 
battery is available for approximately Rand 2000 [10].   
Hence the total costs for the batteries is:  
1645x 106/(1.2x103) * 2000 = Rand 275m 
 
Hence the entire system of Rand 410m cost works out to 
be 85,400 R/kW.  Note that this cost also does not include 
installation and controller costs. 
 
These costs may be reduced when purchasing in bulk, but 
these costs have not included installation.  Despite this, 
the fist approximation cost of 85,400 R/kW makes this 
option likely to be uneconomic. 
 

4. KAROO WIND STUDY 
 

With the very high costs of a photovoltaic system with 
batteries, a wind turbine system will be considered, with 
only fossil fuelled generators as backup.. 
 
Retscreen software was used to analyse the wind speed 
and average wind speeds in the area. The analysis was an 
investigation of the annual average wind speed in the area 
over time. 
 

It was noted that on average the 10m height wind speed 
fell slightly below the 4.4m/s 158 days of the year [11] so 
the generators would not need to aid the wind turbines.  
However, not all generators would be needed as the 
turbines would still produce the majority of power. There 
were very few days where the wind was not blowing at 
all, it only occurred on average only once a week [11] so 
the drilling rig could rather use its own on hydrocarbon 
fuel generators in their entirety for these few days. For 
the other 207 days in the year the wind turbines can run 
the drilling structure alone.  

4.1 Proposed Wind Turbine 

The Vestas V90 3 MW wind turbine was chosen to be 
considered for this study. This was due to its high output 
potential and ability to produce maximum power 15m/s 
wind speed [12]. It also has the ability to withstand high 
turbulence [12]. The power curve is depicted in figure 5. 
It is assumed that there is a control system to maintain the 
voltage and frequency. 
 
The focus for the wind study remained in the area of 
Graaff-Reinet. A large flat mountain was chosen as a 
suitable site as wind speed increases with height [13] and 
the speed up factor or concentration system of the wind 
could be used for greater wind speeds [14].  
 
The chosen site can be seen in figure 1. The wind speed 
up factor is a phenomenon which occurs when wind 
increases speed to travel over steep large objects. This 
results in a large increase in wind at the crest of the steep 
incline. The speed diminishes with distance from the crest 
at a rapid rate. Over large objects, air pockets are created 
which give a gradient of 3 degrees at the crest as shown 
in figure 2 [14]. 
 

 
Figure 1. Wind farm site (N-32.24, E24.48) [15]  

 
Three wind turbines will be investigated to provide power 
for the drilling rig. It will be shown in section 4, that they 
can nominally provide continuous output power. They 
were positioned on the edges of the mountain in positions 
A, B, C (figure 1). They were placed on the edges of the 
mountain to benefit from the wind speed up factor from 
as many directions as possible [14]. 
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A topographic study was done to determine the speed up 
factor of the wind from the edges of the mountain. A 
mountain side angle of between 17 and 45 degrees would 
result in a gradient of 0.3 as the wind will build up on 
wind pockets at the crest of the mountain [14]. If the 
angle of the mountain fell outside of this, the slope would 
need to be calculated. 
 

 
Figure 2. Concentration system or speed up effect [14] 
 
The slopes and gradients were determined for all three 
turbines positions as shown in figures 3 and 4. 
 

 
Figure 3. Gradients for turbines A and B [15] 

 

 
Figure 4. Gradients for turbine C [15] 

 
As can be seen in figure 3, the angle for wind blowing 
towards the east for turbine A is less than 17 degrees so 
the slope was calculated in accordance with height and is 
shown in equation (4). 
 

    
       

 

         
                   

 
 
 

 
(4) 

Where: 
 

    Gradient 

   Height 

D = Distance to half height 
 
With the dimensions of the mountain known, the wind 
speed at the height of the mountain was calculated for the 
four major wind directions for each of the wind turbines.  
Due to a lack of information, the wind speeds are 
calculated from the average annual wind speed at 10 
meters above ground level, which was determined as 
4.4m/s with Retscreen software for the area. 
 
The calculations for turbine A are shown below in 
equations (5) to (10) and take into consideration the 
surface roughness of 1 (as it is an open area), speed up 
factor, speed up factor constant and distance from the 
crest factor. 
 

4. 1 Wind from the West 

The speed up factor needs to be determined. 

        

K=1.6 

     

          

        

 

(5) 

The wind speed was calculated as follows. 

      
      
      

          
 

(6) 

Including the speed up factor of the mountain 

                                  (7) 

4.2 Wind from the East and North 

In this case, V2 = 9.954m/s, as it is far from the mountain 
edge from this direction and would not benefit from the 
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speed up factors the effect diminishes rapidly over 
distance and would be diminished before reaching the 
turbine. 

4.3 Wind from the South 

For wind from the south, the speed up factor was 
considered again from this direction. The slope is above 
17 degrees so the gradient can be assumed as 0.3 [14]. 
 
      

K=1.6 

     

          

       

 

(8) 

Wind speed was calculated as follows. 
 

      
      
      

           
 

  (9) 

Including the speed up factor of the mountain 

                                                 (10) 

Where: 
 
    Wind speed at height of mountain 

    Wind speed at ground level 

    Height of mountain 

    Height at ground level 

    Surface roughness 

    Speed up factor 

     Speed up constant 

     Distance from crest 

The same method was used to determine wind speeds for 
turbine B and C and will therefore not be shown; the 
results however are shown in table 3. It was noted from 
this table, that wind turbines A and B received higher 
wind speeds from two directions, with wind turbine C 
receiving it from three directions.  This enabled wind 
turbine C to produce more power. 
 
Table 3. Average annual Wind speed (m/s)  

 Turbine North East South West 

A 9.954 9.954 15.918 16.225 

B 9.954 14.958 15.958 9.954 

C 16.046 15.910 10.622 15.910 
 
 

The installed cost of a 3MW onshore turbine in Europe is 
approximately Rand 44m [16].  Hence, the three turbines 
are costed at Rand 132m [16].  It is unclear whether the 
installation cost in South Africa will be lower, or due to 
the distances for power transmission, whether the costs 
may rise further. 
 
However, on the basis of a total cost of Rand 132m, it is 
cost per kW of 27,500 Rand/kW [17]. 
 

5. SIMULATION 
 
PSim was used to simulate the design. Each wind turbine 
was simulated separately for each of the 4 wind 
directions. To produce the power curve shown in figure 5 
a 0o pitch was used. The required power was produced by 
each turbine to the load where it can be transformed, as 
needed, by a tap changing transformer for the use of each 
component on the rig. 
 

5.1 Simulation of Turbine A 
 
The simulation was done as shown in figure 6 with the 
wind speed and pitch as inputs into the turbine element, 
which drove a generator through a gearbox. The 
generator created power which was transformed by the 
transformer to the load which is the drilling rig. The load 
was calculated and modelled as a resistive load on the 
simulation. The results are shown in tables 4 and 5. 
 

 
Figure 5. Power output at calculated wind speeds [12] 
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Figure 6. Simulation 

 
Table 4. Results with and without wind speed up factor  
at 4.4m/s wind speed.  
 
Table 4. Results of power produced VS rpm to load 

 Without mountain 
speed up effect 

With mountain 
speed up effect 

Generator 
rpm 

2017.284RPM 2019.132RPM 

Generated 
power 

1.591MW 2.724MW 

 
 
 

6. INTERPRETATION OF RESULTS 
 
The power output under both conditions was lower than it 
was supposed to be according to the power curve of the 
turbine but fell within 10 percent of the curves value. The 
loss of power can be attributed to the inability to model 
the turbine in PSIM exactly.  
 
From the results in table 5, it can be seen that sufficient 
total power is supplied at all times. 
 
Table 5. Power produced per turbine  
Wind 
Direction 

Turbine 
A (MW) 

Turbine 
B (MW) 

Turbine 
C (MW) 

Total 
(MW) 

North 1.588 1.588 2.717 5.893 

East 1.588 2.717 2.717 7.022 

South 2.717 2.717 1.588 7.022 

West 2.717 1.588 2.717 7.022 

 
7. CONCLUSION AND RECOMENDATIONS 

 
It can be concluded that, in the Graaff-Reinet region, both 
solar and wind power could power the conventional land 
based drilling rigs.  
 
It can do this with either 45,000, 300W, solar panels a nd 
appropriate batteries, or, three 3MW wind turbines. Due 
to the carefully selected placement of the turbines, it 
allows them to benefit from the greater wind speeds from 
the natural mountain wind concentration system.  
 
The solar system with batteries would cost at least Rand 
410m, whereas the wind system would cost at least Rand 
132m.  From only fuel savings, they give a simple 
payback time of 310 and 97 days respectively. 
 
Because of the height and the better quality wind at this 
height, there are very few windless days. So few in fact 
that it is viable to run a system where generators on the 
drilling rig back up the wind turbines rather than adding 
more infrastructure, such as battery storage. 
 
A hybrid system where solar panels and the generators of 
the rig were used together would also not be optimum as 
the generators would be running at least every night.  
 
A wind turbine system with backup generators system 
can effectively power the conventional land based drilling 
rig. The generators can be used in conjunction with the 
wind turbines for the estimated 158 days per year [11], 
and would allow the wind turbines to be maintained. The 
generator ’  aintenance would al o be reduced a  they 
are used less often [18].  
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Abstract: Soiling or dust accumulation on photovoltaic solar modules deters the transmission of
irradiance through the glass surface covering of the modules. Spectrometry is suggested as a manner to
determine the true change in transmission as a result of the accumulation of dust. This study in form of
a field experience shows how spectrometry could be used to collect detailed data in the field regarding
the environment and its effect on the modules. This study also suggest how spectrometers should be
applied in field experiences to ensure accurate and meaningful measurements. It was found that the
clean glass module covering induced irradiance transmission losses approximately 7% in the spectral
band 620-920 nm. Minimal, barely visible soiling, characterized as a dust-water solution caused an
additional 2% loss over solar noon in the spectral band 320-920 nm.

Key words: Spectrometry, PV, soiling, spectral response, solar, field experience.

1. INTRODUCTION

The quality of air is aggravated by natural and increasingly,
human processes. These suspended particles are known to
deposit on photovoltaic (PV) modules, varying in amount
as meteorological conditions vary. From research available
on the adverse effects of dust deposit on PV modules, it is
anticipated that dust is detrimental to solar performance,
especially in arid environments which is characterized
by high variability in rainfall and large quantities of
dust carried from surrounding areas (Aeolian dust). For
methodological purposes, dust is used as a common term
for particles with a diameter smaller than 500 microns [1].
The deposition of particles is also often referred to as a
“soiling” effect [2].

It is expected that deposited particles on modules interfere
with spectral transmission by mitigating and scattering
irradiance [3]. This can also be described as extinction:
the beam of light, or radiation, is scattered and absorbed
by these small particles which decreases beam intensity.
The incident angle of radiation will noticeably affect the
module efficiency and it will enhance extinction due to
dust. The amount and size of these particles depend on
the environment in which it is located. Sarver [1] found
that the deposition of finer dust, versus coarser particles,
has a greater adverse effect on module performance. Fine
particles have the tendency to distribute more uniformly,
whereas larger particles leave beneficial voids where light
can still pass through. [1]. It is also true that the type of
particles that deposit on modules depend on the deposition
mechanism, determined amongst other by the tilt angle
of the surface. For example, a horizontal surface will

collect larger particles since the principle mechanism is
gravitational settling; a vertical surface might collect finer
particles through diffusion [2].

Presently, the impact of this soiling on PV module output
is primarily investigated through short-circuit current
measurements and output efficiency [3–5]. Quantifying
the effect of soiling in this manner is challenging since
associative effects of the inherent module characteristics,
cell type and environmental factors, such as temperature,
frequently influence the output of modules. Since data
may be skewed by these associative effects, a large amount
of modules over a longer period of time is required to
first understand the inherent characteristics of the module
before a true soiling analysis can be performed. Solar
radiation simulation and dust depositing laboratory type
experiments [6,7] are becoming more common, since these
investigations allow for very controlled circumstance and
reckonable variables. However, it can be argued that these
controlled environments are not true representations of
soiling; in the field, soiling quality and quantity is weather
dependent, which is variant in nature.

Traditionally in PV research, solar irradiance transmission
through the atmosphere is measured either by a
pyrheliometer for direct radiation measurements or a
pyranometer for diffuse and global radiation measurements
[8]. These measurements supply the power density
for a defined area - the amount of irradiation in
W/m2. To determine the spectral content of this
incident light a spectrometer is required. Predominantly
spectrometry is applied to the analysis of absorption,
reflectance and transmission [9]. These types of
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measurements are well suited to laboratory studies, but
field spectral measurements are observed in oceanography
[10], atmospheric studies [11] and other fields of biology,
physics and chemistry [12]. Using optical spectrometry,
the associative effects of the PV module are curtailed
since the analysis is done separately on the glass covering
of the module. These measurements are taken to the
field to investigate real life scenarios of radiation and
dust depositing. The measurements collected not only
characterize the spectral response in accordance to the
effect of dust but also supplies the spectral distribution of
irradiance incident at varying moments in time.

In this work we introduce equipment which is not
usually used in PV field research - to identify the
limitations and requirements of the spectrometer in this
field. This experience also creates the opportunity
to determine measuring details such as the field of
view, measuring angle, environmental reflections and the
equipment response - it is also a preliminary collection
of data with two different spectrometers. Spectrometry
creates a new way of measuring the change in irradiance
transmittance as a result of soiling and properties of the
module glass.

2. EXPERIMENTAL SETUP

The field experiment consists of non-automated mea-
surements with two different spectrometers - these
measurements can be called spetroradiometry since it
entails the measurement of radiant power impinging on a
surface per unit area in the UV, VIS and NIR wavelength
ranges. The use of two distinct spetrometers allow for
comparison of instrumentation but more importantly for
confirming measurement results.

Measuring irradiance allows for determining the loss in
transmission of the module glass as well as the effect of
soiling, or dust accumulation. Characterizing the nature
and amount of dust in the field is complicated - spectrom-
etry eliminates the need for specific characterization by
presenting the direct effect of soiling through a comparison
of measurements.

2.1 Spectrometers

Table 1 gives an overview of the technical difference
between the two spectrometers used in the field experience.
This does not however give a representation of the true
variation in the instrumentation. Figure 1 is a plot of data
measured by the two spectrometers, 3 minutes apart, at the
exact same position, angle and an 180�field of view.

Table 1: Spectrometer Technical Details
Variable BLUE-Wave

StellerNet
PSR-1100F
Spectral
Evolution

Detector 2048 pixels 512 pixels
Digitizer 16-bit 16-bit
Range 278-1100 nm 320-1100 nm
Slit Size 25 µm 50 µm
Resolution 1.0 nm <= 3.2 nm
Integration Time 1-6500 ms 8-2000 ms

All spectrometers have an optical component that diffracts
incoming light into several beams - the diffraction grating.
The directions into which these light beams are diffracted
depend on the wavelength of the incoming light as well as
the spacing of the gratings. The resolution increases as the
number of grating lines decrease, with the disadvantages
that the wavelength range decreases. Both spectrometers
are factory-calibrated for irradiance using a NIST-traceable
source.

Figure 1: Clear-sky reference comparison measurement of two
spectrometers at approximately 11:50

The spectral curves shown in Figure 1 are similar, but
two varying markers are defined: the approximate band
500-580 nm shows an unexpected dip and an unexpected
increasing trend in 1020-1100 nm, both in the BlueWave
spectrometer plot. Both these markers are ascribed to the
sensitivity of the instrument - these measurements were
taken with temperature compensation activated, causing
some signal distortion at the peak irradiance and higher
spectral bands.

Although the solar spectrum constitutes of wavelengths
0.2-2.5 microns, the longer wavelengths are limited by
the band gap of the cell material and the short waves
are limited by material absorption [13]. Hence the
wavelength range relevant for PV performance is limited
to approximately 0.3-1.1 microns, which is in good
co-ordinance with the range of the spectrometers used.

The glass used are a full size PV module glass supplied by
First Solar, and a smaller low-iron float glass sample with
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similar characteristics to the PV module glass. The PV
module glass has a thickness of 3 mm, while the low-iron
float glass has a thickness of 4 mm.

2.2 Measurements

The irradiance transmitted through two different types
of glass samples was measured and compared to
non-obstructed reference measurements. On the full
size PV module glass, four consecutive measurements
are performed within one minute: a clear-sky reference
measurement, a clean glass measurement, a dirty
glass measurement and a second clear-sky reference
measurement. The second reference measurement is
used to determine the stability of irradiance - to confirm
stable conditions. Similarly, on the small low-iron float
glass, three consecutive measurements are performed: a
clear-sky reference, small glass and a second clear-sky
reference measurement. These measurement sets were
repeated with intervals of approximately 30 minutes.
As clouds may cause rapid variations in irradiance, the
measurements are performed on clear-sky days.

The setup is in the field is shown in Figure 2. The
frame on which the glass is mounted has an altitude angle
of 30�and the frame face towards magnetic North. The
measurements were performed in a fixed position, parallel
to the glass - however, as the spectrometers are hand-held
some discrepancy in measuring angle is expected.

Figure 2: Glass frame for experimental setup with solar glass
permanently mounted to the right pane and temporarily mounted

low-iron float glass pieces in the centre pane

As a side note; it was expected that the field of view
would have a significant effect on the measured data and
this was confirmed by measurements with a receptor of
5�and 25�field of view on the PSR-1100F spectrometer.
The measured data was inconsistent to what was expected
and shown by the 180�field of view measurements. The
inconsistency for the 5�field of view could be ascribed
to the dependency on lens position - the data collected
had higher values with the clean solar glass and lower
without. The inconsistency for the 25�field of view is less
systematic and variates with each measurement.

3. RESULTS

3.1 Irradiance Measurements

Clear-sky measurements are used as reference mea-
surements to ensure that the experiment is completed
under stable conditions but moreover it allows for the
characterization of spectral phenomena and confirmation
of instrumentation - does the measured data correspond to
what is known about spectral variation.

Figure 3 shows clear-sky spectrums with different time
stamps, measured on October the 17th. The solar
spectrum distribution is characterized significantly by
absorption and reflection. Ozone absorbs significantly at
wavelengths shorter than 0.4 microns [9], whereas water
vapour has absorption bands in NIR and SWIR, with
the first absorption band at 1.36 microns, which falls
outside the rand of interest for this research. Still, the
effect of absorption is substantial and therefore the solar
zenith angle is a critical parameter. The air column
density increases as the zenith angle increases from the
vertical - therefore the water vapour increases [9]. At a
large zenith angle, for example at 09:00, the amount of
water vapour in the path of radiation is still significant
and might increase variability and distortion in spectral
measurements. Therefore, air mass (AM) has a noteworthy
influence on spectral variation. This spectral variation
is also noted throughout the year because of the Earth’s
elliptical trajectory.

As previously explained, the sun position and AM is an
indication of the amount of irradiance expected throughout
a day - it is expected that the afternoon measurements
will have a higher average irradiance than morning values,
but Figure 3 shows that the irradiance measured at
15:34 is lower than at any other time throughout the
day. The BlueWave spectrometer showed the same
discrepancies but the spectral curves measured does adhere
to the ASTM G173-03 reference spectra curve with the
assumed topographical markers for absorption bands and
Fraunhofer lines [14].

In winter months the solar radiation path to the ground
is increased, or rather the AM is increase, and a range
increase in the higher wavelengths has been observed (aka
a red shift) [15]. Similarly it can be expected that the
observed spectrum will be more red in the mornings and
bluer in the afternoon.

As previously mentioned, spectrometry gives an insight
to the spectral distribution of radiation - specifically the
direct beam radiation when it it is directed towards the
sun location. Measurements taken on another clear-sky
day in July showed what was expected with lower
average irradiance values in the morning, becoming
increasingly higher until approximately 15:00, where it
started to decrease again. Although, as expected, the
average irradiance is lower since the measurements were
completed in winter months; still it is observed that
the at 15:00 the average irradiance is higher than that
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at 09:02 - unlike what is observed in Figure 3. The
difference between these two sets of measurements are
the measurement direction - the second being direct beam
irradiance which can only be correctly measured when
light is collected directly in position with the sun.

Therefore, the discrepancies viewed in Figure 3 can be
ascribed to the measurement relating to the sun position.
It can also be said that the frame in which the glass was
mounted had an adverse effect on the measurements since
it caste a shadow over the measurement area.

Figure 4 and 5 show the difference between two reference
spectra in the morning and afternoon, respectively.
The reference are used to evaluate that hte irradiation
conditions are stable, and hence that the measurements
performed between the two reference spectra can be
compared directly. Conditions are considered stable when
two baseline direct beam irradiance measurements with an
180�field of view within 1 minute differ less than 5 %. As
expected, Figure 4 and 5 confirms that spectral variation
is less around noon. These two percentage change plots
are a summary of the spectral variance as measured by the
BlueWave spectrometer throughout the day. The spectral
discrepancies in the BlueWave spectrometer measurements
does not effect this conclusion.

Figure 4: Percentage change in reference measurements across
the spectrum, BlueWave spectrometer

It is anticipated that clean glass should influence the
measured irradiance - this transmission loss is due to
reflection on the glass surface and absorption within the
glass due to iron impurities. The glass is classified as clean
when it is wiped for any visible particles but not polished to
remove minor scratches and finer imperceptible particles.

Figure 3: Clear-sky irradiance measurement altitude 30�and azimuth 0�, PSR-1100F spectrometer
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Figure 5: Percentage change in reference measurements across
the spectrum, BlueWave spectrometer

Determining the effect of soil particles on direct beam
irradiance is complex since additional particles cause
complex refraction, reflection and absorbance of light
beams. Also, categorizing the amount of particles and the
distribution thereof is not a precise science when particle
distributions is by natural methods - which is the focus
of this study. In this field experience the ”soiled” glass
referred to in section 3.2 is soiling from approximately 3
days in which strong wind gusts and a few large rain drops
where present. Some soiling can thus be attributed to a
water-dust combination but this is only slightly visible.

3.2 Large Solar Glass

Figure 6 shows the difference in irradiance between the
reference measurements and the clean module glass, as
well as the change between the clean module glass and the
slightly soiled glass. The wavelength range shown has a
variation in reference irradiance of less than 1%. Since
spectral variation was confirmed to be more stable around
noon, the measurements performed at 11:53 was used in
this analysis.

The spectral discrepancies measured by the BlueWave
spectrometer is also visible in this plot. The 500-580 nm
band causes a valley in both plots in Figure 6. The spectral
band below 320 nm, and above 920 nm is not shown in
this plot since it is greatly influence by the sensitivity of
the instrument causing spectral variation of more than 1%.

3.3 Small Low-Iron Float Glass

Figure 7 shows the difference in irradiance between the
reference measurements and the irradiance through the
small low-iron glass sample. Although the curve is similar,
the low-iron float glass have a higher average change
than the solar glass; the low-iron float glass have an
approximate 8% reduction in irradiance transmittance in
the waveband 620 - 920 nm. Similarly, the BlueWave
spectrometer measurement discrepancies are observed.

Figure 6: Percentage change in a measurement set around noon
for the solar glass, BlueWave spectrometer

Figure 7: Percentage change in a measurement set around noon
for the low-iron float glass, BlueWave spectrometer

Although the larger part of the spectrum is reduced only
1% more by the low-iron float glass than the true solar
glass, in the approximate band 320 - 420 nm, the low-iron
float glass does reduce transmission more. This band has
a peak transmission loss of approximately 39%. This
should be taken into account when further experiments are
completed with the low-iron float glass - which is included
in the field experience for the usefulness of size in further
lab research.

4. CONCLUSIONS

This field experience has brought to the attention the
specifics of field spectrometry measurements to determine
the transmission loss of irradiance by solar glass, as well
as soiling.

The specifics of field spectrometry measurements refer to:
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1) The dependence on sky-conditions - limiting the chance
of spectral variance when measurements are completed
to reduce the amount of environmental variables which
could influence the spectral measurement; measuring on
clear-sky days around noon will allow for the least spectral
variance and therefore most accurate transmission loss
results.
2) The spectral instrumentation, spectrometers, supply
detailed spectral information. Comparing measurements
from two different instruments are complex since
instrument sensitivity and accuracy differ and ensuring
that the measuring circumstances are identical in field
measurements are impossible.
3) The signal detected by the spectrometer can be
influenced by multiple sources - unnatural environmental
reflection (such as the frame on which the glass is
mounted), ground reflection at the back of the glass which
is impossible in a solar module and the angle at which the
receptor is in regards to the glass, as well as the receptor
angle in regards to the sun location.
4) As characterizing dust is complex and a spectrometer’s
receptor only measures a certain area on the soiled glass,
it does not give a true representation of the soil character
of the total piece of glass but only a localised transmission
loss result.

A suggestion would be to automate this field measurement
- this could bring solutions to all four specifics mentioned
above. This would also supply more information regarding
the characterization of the glass, the influence of cloud
cover and the influence of the angle of incidence on the
transmission through the glass and/or soiling.
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Abstract: One of the major implications associated with the use of mineral oils as a dielectric liquid 
is high environmental impact with regards to the hazardous qualities of the oil. Ester based oils 
deliver an alternate, more environmentally conscious solution whilst still providing insulating and 
cooling properties. As a result, esters were recently introduced as a dielectric liquid for transformers. 
This report focuses on the streamer propagation and breakdown properties of natural esters under 
standard lightning impulse voltage. Streamer propagation and breakdown properties were also studied 
and measured in mineral oils for comparative purposes. Research obtained from other reports and 
studies, was discussed and compared with the results obtained in this study in order to highlight 
trends and variations. The breakdown voltage ratio between the natural ester and mineral oil is 
90.56% and 79.75% under positive and negative polarities, respectively. Overall, the main finding is 
that under positive and negative polarities, the breakdown voltage for natural esters is lower than 
mineral oils and this would need to be taken into account in a transformer design.  
 
Key words: Mineral oil, natural ester, streamer propagation, breakdown properties. 
 

1. INTRODUCTION 
 

Liquid dielectrics in transformers, such as oil, play an 
important role by providing electrical insulation and heat 
transfer. The latter occurs as oil travels through the fins of 
the transformer, and heat is dissipated, resulting in a 
cooling effect. Transformers can be filled with mineral 
oils, synthetic oils, or ester based oils [1], [2]. 
 
The most common oils used in transformers are mineral 
oils which are petroleum based. This type of oil is widely 
available and has good insulating properties. Synthetic 
oils were also developed for specific transformers due to 
properties such as high fire resistance and better thermal 
stability. However, due to the lack of petroleum reserves 
and disposal complications with used oils, mineral and 
synthetic oils are being phased out [1], [2]. Research 
indicates that due to better environmental and fire safety 
aspects, synthetic and natural esters may be used as a 
dielectric medium in transformers as a substitute for 
mineral oil. Midel 7131 is an example of a synthetic ester 
and FR3 is an example of a natural ester [3], [4]. 
However, in this report FR3 natural ester was studied for 
streamer propagation and breakdown properties, and it 
was compared to that of mineral oil. The mineral oil 
specifically tested in this study was uninhibited unused 
Libra SA-g. 
 

2. THEORY 
 
The transformer windings and parts of the tap changer are 
the most vulnerable component of the transformer as they 
are subject to considerable ageing. For power 
transformers, paper insulation is used in the form of strips 
of paper between winding layers and insulation between 
wires. Oil impregnated paper is a good dielectric medium 

as it has good electrical and thermal properties. The oil is 
also subject to ageing through oxidation. However, 
factors of oil that influence the ageing of paper may 
include, the acidity and moisture of the oil [2], [5]. In 
order to determine if oil is a good insulator; 
characteristics such as dielectric breakdown, acid and 
neutralisation, moisture content, and colour should be 
analysed. These properties can be compared using the 
Material Safety Data Sheets (MSDS) for the respective 
oils being tested.  
 

2.1. Mineral Oil and Natural Ester Properties 
 

The physical and chemical properties from the MSDS for 
mineral oil can be seen in Tables 1 [3, 4, 5]. 

 
Table 1: Properties of Mineral Oil 
 
Characteristic 
Form Viscous liquid 
Colour Clear to Pale Light Yellow 
Odour  Odourless/light petroleum 
Melting Point/Pour Point -54°C 
Initial Boiling Point >250°C 
Viscosity (40°C)  9.6 mm2/s 
Flash Point 144°C - 152°C 
Water content <20 mg/kg 
 
The physical and chemical properties from the MSDS for 
natural ester (FR3) and mineral oil can be seen in Table 2 
[3, 4, 5]. 
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Table 2: Properties of Natural Ester 
 
Characteristic 
Form Fluid/Liquid 
Colour Clear light-green liquid  
Odour  Slight vegetable oil odour 
Melting Point/Pour Point -18 to -24°C  
Boiling Point >360°C 
Viscosity (40°C) 33 − 35 mm2/s  
Flash Point  310 − 320°C 
pH Neutral 
 
Ester based oils can be divided into synthetic esters and 
natural esters. Synthetic esters are produced from certain 
raw materials. Most synthetic esters and mineral oils have 
good oxidation stability allowing it to be suitable for 
breathing systems as well as sealed transformers. 
Breathing systems are transformers where the insulating 
liquid has access to oxygen [6]. 
 
On the other hand, natural esters, which are the focus of 
this study, are vegetable based oils produced from natural 
sources, predominantly from seed oils. Since the 
properties of natural esters cannot be altered considerably 
relative to synthetic esters, they usually have low 
oxidation stability. Consequently, they are only 
appropriate for sealed transformers [6]. 
 
Esters can absorb approximately 20 to 30 times more 
moisture than mineral oils. This enables good water 
solubility which lowers the effect of the humidity factor 
on insulation strength and also dries the paper. As a 
result, the paper has a longer life span which potentially 
increases the life of the transformer [2], [6]. 
 

2.2. Pre-breakdown Phenomena 
 
The electric breakdown in dielectric liquids is an essential 
process to understand, particularly in the case of 
insulation in transformers. For electric breakdown to 
occur, a system is triggered by a sudden voltage applied 
with a fast rise time, such as an impulse voltage. In this 
case, the liquid dielectric is ester based oils. When 
breakdown occurs in the oil, a channel develops from the 
HV electrode. This is known as pre-breakdown where a 
channel forms from one electrode propagating in the 
electrode gap toward the opposite electrode. A point-
plane electrode system is setup for streamer development 
as a very high field is created at the tip of the point 
electrode, due to the non-uniform field, which encourages 
streamer propagation. The channel formed conducts and 
emits light. Therefore, light and small current pulses are 
produced as a result of pre-breakdown [7]. 
 
The breakdown of streamers depends on the distribution 
of the electric field within the electrode gap. For a non-
uniform field in a point-plane electrode configuration, 
breakdown is primarily due to streamer propagation. 
Research indicates that a non-uniform electric field 
distribution can be found in tap changers, windings, 

bushings, or any sharp edges in the transformer which 
could lead to approximately 60% to 80% of failure in 
transformers [7]. 
 

3. DESIGN 
 

3.1. Test Vessel 
 

The cylindrical test vessel was constructed using clear 
Perspex material and was filled with the testing oil as 
illustrated in Figure 1. The cylindrical test vessel 
contained a volume of approximately 1.3 litres. The clear 
Perspex material aids in the visualisation of the streamer 
particularly if a camera were to be positioned to capture 
the streamer. The vessel has an inlet which allows the oil 
to enter the vessel and an outlet for the oil to drain out. 
The test vessel contains a point-plane electrode 
arrangement with a stainless steel needle and brass plane 
electrode. The electrode gap was varied by adjusting the 
position of the needle. The gap was set to 15mm [8].  

 

 
Figure 1: Test vessel configuration 

 
3.2. Experimental Setup 
 

A three stage Marx generator was configured to deliver a 
1.2/50μs standard lightning impulse. The impulse voltage 
generated was applied to the point electrode. A 300Ω 
current limiting-resistor, R1, was connected to protect the 
oil sample during multiple breakdown tests, to limit 
breakdown current, to protect the point electrode, and to 
potentially reduce oil degradation [9]. The plane 
electrode was earthed. 

 
Figure 2: Basic experimental setup 
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The current associated with streamer mechanism could 
potentially be measured using a 50 Ω non-inductive 
resistor, R2, connected in series with the test vessel. The 
current signal was measured through the voltage across 
the non-inductive resistor in series with the test vessel 
using Ohm’s Law in Equation 1.  
 

𝑉 = 𝐼𝑅 … … … … … … … (1) 
 
The impulse voltage generated was applied to the point 
electrode and the plane electrode was grounded. A 
positive and negative impulse was applied for the natural 
ester tests and mineral oil test. The natural ester, FR3, 
was tested first to avoid any contamination with the 
mineral oil. For the mineral oil test, the vessel was 
thoroughly washed to remove any traces of the natural 
ester and the mineral oil was pumped carefully into the 
vessel. In addition, there were two different pumps used 
for each of the oils being tested. The oil was pumped into 
the vessel at a steady rate to avoid additional air bubbles 
from developing. 
 

3.3. Experimental Procedure 
 
The steps undertaken for the experiment is briefly 
outlined below. 
 
x The voltage was charged to the DC voltage levels 

and was set using the voltmeter. The impulse 
generator was set to a factor of one and set to the 
polarity being tested. 

x Overall, 1 pulse was applied to each voltage level. 
x The voltage level was increased in steps of one until 

breakdown voltage was reached. A total of 10 
breakdowns were recorded for each polarity. 

x The ambient temperature was recorded and the gap 
distance was set to 15 mm by adjusting the needle 
position. 

x Subsequent to pumping the natural ester and mineral 
oil, the oil was left to rest for approximately 10 
minutes to allow any air bubbles to rise to the surface 
of the oil. 

x There was a 30 second time delay between each 
pulse and a 1 minute delay between each voltage 
level. A time delay of at least 5 minutes was allowed 
between consecutive voltage breakdowns.  

x The applied voltage and breakdown voltage was 
recorded from the impulse generator. The time to 
breakdown was also recorded using the digital 
oscilloscope. 

x After completing each set of tests, the needle was 
changed with the oil. 

x The used natural ester and mineral oil was 
transferred to canisters and labelled accordingly. 

 
 
 
 
 

4. RESULTS AND DISCUSSION 
 

4.1. Breakdown Voltage 
 
For the natural ester, test 1 was undertaken under positive 
and negative polarities and this test was repeated for test 
2. From Tables 3 and 4, it can be seen that the positive 
polarity the mean breakdown voltage is lower than the 
breakdown at negative polarity. This follows researched 
findings which state that for a gap distance of 15 mm, the 
breakdown voltage for negative polarity is much greater 
than for positive polarity [10, 11]. The range between the 
values for positive and negative polarity is also 
significant relative to Table 4. 
 
Table 3: Test 1 - Mean Breakdown Voltage (kV) 
 

Natural Ester FR3 - Test 1 
Polarity Positive Negative 
Mean Breakdown (kV) 50.63 69.02 
Standard Deviation (kV) 7.24 3.41 
Coefficient of Variance (%) 14.31 4.95 

 
For test 2, considerable differences can be noted. The 
range between the values for positive and negative 
polarity is small. The mean breakdown voltage for 
positive polarity is 29.8% higher than that for test 1 and 
the negative polarity is 2.4% lower. The differences can 
also be confirmed with the standard deviation particularly 
for the positive polarity where the standard deviation is 
much higher than that for test 1. These differences may 
be due to the fact that the needle was not changed after 
test 1. As a result, the needle tip was less sharp and the 
edges were no longer as smooth resulting in varying 
results and a weaker electric field. 
 
Table 4: Test 2 - Mean Breakdown Voltage (kV) 

 
Natural Ester FR3 - Test 2 

Polarity Positive Negative 
Mean Breakdown (kV) 65.70 67.31 
Standard Deviation (kV) 12.41 3.81 
Coefficient of Variance (%) 18.89 5.67 

 
Table 5 indicates results for test 3 for positive polarity. In 
this test the natural ester was heated to 30°. It was heated 
to 30°C as it was proving difficult to heat to higher 
temperatures. For this test, the mean breakdown voltage 
was 45.44 kV which was much lower than the values 
found in test 1 and test 2. The values for the breakdown 
voltage were nearly constant. As a result, a standard 
deviation of 2.38 kV was calculated, which is lower in 
relation to the previous two tests for positive polarity. It 
was also observed that the bubbles moved faster as the 
viscosity of the oil was lower. 
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Table 5: Test 3 - Mean Breakdown Voltage (kV) 
 

Natural Ester FR3 Heated - Test 3 
Polarity Positive 
Mean Breakdown (kV) 45.44 
Standard Deviation (kV) 2.38 
Coefficient of Variance (%) 5.24 

 
For test 4, the mineral oil was tested and the results can 
be seen in Table 6. The mean breakdown voltage for 
positive polarity is 55.91 kV and 86.55 kV for negative 
polarity. It can be observed that the mean breakdown for 
positive polarity is significantly lower than for negative 
polarity [10, 11]. The standard deviations for the positive 
and negative polarities are very similar. This indicates 
that the values for the breakdown voltage for the positive 
and negative polarities are spread out similarly.  
 
However, the coefficient of variance is 21.35% and 
13.77% for the positive and negative polarities, 
respectively. This means that for positive polarity, the 
values for the breakdown voltage lie further away from 
the mean relative to the values for negative polarity. 
 
Table 6: Test 4 - Mean Breakdown Voltage (kV) 
 

Mineral Oil - Test 4 
Polarity Positive Negative 
Mean Breakdown (kV) 55.91 86.55 
Standard Deviation (kV) 11.94 11.92 
Coefficient of Variance (%) 21.35 13.77 

 
Based on test 1, which is the control test, and test 4 for 
the mineral oil, the breakdown voltage ratio between the 
natural ester and mineral oil can be determined. In 
addition, the breakdown voltage for the natural ester 
should be approximately 80% of the breakdown voltage 
of the mineral oil. In this case, the ratio under positive 
polarity using the mean breakdown voltage is 90.56%.  
 
A higher ratio could be due to the oil possibly being in a 
good condition as tests under positive polarity were done 
first. The ratio under negative polarity using the mean 
breakdown voltage is 79.75%. This means that the overall 
characteristics and performance of the natural ester can 
be comparable to the mineral oil. 
 

4.2. Average Streamer Velocity 
 

The average streamer propagation velocity was 
calculated, once breakdown occurs, using the gap 
distance and time to breakdown, which is shown in 
Equation 2 [12]. 
 

vs =  dgap
tBD

… … … … … … … … … (2) 

 
 
 

Where: 
 
vs = streamer velocity (km/s) 
dgap = gap distance (km) 
tBD = breakdown voltage (s) 
 
For test 1, depicted in Figure 3, it can be seen that under 
positive and negative polarities the points form tight 
clusters. The cluster for positive polarity develops at a 
lower breakdown voltage relative to the negative polarity. 
However, for the positive polarity at a breakdown voltage 
of 64.68 kV the velocity was calculated to be 6.25 km/s. 
This outlier was as a result of the breakdown occurring 
on the rise time at approximately 2.4 μs. This was most 
likely due to a lower resting time prior to the previous 
breakdown. The range of the average streamer velocity is 
0.83 km/s to 6.25 km/s, and 0.82 km/s to 1.34 km/s under 
positive polarity and negative polarity, respectively. 
 

 
 

Figure 3: Test 1 - Average Streamer Velocity vs. 
Breakdown Voltage 

 
For test 2, depicted in Figure 4, it can be seen that there 
are irregularities under positive polarity whereas the 
points under negative polarity are grouped together. 
However, the points for negative polarity are not as 
closely spaced compared to test 1. The average streamer 
velocity is also fairly constant for negative polarity unlike 
for positive polarity and is approximately 0.82 km/s to 
1.17 km/s.  
 
For positive polarity, the average streamer velocity is 0.6 
km/s to 6.25 km/s. It was noted that the same needle was 
used from test 1 for test 2. Consequently, the needle was 
not in the best condition resulting in fluctuating results.  
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Figure 4: Test 2 - Average Streamer Velocity vs. 

Breakdown Voltage 
 

Figure 5 illustrates results that have fairly constant 
breakdown voltage values of 44.3 kV and 50.3 kV for test 
3. For this test the oil temperature was increased to 30°C, 
and as a result the viscosity of the oil decreased. It was 
noted that the time to breakdown increased as the test 
progressed, as a result the propagation velocity decreased. 
This most likely occurred due to the fact that the oil 
cooled down towards the end of the test.  
 

 
Figure 5: Test 3 - Average Streamer Velocity vs. 

Breakdown Voltage 
 
The results for the average streamer velocity against 
breakdown voltage are displayed in Figure 6, for the 
mineral oil (i.e. test 4). Similar to test 1, the points can be 
seen to be clustered for the positive and negative polarity. 
It can also be noted that they are clustered around a 
slightly higher breakdown voltage level compared to test 
1. Furthermore, the average streamer velocity is higher 
under positive polarity whereas it is similar under 
negative polarity. The average streamer velocity is 1.17 
km/s to 2.08 km/s under positive polarity and 0.85 km/s 
to 1.56 km/s under negative polarity. It is also noted that 
the majority of time to breakdown values for positive 
polarity were below 10 μs and averaged to approximately 
8.4 μs while the average streamer velocity is 1.8 km/s. 

 
Figure 6: Test 4 - Average Streamer Velocity vs. 

Breakdown Voltage 
 

4.3. Researched Findings 
 

The researched findings displayed in Table 7 were 
obtained using a point-plane electrode configuration 
positioned in a cylindrical Perspex vessel. The gap 
distance was also adjusted [10, 11]. From Table 7, it is 
evident that the negative polarity is significantly greater 
than the positive polarity for both natural ester and 
mineral oil. However, from results depicted in the 
breakdown voltage and average streamer velocity it can 
be seen that the breakdown voltage is not significantly 
greater for negative polarity. A reason for this could be 
carbon formation that occurred near the plane electrode.  
 
Carbon particles affect streamers of both polarities. These 
carbon particles reduce breakdown voltage and increase 
streamer velocity. This may account for an overall lower 
breakdown voltage for negative streamers as negative 
streamers are more sensitive to carbon particles. This can 
be clearly seen in test 2, where the mean breakdown 
voltage for negative polarity is not much greater than that 
for positive polarity. Research also indicates that the 
carbon particles greatly enhance the electric field around 
the particles which leads to an increase in streamer 
velocity [10, 11]. 
 
The overall breakdown voltage for the natural ester under 
positive and negative polarity from test 1 can be seen to 
be significantly lower in relation to the researched 
findings, as noted above. This may be primarily due to 
the high oxidation levels for the natural ester which could 
affect the mean breakdown voltage and could potentially 
age the oil. As a result, oxidation instability for natural 
esters may pose as a limitation factor for transformer 
design. Research also indicates that at small gap 
distances, the breakdown is caused by slow streamers and 
as the gap distance increases, fast streamers appear [10, 
11]. In line with researched findings depicted in Table 7, 
results from test 1 and test 4 illustrate that the average 
streamer velocity was low for the gap distance of 15mm 
resulting in first and second mode streamers.   
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Table 7: Breakdown Voltage from Researched Findings 
[10, 11] 
 

 Breakdown Voltage (kV) 
Positive Polarity Negative Polarity 

Natural Ester 97.8 152.0 
Mineral Oil 125.6 227.6 

 
5. CONCLUSION 

 
Using mineral oils as a dielectric liquid poses negative 
environmental impacts as a result of its hazardous 
qualities. However, ester based oils as an insulating liquid 
for transformers are considered as an alternative to 
mineral oils and they have lower negative environmental 
impacts, whilst still providing improved insulating and 
cooling properties. The objective was to perform a 
comparative study of mineral oil and natural ester 
through the main characteristics of streamers. These 
include: breakdown voltage, propagation, average 
streamer velocity, and associated current. The streamer 
propagates through these oils in a point-plane electrode 
system under lightning impulse voltage.  
 
Research was undertaken to obtain findings of streamer 
propagation and breakdown properties from other reports 
and studies. This research was discussed and compared 
with the results obtained in this study. Overall, the mean 
breakdown voltage under positive and negative polarities 
for natural esters using a 15mm gap distance is lower 
than that of mineral oils. Therefore, when considering 
transformer insulation, it is likely that designs intended to 
use mineral oil will be suitable for natural esters with 
slight modifications on gap distances. 
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Abstract: A current transformer (CT), in general, is a means of measuring a very large current in 
high voltage systems, converting it to a much smaller current, requiring low power equipment to 
display it, and by applying the appropriate correction factor.  The CT in use for many decades, is the 
electromagnetic CT (EMCT), in principle an iron ring around the current conductor, supplied with a 
secondary transformer winding around this ring. The latter will deliver the small current to be 
processed.  A modern method is to wind an optical fibre cable around the current conductor, 
supplying it with a single wavelength polarized light beam, and utilizing the Faraday effect to 
determine the current.  This optical current transformer (OCT) is gaining popularity, but has a slow 
response to very fast changing transient impulses.  This project is to investigate the possibility to 
apply negative feedback in the optical sensing system to increase the frequency bandwidth.       
 
Key words: Optical current transformer, faster transient response, negative feedback in optical 
system. 
 
 
 

1. INTRODUCTION 
 

The current transformer (CT), used for many years to 
measure very large currents, is the electromagnetic CT 
(EMCT).  Its construction is in principle an iron ring 
around the current conductor, supplied with a secondary 
transformer winding around this ring. The latter will 
deliver a small current, directly proportional to the main 
current, to be measured and to be processed.   
 
Another development is to utilize the phenomenon where 
the angle of a polarized light beam, propagating through 
the correct type of transparent optical medium, is 
deflected when magnetic flux lines are appearing 
longitudinal in the said medium.  This phenomenon was 
discovered by Faraday in 1845, hence the designation 
“The Faraday Effect” [1].  As early as the year 1990, 
scientists started to apply this method to construct an 
OCT (Optical Current Transformer) by applying optical 
fibre cable, coiled around the current carrying conductor 
[2].  This optical technology has been researched and 
developed at a rapid pace in recent years.  OCT’s are now 
already in use in many countries [3]. 
 
An advantage of the OCT, is that it can also measure DC, 
not only AC, as in the case of EMCT [4].  Another high 
rated advantage is the fact that the current sensor is 
actually made of glass, meaning electrical non-
conductive, thus much safer to use in high voltage 
environments [5].  The fact that digital electronics are 
naturally part of an OCT, makes it easy to communicate 
directly with data lines and data systems (ex. SCADA) 
[6], and it is also possible to perform data-logging with 

the eye on investigation on impulse waveforms after 
electrical incidents on high voltage lines [7]. 
 
Another advantage of OCT’s used on high voltage lines, 
compared to EMCT, is the absence of gas- or oil 
immersion in an isolation tank, thus eliminating the risk 
of explosion and combustion and also meaning much less 
maintenance [5]. 
 
The fact that the OCT can measure DC as well, means 
that if it is utilized in a data-logging loop, it can also 
detect an unwanted DC component under fault 
conditions; furthermore, the digital software can take an 
intelligent decision, based on the wave form of the faulty 
condition, not to trip the protection relays unnecessarily 
[6]. 
 
An “End-Mirror” type was also developed to make a 
portable OCT possible.  The optical cable is terminated 
into a mirror, and this cable with non-return tip can now 
be wound around a current carrying conductor [3].    
 

2. PURPOSE OF THIS RESEARCH PROJECT 
 

Optical fibre cables are known for extremely high 
bandwidth, but this is associated with digital data 
transmission.  In the case of the OCT, the rate at which 
the deflection of the angle of a polarized light beam takes 
place, is the subject matter.  The purpose of this study is 
to investigate possible methods to enhance the reaction 
time in angle deflection when a high frequency 
interference current impulse is induced into the normal 
electricity supply network.  For most existing OCT’s, the 
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typical bandwidth is approximately 600 Hz [8], which is 
completely proficient for normal current measurement, 
but will fail to detect high frequency impulses. 
 

3. METHODOLOGY 
 
The methodology will be more of empirical nature rather 
than preceding mathematical calculations due to very 
little research being done on improvement of the transient 
response and lack of publications. 
 
The first step was to build a testing station.  A represen-
tation of this station constructed in the High Voltage 
Laboratory at the Vaal University of Technology, 
Vanderbijlpark, is shown in figure 1.  
 

 
Figure 1:  Representation of the test station 

 
The conducting path abcda in figure 1, is a zero-ohm 
busbar closed loop.  CT(A) and CT(B) are two standard 
EMCT’s with CT(B) a class 0.2 measuring CT and 
CT(A) an injection CT with the following specifications:  
250/2.5V 5 kVA.  TRA is a 20 A variac (auto 
transformer).  CT(C) will at a later stage be used to inject 
high frequency impulses to the system.  During tests 
where CT(C) is not used yet, the secondary winding will 
be short circuited for safety.  
 
Still referring to figure 1: CT(B) is a standard class 0.2 
measuring CT to measure the test currents on a 
permanent basis, to compare with the measurements 
obtained from OCT1 being the experimental OCT under 
test. 
 
The system in figure 1 is suitable for busbar currents 
from low value to 500 A (rms, 50 Hz).   
 
OCT1 can not be a commercially available model and 
need to be designed and constructed completely for this 
specific project.  The reason for that is that it is not 
possible to bring about modifications in a commercial 
OCT, due to the complex surface mount electronic 
circuitry and inaccessible micro processor software.  It 
will not be a problem if this self-built OCT is of lower 

quality than a commercial model.  The purpose of this 
research is to investigate whether the bandwidth in the 
optical section of an OCT can be improved.  After 
evaluating the self-built OCT1 and tabulating its 
specifications, al modifications and experimenting will be 
done on an identical model. 
 

4. THE PHYLOSOPHY OF ANALOGY 
 
A seldom explored technology is the analogy between 
analogue electronics and most of other engineering 
disciplines.  For example, the shock absorber of a vehicle 
can be presented by a small value resistor in series with a 
very large capacitor.  An electronic expert can design R 
and C for specific time constants, and the values of the 
components can be back-converted to help the 
mechanical engineer to choose a suitable size for hole 
between the chambers, chamber volume, etc.             
 
Another interesting example of analogy is shown in 
figure 2. 
 

 
Figure 2:  Analogy between analogue electronics and 

acoustic engineering 
 

The builder’s plan of a two room dwelling is shown in 
figure 2.  Section AB is a passage, then the sound signal 
must go in series through a ROOM1 from B to C, and 
further up to D and E, but at point D, it passes an open 
door to ROOM2.  The problem for the acoustic engineer 
is that a specific frequency component must re-echo 
much stronger than the other frequencies.  An analogy 
expert can convert the setup as follows, with specific 
component values: 
 
•  Section AB is a series resistor 
•  ROOM1 is a series inductor 
•  ROOM2 is a capacitor to ground 
•  Section DE is a series resistor, and the closed end of the 
passage is a load impedance to ground. 
 
The electronic circuitry is shown in the lower part of 
figure 2.  After the analogy expert has done his work, an 
electronic engineer can determine small changes to one or 
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two components to attain resonance frequency at the 
desired value.  These values can be back-transformed by 
the analogy expert and supplied to the building contractor 
to bring about a few changes.    
 

5. OBJECTIVE 
 
The big challenge is to investigate, evaluate and analyze 
whether there can be a clear analogy between analogue 
electronics and the optical world, with special reference 
to the reaction time of angle deflection in applying the 
Faraday effect.    
 

6. IMPROVING BANDWIDTH IN ANALOGUE 
ELECTRONICS 

 
The amplifier in figure 3 has a negative feedback loop: 
C4, R8, R4.  Without this loop, the total gain is the 
product of the gains of both transistor stages.  This will 
be a very large number, but properties like frequency 
response and harmonic distortion will be poor. 
 
With the feedback in place, the voltage gain is given by 
(R8/R4).  Suppose the original gain, divided by this new 
gain, is a factor 20.  This is called the feedback factor D.  
Although gain is being sacrificed, properties like 
distortion and bandwidth (reaction time!) is improved by 
this factor D [9] 

 
Figure 3:  A two-transistor amplifier equipped with 

dynamic negative feedback 
 
This principle of negative feedback is a powerful method 
used in analogue electronics to improve the properties of 
amplifiers in amplifying signals, while achieving high 
bandwidth and low distortion specifications. [9].  
 

7. APPLICATION OF ANALOGY IN OPTICS 
 
The existence and ways of application of analogy 
between optics and electronics will be explored in this 
project.   
 
There are two ways to make a signal, which is too big for 
the involved application, smaller: 
 
The first method is to attenuate it, meaning dissipating a 
certain amount of its energy in a series load resistor; 

 
The second method is to oppose it with an electronic 
derived signal, originating from the same signal, which 
results in zero energy losses in the process; 
 
In this second method, certain properties are improved by 
the so-called feedback factor as mentioned earlier; some 
properties may be negatively affected; the designer must 
just choose the correct methods; but still, no energy 
losses are involved.   
 
In an optical system like the one involved here, it must be 
considered that in the case of angle of deflection in the 
Faraday-effect, no gain is available.  Preparing an 
electronic analogy system, a circuit diagram must be first 
be designed and tested that consist of passive components 
only.  One special technique, however, will be allowed to 
be implemented: an operational amplifier that delivers a 
phase shift of 180°, on condition that there are zero power 
gain, zero voltage gain and zero current gain.  This can be 
obtained by using resistor networks on the input and 
resistor attenuating networks on the output of the 
operational amplifier. 
 
This forms the heart of the operation, for 180° phase shift 
in optics can be realized with a mirror or with the correct 
application of a prism, while on the other hand, no 
feedback in electronics, active or passive, is possible 
without implementing a shift of 180° at some crucial 
point in the circuit.   
 
A mirror in the optical system, and a correct applied 
operational amplifier in the analogy electronic system, 
will make out the most significant components in this 
development.         
 
The standard-acknowledged block diagram of a system 
with feedback is shown in Fig. 4.   
 

 
Figure 4:  General block diagram of negative feedback 

 
After the creation of a successful passive component 
circuit, as mentioned above, simulation with optical 
components, involved in the Faraday Effect, must be 
constructed.   
 
When negative feedback is involved in a sound amplifier, 
the original gain is very high, and after the negative 
feedback process, there is still enough gain left to play 
loud music over the loud speaker.  In both electronic 
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circuit and optical system in this project, it must be 
clearly understood that there is no gain, only attenuation.  
The secret is, however, that no power gain is desired, but 
the time taken for the reflected angle of the polarized 
light ray to reach its final position, must be much shorter 
than before, even if it is a much smaller angle than 
originally.  The solution to this problem is that the final 
electronic circuitry, including microprocessor software, 
will apply a correction factor preceding the final display. 
 
It is assumed that a single wavelength polarized light 
beam of sufficient intensity and suitable wave length is 
already generated, as well as that the final output angle 
measurement and current display already exist.  This 
project is about obtaining negative feedback in an optical 
system.  A possible block diagram, that can form the 
basis for the experimental process, is shown in figure 5.  
 
Referring to figure 5, the different blocks are described as 
follows, as well as the definitions of certain optical 
concepts: 
 
●  Refractive index n of a material describes how light 
propagates through that medium: 
 
n = c/v 
  
where c is the velocity of light in a vacuum, and v is the 
velocity of the same light ray in the medium under 
consideration. 
 
Since the speed of light in a vacuum can not be exceeded, 
v is always smaller than c, with the result that the factor n 
is always bigger than 1.  For most solid state types of 
glass and crystals, the value of n is between 1 and 4 [10]. 
 
●  Double refraction can take place in a crystal, called 
birefringence.  This happens in a very special crystal with 
X-Y-polarization structure.  When a polarized light beam 
enters the crystal, the polarization angle of the latter not 
corresponding to any of the named X- or Y-axis, the 
incidence ray is split up in two paths, each at different 
wavelengths.  Referring to figure 5, XBR is such a 
crystal.    
 
This splitting of the light beam in figure 5 (point A in 
XBR), can be seen in analogy as the dividing of the 
output signal in figure 3 between the load and the 
feedback circuit.       
 
●  For a specific light beam, propagating in series through 
different mediums, the “frequency” stays constant, but 
the wavelength will change; the deflecting angle in the 
Faraday effect is a function of both wavelength and 
refractive index;  (OCT-designers use the “Verdet”-
constant to specify this);  
 
●  Both light rays passing through OPT1 and OPT can be 
seen in analogy to electronics as potential dividing using 
two series resistors; 

 
●  Furthermore, COIL A and COIL B can be optical fibre 
cables with complete different refractive indexes;  
 
●  OPT3 can be a compound of different optical crystals 
to simulate the final output amplitude in figure 3, namely  
 
AV = R8/R4 
 
●  The specific material compound of COIL A and COIL 
B is the main roll players in the Faraday Effect, but due to 
the limited possible differences in n between different 
glass material, it can be considered to make one of them a 
“tube” filled with olive oil; the reason is that the factor n 
for olive oil is 22, an exceptionally large number, thus 
opening the possibility of  more powerful feedback [11]. 
 

 
Figure 5:  Block diagram of a possible negative feedback 

system in optical technology 
 

8. EXPECTED OUTCOME 
 
This project is presently in the phase of constructing the 
OCT under test and the current  injection system as 
shown in figure 1.  No prediction can be made at this 
stage about the possible success of creating negative 
feedback in the optical world; 
 
●  It must be clearly understood that the outcome of this 
research can also be that negative feedback can not at all 
be achieved in the optical world, with reference to the 
Faraday Effect.  
 
●  Success in this project may cause application of 
negative feedback in complete other optical categories as 
well.   
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Abstract: The effects of engine flue gas pollution on the dielectric strength of air gaps in railway
electrical clearances were investigated. In South Africa, diesel locomotives sometimes have to use
electrified railway lines. There exists very little knowledge on the effects of a diesel locomotive’s
flue gas in railway high voltage systems. As such, this research aims to find the effects if any, of
engine flue gas on the dielectric strength of air gaps. In order to reliably investigate the present
question, the research method included a combination of rod-plane and sphere-sphere gas discharge
gap configurations to draw conclusions on findings. Initial experiments have revealed that for a gap
size less than 25 cm, the introduction of flue gas enhanced the dielectric strength of air, the increase
in breakdown voltage is as much as 19%. For gap sizes greater than 25 cm, the flue gas decreased the
dielectric strength of air whereby the maximum recorded decrease of the breakdown voltage is 30%
from that of air. It is speculated that the enhancement of the dielectric strength is due to the increased
humidity through corona stabilization. For gaps greater than 25 cm the corona stabilisation phenomena
cease to be influencial and hence the degradation of the air dielectric strength. The study intends to
contribute to the improvement of current pollution and clearance standards for locomotives in South
Africa.

Key words: Corona stabilization, Engine flue gas, HV Breakdown, Humidity, Railway Electrical
clearances

1. INTRODUCTION

Since the inception of railway systems in South Africa,
British standards have always been used for guidance
on technical requirements such as determination of
electrical clearances; the air gap between the locomotive
electric supply lines and the ground and the top of a
locomotive [1]. As the economy grows, there is increased
reliance on locomotives to transport mass goods and
passengers. There are many regions in the country where
there are unelectrified railway systems and this entails
the use of diesel powered locomotives. Consequently
the South African railway systems are operated with a
fleet comprising of both electrical and diesel powered
locomotives. Diesel locomotives often have to use the
electrified railway lines. This poses a problem as the
exhaust on top of the locomotives release flue gas directly
onto the electrical railway catenary system (RCS). From a
high voltage perspective, pollution of the air and of high
voltage equipment may greatly compromise the integrity
of the dielectric strength of the air and equipment [2]. In
the case of a RCS this affects the air gap that would have
been set to meet minimum international standards and
this may lead to catastrophic accidents causing damage
to equipment and injurying passengers. This becomes
a major problem more so when the locomotives pass
under a bridge or a tunnel because the clearances under
these structures are already set at their minimum mostly
due to costs [3]. The flue gases cannot easily escape a
tunnel which might have major unknown electrical safety
implications.

The current standard used to design an electric RCS in
South Africa is IEC 60913:2013 [4]. This standard
unfortunately does not cater for diesel flue gas pollution
of electric railway systems. The omission is presumably
because the case of diesel locomotives travelling under
electrified railway lines is unique to South Africa and
this poses a unique problem as there is no knowledge
of how the flue gases interact with electric systems.
Additionally, it would be imperitive to see how they can
cause danger to people and equipment. It is therefore
important to understand how engine flue gases affect the
dielectric strength of air in order to generate knowledge for
mitigating this problem. The study is carried out through
laboratory high voltage breakdown experiments using
rod-plane and sphere-sphere electrode configurations for
normal air conditions and flue polluted air conditions.

2. THE BACKGROUND

There exists limited literature directly addressing the
effects of engine flue pollution on breakdown voltage
levels of air or any equipment. An experimental study
conducted in 1985 by Lambeth and Nguyen [3] showed
that the introduction of diesel and gasoline flue gases in
a rod-plane gap greater than 25 cm resulted in a 20 %
reduction in the AC breakdown voltage of such a gap.
This decrease was only observed with diesel flue gas as
compared to other pollution experiments which included
water droplets, wheat flour and salt fog pollution. These
results may suggest that the chemical compositions of
the flue gases are the major contributors to these results
since this is the only difference between these pollution
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types. All the experiments were conducted under the same
standard pressure and temperature. The following sections
explore relevant literature to relate how the presence of
engine flue gas might affect the processes involved in gas
discharge phenomena.

2.1 Diesel Flue Gases

A major by-product of the engine combustion process is
heat and in an ideal process, the other byproducts are
vapour, carbon dioxide and nitrogen, which according to
Majewski [9], the volumetric concentrations are usually
in the ranges stipulated in Table 1.

Table 1: Ideal diesel flue gas composition in a diesel
engine exhaust

Gas Molecule Volumentric % Range
CO2 2 - 12
H2O 2 -12
O2 3-17
N2 59 - 92

Among these gases, the combustion process further results
in pollutants that come from various non-ideal processes
in the combustion. The pollutants are hydrocarbons
(HC), carbon monoxide (CO), nitrous oxides (NOx) and
particulate matter (PM10,PM25 for particulate diameters
of 10 and 25 microns respectively). The combined
volumetric concentration has been experimentally found to
be approximately 0.1 % [9]. Due to the small amounts
of these pollutants, Jasskelainen [10] claims that they
can be ignored and the diesel exhaust gas properties may
be approximated to that of air. It is stated that this
method brings errors and requires results to be corrected
for the increased vapour, carbon dioxide and decreased
oxygen. As such these pollution byproducts can be viewed
important for this study’s accuracy of findings.

2.2 Effects Of Atmospheric Conditions

Atmospheric air pressure is normally a function of altitude.
Pressure in turn affects the voltage breakdown of an air
gap [12] - [18]. In the case of this study, the locomotive’s
exhaust flue is directed to the open atmosphere and thus it
is assumed that this has very little effect on the pressure in
the electrode gap.

Allen et al [19,20] performed tests to determine the effect
of elevated temperatures on breakdown of non-uniform
fields. The results show that the breakdown voltage of a
rod-plane air gap exponentially decrease with increased
temperature. From their test results, it is found that
temperature decreases the breakdown voltage more in
larger gaps (20 cm) than in small gaps (10 cm) [19]. This
result agrees with other publications that investigated the
effect of temperature on the dielectric strength of air [23].
Aleksandrov et al [22] used a 1.5D simulation to show the
effects of temperature and density on properties of a long

positive streamer in air. The calculated results show that
temperature has a pronounced effect than air density. It
is therefore expected that the increased temperature of the
exhaust flue degrades the dielectric strength of the air.

The effect of water particles on streamer breakdown can
be explained in terms of charge dynamics in the streamer
channel. It is believed that the loss of electrons in the
channel in air is dominated by the three-body attachment
process given in equation 1 [24]:

e+O2 +M ! O�
2 +M (1)

Where M = O2 in dry air and M = O2 & H2O in
humid air. The loss of electrons through the dissociative
recombination with simple molecular ions (O+

2 ,N+
2 ) is

given by equation 2:

e+AB+ ! A+B (2)

Aleksandrov et al [8, 22] used simulations to conclude
that an increase in humidity leads to an increase in the
breakdown voltage of air. This result is in agreement with
experiments performed by Lambeth and Nguyen’s [3].
The presence of humidity and temperature in this study
implies that the major contributor will have prominent
effects since these quantities have opposing effects on the
dielectric strength of air.

Tests conducted by Loft et al in [25] on 0.2 mm to
0.63 mm diameter particles, along with tests conducted by
Naidoo [26] and Lambeth [3] on large particles showed
a small decrease in the breakdown voltage of polluted air.
Since the changes were very small, in the context of this
study, it is expected that the particulates have minimal
effects due to their smaller sizes (microns) and volumetric
concentrations being less than 0.1%.

2.3 Gas Discharge Fundamentals

The process of electrical breakdown involves a number
of important stages that have been covered in literature.
Additionally, ongoing research looks to come with new
theories of the possible processes and conditions involved
in air breakdowns [5, 6]. The most established and
long used theories for electrical breakdown in gases
is “Townsend’s Discharge Mechanism” [2] stating
that in order to establish a continous discharge in an
electronegative gas, free electrons must be accelerated by
an electric field and as they ionize other molecules they
create an avalanche of free electrons and thus forming a
conducting plasma in the air gap [7]. The “Streamer
Breakdown Criterion” [2] then maintains that for electrical
breakdown to occur, the space charge must be suffiecient
to influence the local electric field and thus ionization.
These avalanche electrons due to ionization can influence
the local fields when they reach a value of 108 such
that streamers become self propagating and bridge the air
gap, forming an arc between electrodes. The number of
avalanche electrons in a gap is given by equation 3.
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Figure 1: A comparison of Townsend’s coefficients for air and
engine exhaust flue gas compositions.

N = e
R
(a�h)d (3)

Where:

N = Number of avalanche electrons in gap d
a = Townsend’s first ionization coefficient
h = Townsend’s attachment coefficient

It is crucial to understand gas discharge collisional
dynamics in order to combine the atmospheric effects
described above into a single meaningful result. Transport
and townsend coefficients representing a particular
gaseous system can give an approximate prediction of
this result. The coefficients depend on the many types
of collisional reactions that could occur in the gaseous
system. Where the reactions are based on a probabilistic
phenomena related to the energy of an electron and the
collisional cross sections of a type of reaction that may
occur depending on the molecule the electron collides with
[27]. The coefficients will be different for distinct gaseous
systems. Using Table 1 and the known air oxygen and
nitrogen concentrations for air, cross sections for these
gaseous systems were obtained from the data published in
the LXcat database [28, 30]. The cross sections have been
used in calculating the net Townsend coeffients shown
in Figure 1 for air and engine flue using Bolsig+, an
algorimthm developed by Hagelaar [29]. It is evident that
the reduced Townsend coefficient (a�h)/N for diesel flue
gas composition is less than that of normal air composed
of 78% nitrogen and 22% oxygen. The difference is
not significant but implies the possibility that at standard
temperature and pressure, more voltage might be needed to
breakdown a gap in flue gases than in air. These Townsend
parameters are used together with transport coeffiecients
in a fluid gas discharge model for computer simulations,
which are not within the scope of this paper.

3. EXPERIMENTAL SETUP AND PROCEDURE

Experiments are conducted in a laboratory setup in which
the main purpose is to evaluate whether the presence of
engine flue gas in air affects the breakdown strength of the
air. A preliminary investigation is conducted with a petrol
engine instead of diesel to provide a scalable methodology
since it has been difficult to aquire a diesel engine. The
parameters of interest to be monitored are the temperature
and humidity of the flue. It is important to note that these
parameters along with gas composition and particulate
matter are all simultaneously present. Therefore this
poses a problem to running a controlled experiment since
the parameters cannot be seperated, which contributes to
the uniqueness of this study. The experimental setup
is shown in Figure 2 in which there is a high voltage
source (250 kV DC rated Cockroft-Walton generator in
this study), a breathing gas chamber made of bricks which
represents a case where a locomotive travels under a tunnel
and exhaust flue cannot easily escape, an engine flue
source (a petrol generator is used) and a data acquisition
system. The data acquisition system is composed of a
high frequency current transformer (CT) and a data logger
that connects to the HV source and CT through potential
dividers. Two electrode setups are tested, a sphere-sphere
and a rod-plane configuration; the sphere-sphere is used
to calibrate the tests because it provides a uniform electric
field. Additionally it is known that for uniform fields, 1 cm
is likely to breakdown at 25-30 kV at standard conditions
[2]. The vertical rod-plane has been considered the worst
case scenario in literature and most geometries in practical
applications approximate to it [3].

HVDC 
Source

Petrol 
Engine

Exhaust 
Gas

Data Logger

Potential Dividers

Current 
Transformer

HV 
electrode

Brick 
Chamber

Ground 
Plane

Figure 2: Experimental setup: testing breakdown of engine flue
inside a brick chamber.

The diameters of the spheres are 10 cm, chosen such that
their curvature is large enough and does not represent a
point-to-point gap. The rod diameter is 1.5 cm to attempt
to emulate the railway feed cable of 1.6 cm diameter and
the ground plane is 3m by 3m.

The breakdown tests are performed in accordance with the
SANS 60060-1:2011 testing techniques. Gap sizes from
10 mm to 300 mm are tested in 10 mm increments for
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breakdown in both normal air conditions and in engine flue
gas conditions. For each electrode setup, a gap size of 10
mm is fixed, then the high voltage is increased at a rate of
1 kV/sec until the gap breaks down as detected through the
data acquisition system. The input source voltage and the
leakage current are measured and logged by a data logger
throughout this process. The air gap is given 5 minutes
to de-energise and displace the formed space charge then
the process is repeated 10 times before the gap size is
increased by 10 mm. This process is repeated until a gap
size of 300 mm is reached. Table 2 gives the average
recorded environmental conditions during the tests.

Table 2: Chamber air conditions for the two test
conditions

Parameter Sphere
Sphere

Rod-Plane
Air

Rod-Plane
Flue

Temperature
[oC]

21 23.4 48

Pressure
[mBar]

833.7 832.8 833.5

Relative Hu-
midity [%]

35.2 36.8 65

4. RESULTS AND DISCUSSION

It can be seen in Figure 3 that the use of a sphere-sphere
gap in air to calibrate the setup proved to be in good
correlation with the published data in Kuffel [2] which
validates the setup. The SANS60060-1:2011 standard is
used to correct the data, and the fact that the corrected
test data replicates published data shows that the recorded
environmental conditions are valid.

Figure 3: Breakdown characteristic for sphere-sphere electrode
setup in air.

The corrected breakdown and corona inception voltages
for both air and engine flue conditions are shown in Figure
4 and as expected the breakdown voltages are lower than
that of the sphere-sphere configuration. The breakdown
results show that the introduction of engine flue gases in
the air enhances the breakdown strength of air for gap
sizes in the range of 3 cm to 25 cm. The maximum

enhancement observed in this range is a 30% increase in
the breakdown voltage of air when there’s flue gases. The
introduction of the engine flue gas for gap sizes outside this
range resulted in a compromise of the dielectric strength
of air, in which for the small gaps tested the decrease is
not detrimental. For the gap sizes higher than 26 cm, a
maximum decrease of 19% in the breakdown voltage of the
air was recorded. The results agree with the 20% decrease
reported by Lambeth [3].

Figure 4: Breakdown and corona inception voltage comparison
for air and flue.

In order to find the cause of these observations, corona
needed to be investigated since it preceeds arc formation in
a gap breakdown. The pre-breakdown corona mechanisms
involved determine the breakdown voltages and behaviour
[2,33]. Three corona parameters are investigated as per the
norm in the field of corona studies; these are the corona
inception voltage, the shape and frequency of the corona
pulses if present, and lastly the magnitude of these pulses.
It can be seen from Figure 4 that the corona inception
voltage averaging at 30 kV does not change with gap size
for both normal air and flue polluted conditions. This is
consistent with the results reported by Hassan in [33] who
experimentally studied corona inception and breakdown in
small gaps within 5 mm with a needle-plane setup. The
invariance of the corona inception voltage is an interesting
phenomenon that warrants further investigations. It can be
further seen that the corona inception voltage for the gaps
less than 5 cm is very close to the breakdown voltage of
these gaps. It is important to note that corona inception
could not be detected at 1 to 2 cm in both air and flue
conditions, this is thought to be due to the fact that
the diameter (1.5 cm) of the high voltage electrode was
bigger than the gap spacing and so created a quasi-parallel
plate gap configuration. The breakdown mechanism in
uniform feilds is essentially Townsend type and therefore
no precursed by corona activity.

Corona pulses were recorded and as expected, their
magnitude increased with increasing gap spacing. The
pulsations of the corona at lower gap sizes and higher gap
sizes are shown in Figure 5. It is remarkable to note that
in flue gas, the corona pulsations are sginificantly higher
than in air. The maximum recorded differences in the pulse
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magnitudes for flue are 95% at 4 cm and 94% at 23 cm
higher than the pulsations in air respectively.

Figure 5: Comparison of corona pulsation and magnitude from
small gap spacing to large gap spacing for flue and air.

It is known that in positive corona, pulsation is due to
the collapse of the electric field as the electrons near
the high voltage electrode get absorbed into the electrode
and the positive space charge shields the electrode by
forming a space charge cloud. Consiquently, the space
charge modified resultant electric field strength decreases
resulting in the ceasation of electron avalanches. The
positive ion cloud then drifts away and the process
repeats [2, 33]. This phenomenon is what is refered
to as corona stabilization, it results in more voltage
needed to initiate leader breakdown [34]. Although the
concept of stabilization is not fully understood, research
has established that corona stabilization decreases with
increasing gap spacing in air. This is consistent with the
results found in this study, the corona pulses dimished
as the gap spacing was increased to 25 cm. It can
therefore be concluded that below 25 cm, the presence
of flue gases enhanced corona stabilization which in turn
caused the breakdown voltage to be higher than that of
air. However beyond 25 cm, the processes change and the
reasons for this are still being explored. It is speculated
that the reason flue gas can enhance corona stabilization
is because of the increased humidity. Both the humidity
and temperature double in flue compared to air as shown
in Table 2. In small gaps it has been found that the electron
recombination process given by equation 1 dominates.
The effect of 48oC is relatively insignificant compared to
the effect of the 65% relative humidity. In this case it is
thought that this process enhances the corona stabilization
by removing electrons from the channel near the HV
electrode.

Future experiments with impulse voltages will be
conducted to evaluate how the lack of space charge build
up will affect these observations. Furthermore, computer

simulations will be used to analyse the extent of the
recombination processes.

5. CONCLUSION

This paper has presented an experimental investigation of
how engine exhaust flue gases affect the dielectric strength
of air. The experiments are conducted with a high voltage
DC Cockcroft-Walton generator on a rod-plane gap for
normal air and flue gas pollution conditions. Investigating
the pre-breakdown corona gave more insights into the
breakdown mechanism in flue gas. The results showed that
the presence of flue gas pollution increased the breakdown
voltage of air by up to 30% for gap spacings less than 25
cm. However beyond 25 cm, the breakdown voltage in flue
gas became lower than that in air by 19%. The increase
of breakdown voltage for gap spacings less than 25 cm
is attributed to the observed enhanced corona stabilization
due to the higher relative humidity of flue gas.
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Abstract: The corona cage detection technology has been widely used to detect the corona discharge 
in research laboratories and the evaluation and verification are based on corona detection through 
Partial Discharge, Acoustic, Radio Interference Voltage and Visual detections. This paper highlights 
the important of the corona cage and attempts to show that the corona discharge is not dependent on 
the number of segments of the cage. Acoustic method with Tettex Ultrasonic detector and visual 
detection CoroCam have been used for evaluation and verification of the cage under High Voltage 
Direct Current application. One, two, three and four segments corona cage were under testing by 
measuring the inception voltage under positive and negative voltages. In addition, in the laboratory, 
the inception voltage test platform is build up to measure the positive and negative inception voltage. 
The test results reveal that the structure of the corona cage does not have an impact on the results due 
to the small difference in measured inception voltage. 
  
Key words: HVDC, Partial Discharge, Corona Cage, Corona Discharge, Inception Voltage. 
 
 
 

1. INTRODUCTION 
 

The corona cage detection technology has been widely 
used to detect the corona discharge in research 
laboratories and the evaluation is based on corona 
detection through Partial Discharge (PD), Acoustic, 
Radio Interference Voltage (RIV) and visual detections. 
An indoor corona cage in general has a structure of a 
grounded wire mesh surrounding a conductor bundle. 
Thus, in spite of the lower applied voltage to a conductor 
bundle, the distribution of the static electric field around 
it can be very similar to that of transmission lines [1]. 
Many studies have confirmed that the corona cage is an 
important tool to carry out experiments and to develop 
methods of predicting Audible Noise (AN), Corona Loss 
(CL) and Radio Interference (RI) generated from HVDC 
transmission lines [1]. Therefore, for these and other 
reasons, the accurate evaluation of the corona inception 
conditions is an important design consideration and of 
importance for many applications. Surface electrical field 
of high voltage overhead transmission lines has a large 
influence on corona characteristics and corona inception 
voltage [2]. The corona inception voltage can be defined 
as the lowest voltage at which continuous corona of 
specified pulse amplitude occurs as the applied voltage is 
gradually increased. 
Ultra-High Voltage Direct Current (UHVDC) in general 
and High Voltage Direct Current (HVDC) in particular 
power transmission lines may cause in the vicinity of the 
conductors a strong electric field. When the electric field 
intensity of the surface of the conductors exceeds an 
inception value, the corona will occur in a small region 
near the surface of the conductors [3].  
Corona discharges is a well-known phenomenon 
occurring in high voltage (HV), extra high voltage (EHV) 
and ultra-high voltage (UHV) ac and dc transmission line 
that cause various technical and environmental problems 
and damage around and in the conductor, including 

losses, the electromagnetic field in their vicinity, results 
in RI, AN and interference with carrier transmission. 
These damage and losses in power systems can results 
also by gas emissions such as ozone gas, transient 
currents in the conductor and it poses a potential shock 
hazard [4]- [5], where all of these are both technically and 
environmentally undesirable [6], [7], [8]. The design of 
the new equipment must consider the solutions to 
minimize corona effects. 
This paper shows how inception voltage measurement 
was carried out based on a corona cage in VUT high 
voltage laboratory for the positive and negative HVDC 
application. The main objectives of these measurements 
are to investigate and present an over-all picture of 
corona discharge performance under various corona cage 
combination structures in a range which may be of 
interest to engineers. 
 

2. CORONA CAGE EVALUATION and 
VERIFICATION DESIGN 

 
A laboratory corona cage is a tool for determining the 
corona performance of conductors, with a concentric 
metal cage with large radius, whose section form is 
circular or square with a test line at its centre to simulate 
a single/multiple (bundle) conductor(s). It was decided to 
design such a cage, which will be housed at Vaal 
University of Technology's HV Laboratory with a 
diameter of 1.5m. This diameter would ensure that corona 
studies can be carried out without the fear of flashovers 
occurring. 
The cage consists of four sections. Two outer "guard" 
rings each 0.5m in length and two central measuring 
sections, which is l m in length. A support structure was 
designed to accommodate the cage.  
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2.1 Corona cage evaluation by visual detection 
 

After the completion of the cage, visual detection has 
been used to check if the cage is corona free. For the 
visual detection, the CoroCam III has been used to 
visualize the entire cage and the sharp edges. Figure 1 
show the CoroCam III used for the visual inspection and 
has assisted greatly to identify and eliminate many sharp 
points which are corona sources. 

 
 
 

 

 
Figure. 1: CoroCam III instrument used for the visual                       
detection 
 
2.2 Corona cage verification with acoustic detector 
 

The acoustic Tettex instrument is equipped with the 
parabolic antenna to focus on the source of the corona 
and detect the discharge in a very small area.  It is 
equipped with a pair of earphones through which the 
operator can hear the corona activity as well as an 
analogue readout. Figure 2 below shows the Tettex 
Ultrasonic detector.  

 

Figure 2: Tettex Ultrasonic Detector 
 

3. CORONA CAGE AND TEST METHODS 
 
3.1 Functionality and general Corona cage  
 

In general, a corona cage is typically a single-phase 
test facility, in which conductors or conductor bundles are 
centred in a grounded mesh cage. The main aim of the 
corona cage configurations and dimensions is to 
reproduce the electric field distribution in the region 
under investigation around the conductor with a small 
scale measurement setup.  

Corona cage is an ideal tool to study the corona 
discharge performance of transmission lines and 
conductors in a laboratory set-up. Its practicability has 
been confirmed by [16] and this present some advantages, 
for example, it reduces the test space, low investment, 

controllable test conditions, convenient structure 
adjustment and short test period compared to other test 
methods mentioned below. 
Many studies have been done on the circular corona cage 
having three parts, the middle part for measurement and 
both sides for protection, corona cage has been used for 
measurement onset voltage and power loss in [9], the 
design and the application of the cage discussed in [10] 
and [11] has used the cage for the corona loss calculation 
and analysis. Corona cages has been widely used for 
many experimental work such as the evaluation of the 
effects of conductor temperature on corona inception [3], 
transmission line corona noise issues [12], ion current 
using a small corona cage [13] and the influence of the 
high altitude on the corona loss in the corona cage [14]. 
Different types of corona cage have been employed for 
the corona test studies, the small or indoor corona cage 
[15]- [16], the outdoor or larger corona cage have been 
used [17]- [18], the mobile corona cage [19] and the 
outdoor test line technique [20]. Although the test line 
remains the most efficient and the results approaching the 
characteristic of practical transmission lines and could 
directly guide design and construction of lines, this is 
very costly and dangerous. 

Most studies in the field of corona cage study have 
only focused on the three sections circular corona cage, 
however there have been no experimental studies that 
compare differences in the number of sections of the 
corona cage. Figure 3 below shows the physical corona 
cage in the laboratory. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Physical corona cage in the laboratory 
 

 
3.2 Particular Corona cage  
 

Generally, the indoor corona cage has three parts, one 
inner part called measuring part and two outer parts 
called protective gaurds. This particular corona cage 
consists of two middle measuring parts with an equal 
length and two shielding parts. Figure 4 shows the layout 
of the corona cage consisting of four sections (two inner 
and two outer), all with the possibility to be electrically 
connected.  
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Figure 4: Layout modelling of the corona cage 

 
3.3 Conductor under test and theoretical corona 
inception voltages  

 
Corona inception voltage is the lowest voltage at 

which continuous corona of specified pulse amplitude 
occurs as the applied voltage is gradually increased. 
Corona inception voltage decreases as the frequency of 
the applied voltage increases. In HVDC conditions, the 
negative corona inception for conductors is lower than 
the positive case, and is usually about 90% of the positive 
case [21]. 

However, in the operation of practical power system, 
Aluminium Conductor Steel Reinforced (ACSR) with the 
code word “tern” is widely used rather than cylinder 
conductors in power transmission lines. The ACSR 
stranded conductors have a good electrical conductivity, 
adequately sufficient mechanical strength and tensile 
strength [10], for these main reasons it was used during 
the evaluation tests. Given the corona cage diameter and 
the conductor diameter, it is possible to estimate the 
corona inception voltage. This is often done by using 
Peek’s empirical constants (E0 and K) in the well-known 
formula from the experimental data for the corona 
inception gradient Ec in kV/cm [9]. 
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m: surface irregularity factor 
r0: conductor radius  
δ0: relative air density factor, resulting from: 
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Where: 

 
t: Ambient temperature in ºC 
p: Pressure of the ambient air 
t0: 25º C 
P0: 101.3 kPa 
 

The inception voltage for negative corona for the HVDC 
conditions has been simplify by using the Peek’s 
empirical constants (E0 and K) with their average value 
[21]. 
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δ is given by equation (4) below, namely: 
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Where the reference pressure is 760 mm 
 
Where: 
 
p = Prevailing atmospheric pressure in mm 

 
4. CORONA DISCHARGE TESTS AND ANALYSIS 

 
PD in electrical insulation is a phenomenon that 

results from localized electrical breakdown, or discharge, 
which occurs at defect within an insulation system to 
which electric stress is applied. The physical nature of a 
defect that may cause PD can include small internal voids 
within an insulation surface [20]. Different test 
arrangements were used for testing the insulator with 
corona rings and the aluminium cable (tern). The ACSR 
stranded conductor is shown below in figure 5.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Photograph of ACSR stranded conductor 
 

Smoothed aluminium tubes with diameter bigger than 
the conductor under the test were used in the test 
arrangement to connect the test equipment and the 
conductor to the high voltage source.  
 

5. EXPERIMENTAL SETUP   
 
The HVDC consists of AC transformer, current limiting 
resistance, diode and smoothing capacitor which can 
supply a DC voltage up to 125 kVp.  
 

Shield segments are electrically isolated from the 
measuring segment(s) in order to measure the corona 
discharge on the conductor surface and to eliminate the 

Inner Inner Outer Outer 

Electrical connection  Tern conductor under test  
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corona discharge on the cage. The detailed setup 
schematic diagram of the corona cage is shown in Fig. 6. 
 

 

 
 
Figure 6: Test system configuration 
 
 
6. TEST ARRANGEMENT INCEPTION VOLTAGE 

MEASUREMENT 
 

6.1 Test arrangement 
 

The positive and negative corona inception voltage 
of the aluminium ACSR stranded conductor (TERN) is 
obtained by the corona cage test platform as shown in 
figure 6 above. The ACSR stranded conductor is placed 
concentrically inside the corona cage. With the total 
length of approximatively 4 m, the cross section of the 
cage is circular and its dimension is shown in equation 5 
below. 

 
 20.75 mS u     (5) 

 
The inception is affected by many factors, such as the 
temperature, the air pressure and the relative humidity. 
All the measurements were carried out without more 
consideration on these parameters.  
 
6.2 Inception Voltage measurement 
 
The positive inception voltage for the four possible 
structure combination was either 29 kV or 30 kV with the 
highest magnitude of 24,55 pC with the first apparition of 
corona on the positive half cycle of the phase resolve 
pattern observed with the aid of the ICM monitor PD 
detector.  Table 1 summarized the inception voltage 
values for each possible combination of the corona cage. 
Also the negative inception voltage values for all type of 
combinations of the corona cage was between -23 kV to -
24 kV with the maximum magnitude of 13.53 pC with the 
first apparition of the pulse on the negative half cycle of 
the resolve pattern ICM monitor display, table 2 
summarized the inception values.  
 
 
 
 
 
 

Table 1: Possible combination of the corona cage for 
positive voltage 

 
Table 2: Possible combination of the corona cage for 
negative voltage 
 

 
It is apparent that, there is very little difference between 
the different cage structures for the same polarity voltage 
in term of inception voltage ±1 kV either positive or 
negative voltage. But a considerable change on the 
positive and negative inception voltage is present 
regardless the corona cage structure. 
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7. RESULTS AND ANALYSIS 
 

Using the experimental results given from table 1 
(number 1 and 4) under different figures, figure 7 and 8 
below represent the patterns of the corona discharge at 39 
kV positive voltage and with a calibration of 5.00 
pC/division. 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 7: Positive voltage corona discharge for corona 
cage combination number 1 from table 1 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8: Positive voltage corona discharge for corona 
cage combination number 4 from table 1 
 
Similar measurements have been done with negative 
voltage at the same voltage of 39 kV, figure 9 and 10 
below displayed the corona cage combination number 5 
and 8 from table 2 respectively. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9: Negative voltage corona discharge for corona 
cage combination number 5 from table 2 
 
 

 

Figure 10: Negative voltage corona discharge for corona 
cage combination number 8 from table 2 
 
As it can be observed from these different results, the 
magnitude of the corona discharges at the different 
polarities vary considerably as well as the density 
(number) of the pulses is also more compact in negative 
voltage. 
 
Figure 11 and 12 below display the graph of the 
combination number 2 and 3 from table 1 with the 
positive voltages from 31 kV to 40 kV. 
 

 
Figure 11: Combination number 2 from table 1 for 
Positive Voltage 
 

 
Figure 12:  Combination number 3 from table 1 for 
Positive Voltage 
 
There is a considerable drop in positive voltage at a 
certain voltage, we can observe that with the increase in 
voltage from 31 to 33 kV the corona current pulses have 
larger amplitudes and are close the same, from 35 to 39 
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kV there is a decreased in term of amplitude of the pulses 
while the voltage is increasing. From 40 kV upward the 
amplitude of the pulse keeps decreasing. 
 
Figure 13 and 14 display the graphs of negative voltage, 
it can be observed that there is no decrease in PD 
magnitude with the application of negative voltage as is 
noticed with application of positive voltage. 
 

 
Figure 13: Combination number 6 from table 2 for 
Negative Voltage 

 
Figure 14:  Combination number 7 from table 2 for 
Negative Voltage 
 
In general, for the negative voltage, we have a slight 
increase on the pulse magnitude while the applied voltage 
is increasing. 
 

8. CONCLUSION 
This study presented the corona test results obtained 

based on measurement using the conventional method of 
apparent charge measurement   of a corona cage having 
four sections under positive and negative voltage. The 
results show that the inception voltage and magnitude of 
the corona discharge change very little with the structure 
of the cage under the DC voltage supply.  
 

9 REFERENCES 
[1]    Y. Nakano, Y. Sunaga, Availability of corona cage for   predicting      

audible noise generated from HVDC transmission line IEEE 
transaction on power delivery, Vol. 4, No. 2, April 1989. 

[2]  Sarma, M.P., Janischewskyj, W.: ‘Analysis of corona losses on 
DC transmission lines: Part I unipolar lines’, IEEE Trans. Power 
Appar. Syst., 1969, PAS-88, (5), pp. 718–731 

[3] Abdel-Salam, M.: ‘High voltage engineering-theory and practice’ 
(Marcel Dekker Press, 2000, 1st edn.) 

[4]   X. B. Bian, D. Y. Yu, L. C. Chen, J. M. K. MacAlpine, W. Liming, 
G. Zhicheng, and F. C. Chen, "Influence of aged conductor surface 
conditions on AC corona discharge with a corona cage," 
Dielectrics and Electrical Insulation, IEEE Transactions on, vol. 
18, pp. 809-818, 2011. 

[5] P.S. Maruvada, High voltage engineering-theory and practice, 
Marcel Dekker, New York, 2000 

[6] C. Larson, B. Hallberg and S. Israelsson, “Long tern audible noise 
and radio noise performance of American electric power’s 
operating 765 kV lines” IEEE Tran. Power Appar. Syst. Vol. 98, 
pp. 1859-1859, 1979. 

[7] G. J. Reid and H. J. Vermeulen, "Effects of conductor temperature 
on corona inception," in Power Engineering Conference (UPEC), 
49th International Universities, 2014, pp. 1-5. 

[8]  P. Jefferson-Martin, “Corona and Induced Current Effects,” 
PgandE Delta Distribution Planning Area Capacity Increase 
Substation Project, August 2005. 

[9] C. Eroncel, S. Ilhan, A. Ozdemir, and A. Kaypmaz, "Corona Onset 
Voltage and Corona Power Losses in an Indoor Corona Cage," in 
14th International Middle East Power Systems Conference 
(MEPCON' 10), Cairo University, Egypt, 2010, pp. 791-794. 

[10] Y. Yong, Z. Chuyan, and W. Liming, "Positive dc corona 
inception on dielctric coated stranded conductors in air," The 
Institution of Engineering and Technology, vol. 10, p. 7, 28 March 
2016. 

[11] W. Wei, L. Chengrong, L. Yunpeng, L. Bing, L. Xiaolin, J. Yitao, 
A. Bing, and W. Yixu, "Study of full scale UHV DC transmission 
line corona performance in corona cage," in Electrical Insulation, 
2008. ISEI 2008. Conference Record of the 2008 IEEE 
International Symposium on, pp. 63-65. 

[12] R. Urban, H. Reader, and J. P. Holtzhausen, "AC transmission line 
corona noise issues in a small corona cage," in Africon Conference 
in Africa, 2002. IEEE AFRICON. 6th, 2002, pp. 639-644 vol.2. 

[13] J. Wulff, T. Vogt, and F. Jenau, "Ion current studies using a small 
corona cage," in Environment and Electrical Engineering 
(EEEIC), IEEE 15th International Conference on, 2015, pp. 2205-
2210. 

[14] Y.-p. Liu, L.-j. Ren, y. Chen, Q.-f. Wan, S.-h. You, and W. Chen, 
"Research on High Altitude Corona Loss Measurement System 
Based on Small Corona Cage," in High Voltage Engineering and 
Application, 2008. ICHVE 2008. International Conference on, 
2008, pp. 144-147. 

[15] Y. Shaohua, L. Fangcheng, L. Yunpeng, Z. Wenfang, and W. 
Xiangyuan, "Discussion on problems of single conductor small 
corona cage's design," in Electrical and Control Engineering 
(ICECE), 2011 International Conference on, 2011, pp. 2187-2190. 

[16] M. Lekganyane, N. M. Ijumba, and A. C. Britten, "A comparative 
study of space charge effects on corona current using an indoor 
corona cage and a monopolar test line," in Power Engineering 
Society Conference and Exposition in Africa, 2007. PowerAfrica 
'07. IEEE, 2007, pp. 1-6. 

[17] N. G. Trinh, P. S. Maruvada, and B. Poirier, "A Comparative 
Study of the Corona Performance of Conductor Bundles for 1200 
kV Transmission Lines," Power Apparatus and Systems, IEEE 
Transactions on, vol. PAS-93, pp. 940-949, 1974. 

[18] R. D. Dallaire, P. S. Maruvada, and N. Rivest, "HVDC Monopolar 
and Bipolar Cage Studies on the Corona Performance of 
Conductor Bundles," Power Apparatus and Systems, IEEE 
Transactions on, vol. PAS-103, pp. 84-91, 1984. 

[19] X. B. Bian, W. Liming, G. Zhicheng, C. Jing, Y. Yingjian, and W. 
Xiong, "Experimental investigation on altitude correction factor of 
positive dc corona inception voltages of transmission lines based 
on the mobile corona cage," in High Voltage Engineering and 
Application (ICHVE), 2010 International Conference on, 2010, 
pp. 548-551. 

[20] D. Mengting, Y. Zhanqing, G. Zhiye, L. Shi, Z. Rong, Z. Bo, L. 
Min, L. Ruihai, L. Lei, and G. Chao, "Corona onset characteristics 
of grading rings on &#x00B1; 800kV UHVDC transmission line," 
in Information Science, Electronics and Electrical Engineering 
(ISEEE), 2014 International Conference on, 2014, pp. 800-804. 

[21] S. Bisnath, A. Britten, D. Cretchley, D. Muftic, T. Pillay, and R. 
Vajeth, The planning, design and construction of overhead power 
lines. Johannesburg: Crown Publication cc, 2005. 

0

2

4

6

8

10

12

14

16

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Pu
ls

e 
m

ag
ne

tu
d

e 
(p

C)

Appl ied vol tage (kV)

Negative Voltage Combination number 7

0

2

4

6

8

10

12

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Pu
ls

e 
m

ag
ne

tu
d

e 
(p

C)

Appl ied voltage (kV)

Negative Voltage Combination number 6

SAUPEC 2017 255



 

MODELLING INDUCED FIELDS IN THE HUMAN BODY 
EXPOSED TO ELECTRIC FIELDS FROM HIGH VOLTAGE 
TRANSMISSION LINES DESIGNED TO MEET 10kV/m AT 
GROUND LEVEL 
 
K.R. Hubbard* and I. Jandrell**  
 
* Eskom Holdings SOC Limited, Research, Testing and Development, Lower Germiston Road, 
Rosherville, South Africa 
** Faculty of Engineering and the Built Environment, University of the Witwatersrand, 
Johannesburg, South Africa 
 
 
Abstract: There has been increasing public concern regarding adverse health effects due to 
electric and magnetic fields. Safety guidelines/standards for electric and magnetic field exposures 
have been established by different public organizations. However, the link between low frequency 
electric and magnetic field exposure and adverse health effects is not yet well established. Limits 
on human exposure to low frequency electric and magnetic fields are fundamentally specified for 
in-situ fields in tissues/organs. These dosimetric limits are referred to as Basic Restrictions for 
protection against potentially adverse effects from electro-stimulation. In addition, secondary 
limits, the exposure Reference Levels in environmental electric and magnetic fields are also given 
for practical compliant purposes. These are generally derived from the Basic Restrictions based 
on uniform-fields with a provision that the basic restrictions must be observed for non-uniform 
cases. In practice, any structure influences the electric fields in High Voltage systems, and thus 
creates non-uniformity.  The human exposure of the general public to electric fields from 
Eskom’s 756kV transmission network operating at 50Hz is addressed through physical 
measurements, theoretical predictions and 3-D human model dosimetry, which is presented in this 
paper. 
 
 
Key words: Human Exposure, Dosimetry, Electric fields, 765kV Power Lines. 

 
 
 

1. INTRODUCTION 
 

There has been increasing public concern regarding 
adverse health effects due to electric and magnetic 
fields produced from power lines. Safety 
guidelines/standards for electromagnetic field 
exposures have been established by different public 
organisations. According to the International 
Commission for Non Ionising Radiation (ICNIRP), 
the dominant effect of extremely-low frequency 
(ELF) fields on humans is caused by induced current, 
especially in the central nervous system (CNS). 
Recently, attention has also been paid to the in-situ 
electric field which is also reported to be a measure 
which is less sensitive to the uncertainty of 
conductivity. The ICNIRP, in its 2010 revised 
guideline, has also changed its basic restriction to the 
in-situ electric field for occupational exposure and the 
general public. However, the link between low-
frequency electromagnetic exposure and adverse 
health effects is not yet well established and this leads 
to on-going research in the study of low frequency 
bioelectromagnetic effects. 
 

 
 
 

In this paper, the interaction of low-frequency electric 
fields with the human body is analysed to show 
compliance to the basic restrictions. In all 
calculations, a high-resolution, three dimensional 
anatomical model of the human body obtained from 
modern medical imaging techniques are used. In-situ 
electric fields and current densities in the human body 
are calculated for the different human body models on 
the ground beneath a high voltage transmission line 
designed for 10kV/m within the servitude boundary. 
The methodology followed is based on physical 
measurements of electric fields under a power line. 
The maximum electric field measured is 6kV/m. 
These fields are then used in the dosimetry. The 
numerical analysis technique is based on the Finite-
Difference Time-Domain (FDTD) and 
electromagnetic quasistatic approximations. The 
models are also benchmarked against electric field 
exposure, as well as simple empirical models for 
induced fields and finally compared to the basic 
restrictions to meet compliance to the ICNIRP 
guideline and IEEE standard.  
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The dosimetry highlights that even if the reference 
level (5kV/m for the general public) has been 
exceeded, it still complies with the basic restrictions. 
The use of models is often substituted for internal 
field measurements because they are less invasive and 
more efficient.  
 

2. INTERNATIONAL GUIDELINES 
 

Performance standards are intended to limit electric 
and magnetic fields (EMF) under specified test 
conditions. The above guidelines, therefore, do not 
directly address product performance standards, nor 
do the exposure guidelines specify how to measure 
the electric, magnetic and electromagnetic fields. 
Instead they address the human exposure limits based 
on basic restrictions and reference levels. 
Measurements methods and standards are also 
addressed through the International Electrotechnical 
Commission (IEC) and IEEE technical bodies. 
 
The guidelines call for exposure reference levels for 
the general public and occupational exposure for 
electric and magnetic fields at 50 Hz (as shown in 
Table 1). Values are in bold and marked in red to 
show the difference between the ICNIRP 1998 [1] and 
ICNIRP 2010 [2] reference levels. Table 2 that 
follows highlights the change to the basic restrictions 
being applied in the two guidelines. It must be noted, 
that Table 1 presents the magnetic field reference 
levels, but this will not be focused on in this paper. It 
is only presented here due to the change in the 
reference levels between the guidelines. 
 

Table 1: ICNIRP Guideline comparison of the 
reference levels: ICNIRP 1998 vs ICNIRP 2010 

 

 REFERENCE LEVEL 

Electric field 
(kV/m) 

Magnetic field 
(PT) 

1998 
Occupational 
General 
public 

 
10 
5 

 
500 
100 

2010 
Occupational 
General 
public 

 
10 
5 

 
1000 
200 

NOTE: 1 kV/m = 1000 V/m 
μT = micro-tesla 
Reference levels are defined as a level that can be used 
for practical exposure assessment purposes to determine 
whether the basic restrictions are likely to be exceeded. 
 

 
 

Table 2: ICNIRP basic restriction comparison: 
ICNIRP, 1998 vs ICNIRP, 2010 

 
BASIC RESTRICTIONS 

1998 Current Density (mA/m
2
) 

Occupational 
General public 

 
10 
2 

2010 Internal Electric Field (mV/m) 
Occupational 
General public 

 
100 
20 

NOTE: Basic restrictions are defined as a level of exposure to 
time-varying electric fields that are based directly on 
established health effects 

 
The contact current of 1 mA for occupational 
exposure and 0.5 mA for the general public exposure 
remains the same in both guidelines. However, this 
will not be addressed in this paper as it forms a topic 
for discussion on its own.  
 

3. ANATOMICAL BODY MODEL 
 

In a high resolution anatomical model, biological 
tissues and corresponding organs are assigned distinct 
dielectric properties. The Duke, Ella, Billie and 
Thelonious anatomical models from the Virtual 
Family package [4] have been used in this paper. The 
CAD models were derived from high resolution MRI 
scans and consist of approximately 200 organs and 80 
tissue types.  
 
 

 
 

Figure 1: High resolution MRI scan-based anatomical 
model of Duke with detailed organs, skeleton and 

tissues 
 
One of the investigated human models used (Duke) 
represents an adult, 34-year-old male, 1.77 m tall and 
weighing 72 kg. The anatomical structure is shown in 
Figure 1 below. It is well-known that body posture 
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could affect the perturbation of incident electric and 
electromagnetic field distributions and result in a vast 
difference in induced fields within the human body. 
 
In the past, most research on electric, magnetic and 
electromagnetic exposure of the human body has been 
based on fixed-posture body models that are 
inadequate for modelling the real life scenario and 
environment.  
 

4. MODEL VALIDATION 
 

The dissertation focuses on human exposure to 
extremely low frequency (ELF) electric fields. In 
particular, current densities and in-situ electric fields 
induced in realistic models of the human body 
standing beneath 765kV transmission lines.  
 
In order to test the validity and approach with 
previously tested examples, an ellipsoidal model 
proposed by King [5] has been solved and the results 
have been compared with the analytical calculations. 
 
Time harmonic Maxwell’s equations for imperfect 
conductors in the ELF electric field at distances 
smaller than the propagation wavelength can be 
written as: 
 

∇  ∙  [(𝜎 + 𝑖𝜔𝜀)𝐸] = 0              (1) 
 

Where ω = 2 π f, i =√-1, E = −∇𝜑 is the electric field, 
σ is the electrical conductivity of the body/ medium 
and ε the permittivity. The model representing a 
homogenous biological tissue in air exposed to an 
ELF vertical electric field (unperturbed electric field 
without the object) consists of an ellipsoid centred at 
the origin, defined by the following equation: 
 

𝑥2

𝑎2 +  𝑦2

𝑏2 + 𝑧2

𝑐2 = 1      (2) 
 

With a = 0.3 m, b = 0.15 m and c = 0.875 m, σ = 0.5 
S/m and negligible permittivity, immersed in air with 
zero conductivity and ε = 8.854 x 10-12 F/m. The body 
is exposed to an incident electric field in the z-plane 
direction Einc = E0Z.  
 

  
Figure 2: Elipsoid model between two parallel plates 

(left); the ellipsoid (right) 
 

The boundary conditions applied to the bounding box 
are: U and –U at the top and bottom plate surfaces 

respectively, with U = 8 V so that it produces E0 = 1 
V/m (see Figure 2). 
 
The electric field obtained inside the ellipsoid with a 
discretised resolution of 20 mm using SEMCAD X 
software is 9.63 x 10-8 V/m and the corresponding 
current density obtained was 4.608 x 10-8 A/m2. The 
results are comparable with the analytical calculations 
obtained in reference [5] as shown in Table 3. 
 

Table 3: Comparison of electric field and current 
density results obtained with the FDTD approach and 

the corresponding analytical solution [5] 
 

 
Analytical FDTD 

Error 

(%) 

E (V/m) 9.545 x 10-8 9.63 x 10-8 0.89 

J (A/m2) 4.77 x 10-8 4.608 x 10-8 3.396 

 
 

5. METHOD 
 

The method followed was to conduct electric field 
measurements beneath an existing 765kV 
transmission line. Predictions were conducted by 
taking the physical line/tower geometry of the 765kV 
transmission line with the system data recorded by 
Eskom’s monitoring database (TEMSE) system and 
compared to the model output. These measurement 
values were used in 3-D anatomical dosimetry of 
human models (Virtual family models: Duke, Ella, 
Billie and Thelonious)[4], with the relevant organ 
conductivity and permittivity values at 50 Hz, to 
check compliance to the basic restriction of current 
density and in-situ electric fields as defined by both 
the ICNIRP guidelines (1998, 2010)[1,2]. Figure 3 
shows the layout of the model used in the dosimetry. 
 

 
Figure 3: Model set-up used for the anatomical 

modelling of human exposed to 765 kV transmission 
line 
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6. RESULTS 
 
From the electric field measurements conducted and 
predictions (CDEGS) using the Eskom system 
database (TEMSE) information, it is noted, that there 
is a good agreement between the two, as can be seen 
in Figure 4. This gives confidence on the electric field 
values measured and predicted to be used in the 3-D 
anatomical dosimetry. 
 

 
Figure 4: Electric field measurements and predictions 

of a typical Eskom 765 kV transmission line 
 
3-D anatomical dosimetry was conducted using 
SEMCAD X (Version: 14.8.3) and the virtual family 
models of Duke, Ella, Billie and Thelonious. The 
models were discretised to a 4 X 4 X 4 mm voxel 
(memory of computer limitation) and using a system 
nominal voltage of 730 kV was used to check the 
compliance to the basic restrictions. 
 

 
 

Figure 5: Internal organs (Duke) of the 3D-anatomical 
body used for comparison with the basic restrictions 

of ICNIRP from left to right (brain, heart, lungs, 
nerves, kidneys and cerebrospinal fluid) 

 
Figure 5, highlights the body organs brain, heart, 
lungs, nerves, kidneys and cerebrospinal fluid of 
Duke, Ella, Billie and Thelonious which were used in 
the dosimetry. Duke and Ella results are only 
presented for comparison. Figure 6 compares the 
levels internal fields received from Duke and Ella, 
while similar values from the 3-D anatomical 
dosimetry conducted on Billie and Thelonious are not 
shown. 
 

  

 
Figure 6: In-situ electric field  and current 
densities of body organs of  Duke and Ella 

 
 

7. DISCUSSION 
 
The method presented here can be used to ensure 
compliance to prescribed international human 
exposure limits, as defined by the IEEE [3] and 
ICNIRP [1,2] for both occupational and the general 
public exposure scenarios. 
 
From the measurements, predictions and 3-D 
anatomical dosimetry, the measured, and anatomical 
dosimetry values obtained for all four human models, 
comply to both the ICNIRP 1998 (current density: 2 
mA/m2) and 2010 (in-situ electric field: 20 mV/m) 
guideline reference and basic restriction levels for the 
general public. 
 
 

8. CONCLUSION 
 
The method presented, can be used to show 
compliance to power frequency (50 or 60 Hz) electric 
and magnetic fields with reference to general public 
exposure for both the ICNIRP reference levels and 
basic restrictions. 
 
Results, measured, predicted and 3-D anatomical 
models, show that compliance to general public 
exposure to electric fields from 765kV transmission 
lines being used in Eskom, meet and comply to both 
the ICNIRP guidelines (1998, 2010)[1,2]. 
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Further work on occupational electric field exposure 
is being considered. This method will be applied, to 
ensure that compliance can be met for occupational 
exposure to Eskom’s 765 kV infrastructures 
(substations). 
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Abstract: This paper developed an approach of analysing the impulse test of the grounding protection 
system in the context of soil, bentonites, and cement.  Any electrical system when is not well 
protected against the phenomenon of lightning strikes can be damaged once is in contact with a surge 
of lightning.  This allows the electrical designer to develop the protection devices. However, these 
devices are used to discharge the excess of current during the lightning through the ground. 
Therefore, the main problem of this paper consists of the discharging place of surge current during the 
lightning. Thus, this paper focalized of designed the earth system according to a specified groundings 
system.  Three grounding systems were analysed when the overvoltage that comes from the lightning 
occurs. It has been observed that the impact of surge voltage is different in each tested type and 
depend on the grounding system or material used. Moreover, it has been concluded that the 
breakdown time and voltage applied for cement are less than bentonites system. This observation and 
investigation are in the important value in term of designing of the electrical protection against the 
lightning’s effect. 
 
Key words: bentonite, cement, earthling, lightning, impulse tests, soil resistivity. 
 
 
 

1. INTRODUCTION 
 

The protection of electrical grid against all charged 
natural phenomena is the concern of all users of the 
electricity. This starts from production, distribution and 
consumers. The lighting strike is one of the dangerously 
charged particle which can damage all electrical grid in 
just a few second. The lighting is not only serious 
problem for the electrical system. As a large electrical 
charge which has for a source the cloud and the discharge 
component the ground can also be a serious threat to 
human beings, equipment and structures [1]. Due to the 
hazardous event that can be generated by the lightning 
strike, most structures, and/or equipment as well as 
electrical system are designed in such a way to avoid 
damage and loss that can be generated by a surge of 
lighting phenomenon [2-5]. 
The ground system is one the protection approach that 
allows the electrical grid to be secured against the internal 
and external faults such ground to phase, phase to neutral, 
a surge of lightning strike and others. Serval approaches 
are used in electrical system to develop a system 
grounding. Some of them as neutral to ground system are 
classified in the form of solidly grounded, reactance 
grounded, resistance grounded and ungrounded [5].  The 
protection system of the structure is function of its size. 
This means that as the structure is tall and the grounding 
system must be largely designed to discharge the system 
of any impacts of lighting current [6]. This design is also 
function of the type of ground where the grounding 
system must be with the mean objectives of dissipating or 
discharging the faults current to the earth [7]. Several 
papers were developed in the context of designing the 
protection of the equipment during the fault due to 

lightning [2-9].  All those system was designed with the 
main objective of having a lower resistance in the 
grounding system. However, it was observed that no one 
was dealing with the quality of place, such bentonite and 
cement, where the grounding system has to be 
implemented. Therefore, this paper as for a main 
objective of analyzing the type of soil where the 
grounding system can be implemented. This is devised by 
use of the effects of impulse polarities (positive and 
negative) to test the soil resistivity when cement and/or 
bentonites are used in earthling system. 
 
 

II. The Impact of lightning 
II.1 Direct stroke 

A lightning cloud to ground discharge, strikes an 
object directly, such as overhead power line and it can 
result in significant damage. When lightning hits mid-
span on a power line, the current divides and then 
propagates. Direct effects mostly result in physical 
damage and coupled fire hazards. The injected voltages 
and currents linked with direct strokes are much higher 
compared to indirect strokes; therefore, have the ability 
even to damage power and distribution equipment.  

Common victims of direct stroke are: electrical motor 
insulation, explosion of power distribution transformers.  

 

II. 2 Indirect stroke 
A lightning cloud to ground discharge hits the nearby 

ground. Voltage induced on electrical equipment, power 
line, has four components: 

SAUPEC 2017 261



x The charged cloud above the line induces bound 
charges on the line while the line itself is held 
electrostatically at ground potential by the neutrals 
of connected transformers and by leakage over the 
insulators. When the cloud is partially or fully 
discharged, theses bound charges are released on the 
line giving rise to the travelling voltage and current 
waves. 

x The charges induced by the stepped leader further 
induce charges on the line. When the stepped leader 
is neutralised by the return stroke, the bound 
charges on the line are released and thus produce 
travelling waves similar to that caused by the cloud 
discharge.  

 
x The residual charges in the return stroke induce an 

electrostatic field in the vicinity of the line and 
hence induced voltage on it.  

x The rate of change of current in the return stroke 
produces a magnetically induced voltage on the line 
– Induction effect  

Lightning is the major cause of stray voltage and this 
leads to the occurrence of electrical potential between 
two objects that ideally should not have voltage 
difference between them. Large voltages can appear on 
the enclosures of electrical equipment due to a fault in 
the electrical power system, such as a failure of 
insulation. 

III.  OVERHEAD TRANSFORMER LIGHTNING 
PROTECTION 

Protection devices for transformers during lightning  

III.1 Surge arrestors 
Surge arrestors are MOV (Metal oxide varistor) based 

devices that protect Distribution networks from 
overvoltage occurrences. These devices are designed to 
protect electrical equipment (transformers) from the 
damaging effects of spikes and transients by changing the 
impedance to earth and keeping equipment to safe 
voltage differentials. Surge arrestors are connected to the 
conductor in series with the cut-out fuse just before it 
enters the transformer. They are also connected to ground 
by means of an earth wire and functions by routing 
energy from an overvoltage transient to ground if it 
occurs, while isolating the conductor from ground at 
normal operating voltages. 

SPECIFICATION FOR 12KV POLYMERIC METAL-OXIDE SURGE ARRESTOR: 
12KV POLYMERIC METAL-OXIDE   

 
 

Table 1 shows the specifications for two types of 12kV 
Polymeric Metal-oxide surge arrestors that are currently 

used in the network. Surge arrestors are not generally 
designed to protect against direct lightning strikes, but 
rather against electrical transients resulting from lightning 
strikes occurring in the vicinity of the conductor [13]. 
 

VI.   EARTHING OF OVERHEAD TRANSFORMERS 
The method of earthing that is being used to ground 
transformer is the crowfoot method. In this method of 
earthing as it is used by Swaziland utility, the earth wire 
from the body of 
 

the transformer and the bottom of the surge arrestor, is 
connected to an earth electrode 1m away from the 
structure carrying the transformer and buried 500mm 
below the soil level. Subsequent earth electrodes are then 
connected at 45° angle apart and 5m from the main 
electrode. This is done to achieve a total earth resistance 
that is below 10 ohms. 

The earthing of the transformer HT is separated by 
over 5m from that of the LT, with the trenches dug in 
opposite direction to avoid feedback. 90° bends and joints 
are always avoided when laying the earth wire. 
Challenges faced with the crowfoot earthing as observed 
on site were; 
Earth wire having earth clamp joints on the earth 
electrodes below the soil surface, as a result that 
constitutes a resistance path and the transformer a low 
resistance path for over-voltages. Soil composition type 
was not studied in order to design the suitable earthing 
method for the area. 

 
Figure 1. Crowfoot earthing 

 
 

Study the characteristics and performance of soil 
samples from two different regions and backfill materials, 
under lightning impulse voltage waveform (1.2/50µs). 
Soil is the target point for electrical charge dissipation 
during a lightning strike or an overvoltage. To design an 
effective earthing system, you therefore need to know 
these qualities to avoid this kind of catastrophe  
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VI. EXPERIMENT 
The following tests were conducted to determine the 
characteristics and the performance of soil and 
backfilling. 

 

A. Impulse testing 
The laboratory tests were conducted at a high voltage lab 
to study the performance and characteristic of backfill 
materials (Soil, Bentonite and Cement) under lightning 
impulse voltage waveform (1.2/50 µs). 

 
 
 

B. Experimental setup 
A standard Impulse test with 1.2/50 µs lightning impulse 
was used and the following reading was taken at 08h52 

Room temperature, = 23ºC  
Humidity H (%)  = 45  
 Pressure   = 85.2 Kpa               
Gap length  = 1cm 

 
Container and Rod 
Container was made up of Perspex material with a 
rectangular shape, length 35 cm, height 28 cm and side 
25 cm. The thickness of the container was 4 mm. The 
base of the container was aluminum was the thickness of 
4.5 mm. The base or shell of the container was connected 
to the earth wire of the Max generator  
A copper rod of a height 1.2 m was chosen for the test 
with a diameter of 2 cm. The container was filled in with 
the backfilling material with of 17 cm. The air gap 
between the electrode and the surface of the container 
was 7 cm. The electrode was connected to the high 
voltage lead of the Max generator. The same electrode 
configuration was used for all the stages of the tests. A 
crane was used to hold the rod since it was a little heavier  

 
 
Figure 2: Experimental setup for impulse testing 

 

Voltage Divider  

A damped capacitive impulse voltage dividers impulse 
voltages, tail chopped impulse voltages and switching 
impulses were used. The tests were conducted for various 
voltage on different backfilling materials levels up to 220 
KV. The max generator was set up to five stages for it to 
give 220 KV. Impulse tests for both polarities were 
performed on the backfilling material “Soil, bentonite and 
cement” 

Soil   
Soil samples tested are not just any soil, but those from 
feeders which has problems when lightning strikes the 
line 
VII.      RESULTS 

A. Siphocosini region soil 

TABLE 1: SHOWS, APPLIED VOLTAGE BREAKDOWN VOLTAGE 
AND TIME TO BREAKDOWN FROM SOIL (NEGATIVE POLARITY) 

Applied Voltage 
(kV) 

Breakdown 
Voltage Vb 
(kV) 

Time to 
Breakdown tb 
(µs) 

40 35.62 3.306 
60 51.55 1.565 
80 59.60 1.006 
100 74.40 0.866 
120 76.50 0.766 
140 74.80 0.666 
160 83.32 0.666 
180 82.14 0.606 
200 87.17 0.586 
220 80.52 0.486 

 

 

 

 

 

 
TABLE II.  SHOWS, APPLIED VOLTAGE, BREAKDOWN 
VOLTAGE AND TIME TO BREAKDOWN FROM SOIL 
(NEGATIVE POLARITY) 

Applied 
Voltage (kV) 

Breakdown 
Voltage Vb (kV) 

Time to 
Breakdown tb (µs) 

40 - - 
60 49.44 1.368 
80 58.03 0.868 

100 62.57 0.694 
120 76.30 0.734 
140 74.40 0.594 
160 75.54 0.594 
180 78.13 0.574 
200 81.33 0.534 
220 87.98 0.494 
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Figure 3: Comparison between positive and negative polarity for 
Siphocosini soil  

Figure 3 shows the different behaviours of breakdown 
characteristics under positive and negative polarity for 
Siphocosini region soil. The blue line represents the 
positive polarity and the red negative polarity. From the 
curves, it can be seen that the air gap reaches to 
breakdown faster for positive polarity than for negative 
polarity 

 
 
B. LaMgabhi region soil 

TABLE  III. SHOWS , APPLIED VOLTAGE, BREAKDOWN VOLTAGE AND 
TIME TO BREAKDOWN FOR SOIL (POSITIVE POLARITY) 

Applied 
Voltage (kV) 

Breakdown 
VoltageVb (kV) 

Time to Breakdown 
tb (µs) 

40 31.80  3.500 
60 44.90 1.400 
80 53.90 0.840 

100 62.46 0.720 
120 66.46 0.640 
140 66.40 0.640 
160 71.30 0.580 
180 74.40 0.520 
200 71.48 0.540 
220 75.00 0.500 

SHOWS,  APPLIED VOLTAGE, BREAKDOWN VOLTAGE AND TIME TO 
BREAKDOWN FROM SOIL (NEGATIVE POLARITY) 

Applied 
Voltage (kV) 

Breakdown 
Voltage Vb (kV) 

Time to 
Breakdown tb (µs) 

40 - - 
60 44.17 1.680 
80 54.30 1.232 
100 61.76 0.872 
120 67.11 0.832 
140 70.18 0.712 
160 74.50 0.672 
180 72.54 0.592 
200 76.80 0.576 
220 75.82 0.520 

 

 
 
Figure 4: Comparison between positive and negative polarity for 

LaMgabhi  

In figure 4, the soil shows the different behaviours of 
breakdown characteristics under positive and negative 
polarity for LaMgabhi region soil. It can therefore be 
seen that the LaMgabhi region soil almost exhibits a 
similar behaviour under the both polarities even though it 
breaks faster for the positive polarity. 

 
C. Bentonite 

 SHOWS,  APPLIED VOLTAGE, BREAKDOWN VOLTAGE AND TIME TO  
BREAKDOWN FOR BENTONITE (POSITIVE POLARITY)  

Applied 
Voltage (kV) 

Breakdown 
Voltage Vb (kV) 

Time to 
Breakdown tb 
(µs) 

40 35.38 12.12 
60 46.73 1.70 
80 53.21 0.84 

100 58.03 0.72 
120 62.89 0.62 
140 62.27 0.60 
160 64.05 0.72 
180 69.00 0.76 
200 70.80 0.74 

 
 
 
SHOWS,  APPLIED VOLTAGE, BREAKDOWN VOLTAGE AND          TIME TO             
BREAKDOWN FOR BENTONITE (NEGATIVE POLARITY) 

Applied 
Voltage (kV) 

Breakdown 
Voltage Vb (kV) 

Time to 
Breakdown tb 
(µs) 

40 - - 
60 54.46 3.68 
80 67.92 1.88 
100 77.56 1.48 
120 86.52 1.24 
140 92.70 1.04 
160 96.41 1.00 
180 99.00 0.92 
200 103.86 0.82 
220 106.97 0.84 
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Figure 5: Comparison between positive and negative polarity for 
Bentonite Clay.  

Figure 5 shows different behaviours of breakdown 
characteristics under positive and negative polarity for 
Bentonite (backfill material). The blue line represents the 
positive polarity and the red negative polarity. From the 
curves, the Bentonite reaches breakdown faster for the 
positive polarity. 

 
D. Cement [Conductive Earthing Compond concreate 

(E170) +/- 0.2 resistivity) 

APPLIED VOLTAGE, BREAKDOWN VOLTAGE AND TIME TO             
BREAKDOWN FOR CONDUCTIVE CEMENT (POSITIVE POLARITY).  IN THIS 
TABLE  IT SHOWS THAT THE VOLTAGE STATS TO BREAKDOWN AT 120 KV  
TO 40KV FOR BENTONTE  

Applied Voltage 
(kV) 

Breakdown 
Voltage Vb (kV) 

Time to 
Breakdown tb (µs) 

40 - - 
60 - - 
80 - - 
100 - - 
120 28  1.05 
140 32 0.98 
160 37 0.74 
180 43 0.63 
200 46 0.52 
220 51 0.45 

 
 
 
 

SHOWS  APPLIED VOLTAGE, BREAKDOWN VOLTAGE AND TIME TO  
BREAKDOWN FOR SOIL (NEGATIVE POLARITY) 

Applied 
Voltage (kV) 

Breakdown 
Voltage Vb (kV) 

Time to 
Breakdown tb (µs) 

40 - - 
60 - - 
80 - - 
100 - - 
120           - - 

140         36        1.08 
160         43        0.96 
180         47        0.72 
200         51        0.54 
220         55        0.46 

 

 
 

Figure 6: Comparison between positive and negative polarity for 
Conductive cement 

Figure 6 shows behavior of conductive cement during 
impulse test, conductive cement with the blue line 
represents the positive polarity and red line for negative 
polarity. The experiment was done to observe the 
behavior of backfill material under high 
voltage impulse hence the results obtained was outlined 
in the form of table and graph. However, the cement 
breakdown after several impulse voltages were applied 
unlike bentonite. 
 
 
Conclusion  
 
In this brief, it can be concluded that the design of 
grounding system is a function of the soil that the 
earthling system can be implemented. On the other hand, 
the analyse of soil that was developed in this paper gave a 
new approach to the electrical designer according to the 
specified soil in which the ground system must be 
implemented.  It has been found that the breakdown time 
voltage has an important time when the grounding system 
is implemented in the bentonite sector. Further, it has 
been observed that the selection of backfill material 
which the grounding system can us is an important factor 
in improving the grounding system. However, this 
selection depends on the type of soil where the ground 
system must be implemented. Therefore, the testing 
system develops in this paper has been found to be more 
specified in term of determining which material to use in 
the earthling system. 
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Abstract: Transformer health and age status form critical aspects that influence its continued use.
Various data like dissolved gases in oil, thermographic scans, sweep frequency response and partial
discharge measurements can be analyzed to gauge its health status. Numerous techniques have been
applied for synthesizing such data into actionable information which aids in critical decision making.
The most popular being computational intelligence tools such as; fuzzy logic, neural networks, gene
programming and evidential reasoning. This paper presents a case study where a decision was made
whether to remove or continue in operation a transformer that showed signs of an increasing trend of
dissolved gas in oil above normal. These dissolved gases in oil are generated by incipient thermal and
electrical faults. The fault type behind this gas generation and its rate of evolution was determined.
The data from the gases extracted was complemented by partial discharge measurements. All the
phases and neutral of the transformer were examined for partial discharge individually. These partial
discharge and dissolved gas sources were treated as factors each with several sub-factors known as
measurands or indices. The indices synthesized the evidence in support of each factor using a fuzzy
approach. Then the overall transformer condition was evaluated by synthesizing the two factors into
actionable information using evidential theory calculus. Finally, Dempster-Shaffer evidential
reasoning criterion was applied and a logical decision was made.

Key words: Condition Assessment, Dissolved Gas Analysis, Evidential Reasoning, Fuzzy Variables,
Indices, Partial Discharge, Transformer.

1 INTRODUCTION

The present day utility requires a power transformer to be
optimized. This means that it should be available, reliable
and fully utilized. During its service life it experiences
various internal and external operating stresses. Thus, its
reliability decreases as the stresses take its toll and
compromises the stability of the power system [1].
Currently, a good number of transformer fleet is operating
beyond its design life and another is overloaded at time of
emergencies [2]. Such operations are only possible with
decision makers who are well armed with the right
information. Thus to allow safe operation of the system,
the condition of each major equipment requires to be
known a priori with a fair degree of certainty [3]. This can
only happen if the condition of each transformer is
regularly monitored and evaluated. Based on this logic,
most companies across the globe have deployed on-line
and off-line techniques for monitoring the condition of
their crucial transformers. This is noble as long as the cost
is justifiable [4].
The condition of a transformer is key to better decision
making pertaining its maintenance, loading, relocation
and replacement. The decision makers or asset managers
may not necessarily be technical people yet they must
make sound decisions based on the information

synthesized from the measured data. In order to aid them
or the experts in translating that data to actionable
information, several expert systems have been devised.
Examples are fuzzy logic [5], neural networks [1], scoring
method [6] and evidential reasoning [7]. Each of these
methods has merits and demerits and none is more
superior to the other. In addition, a concrete assessment
depends not only on the expert system used, but also on
the numerous data available, the method of acquiring that
data and the operating philosophy of the affected utility.
Most researchers have therefore viewed transformer
condition assessment as a multiple-attribute decision
making problem.
This paper presents a case study of a transformer whose
continued operation was to be decided. It had shown some
abnormal dissolved gas in oil activity. Its immediate
removal would have affected some major customers in the
network. Yet the utility did not want to leave the
transformer in operation as it might have failed abruptly
resulting in huge financial losses. How serious was its
condition by looking at dissolved gases in oil
complemented by partial discharge (PD)? The
seriousness of discharges was analyzed in terms of pulse
magnitude, repetition rate and power in all the three
phases plus the neutral. This complemented the
magnitude and rate of generation of seven individual
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gases and the total dissolved combustible gases (TDCG).
The gases are; hydrogen, methane, ethane, ethylene,
acetylene, carbon monoxide and carbon dioxide. The
overall assessment goal was to confirm or dispute worries
on the observed increasing levels of dissolved gases using
the PD test results and aid in decision making.

2 METHODOLOGY

The transformer condition assessment was evaluated with
the help of the tree model illustrated in Figure 1. It has
twelve measurands; eight in dissolved gas analysis (DGA)
and four in PD. The DGA gases are characterized by two
parameters; their magnitude and mean rate of increment.
The gas magnitude signifies the presence of a fault
whereas its rate of change can quantify the pace at which
the fault is evolving. The Partial discharge measurands are
characterized by; pulse magnitude, repetition rate per
cycle and power.

DGA

Overall

assessment

outcome

Partial

Discharge

Phase R

Neutral

PD

Magnitude

PD

Repetition

Rate

PD Power

hydrogen

methane

ethane

ethylene

acetylene

carbon monoxide

carbon dioxide

Phase Y

Phase B

PD Power

PD

Repetition

Rate

PD

Magnitude

TDCG

Magnitude

Rate of

Increment

Rate of

Increment

Magnitude

1

13

14

12

8

9

15

Figure 1. Transformer condition assessment tree model.

All the measurands are transformed into values between 0
and 1 by normalizing them with limits that characterizes
their normal and extreme values which are available in
IEEE C57.104. 2008, IEC60599, IEC60270 and other
utilities operating standards [8-11]. The normalization of
all the indices follow equation (1).

0 1 (1),mea nor
i i

ext nor

y y
y y
y y

= ≤ ≤
−
−

Where,
iy is the normalized index

meay the measured or derived value of the index

nory the value of the index below which the transformer is
considered to be in normal state and its probability of
failure is very low.
exty the extreme value of the index above which the
transformer probability of failure in service is high.
Five fuzzy grades ( 1, 2...5)n = are used to qualitatively
and quantitatively indicate the health status of the
transformer. These are excellent, good, average, poor and
critical. All the elements denoted by iy lie on the real line
ℜ . These are mapped to a degree of membership value
µ somewhere on the real interval between 0 and 1. The
degree of membership function is expressed as:

( )[ ] : [0,1] (2)i n iFz y yn µ∈ = ℜ→

The value iy is converted to a fuzzy condition assessment

grade ( )n iyµ using a trapezoidal membership function,
where

( )0 1, 1,2....5 (3)n iy nµ≤ ≤ =
and

( )
5

1
1 (4)n i

n
yµ

=

=∑

3. WEIGHTING OF MEASURANDS

Since the two or three variables characterizing each
measurand of any factor have different significance in the
assessment, they must be weighted appropriately. For
example, DGA indices are characterized by magnitude
and rate of gas increment. The rate of gas increment has
more significance as it gives evidence of how fast an
incipient fault is developing. In turn this gives a hint for
how long the equipment can be left into operation before
it is expected to fail. On the other hand, the magnitude
tells a fault might have occurred without indicating
whether it is still active or inactive. Thus the need to be
given less weight. Various weighting methods are
available and well documented in literature [12-13]. In
this research work the subjective analytic hierarchy
process (AHP) is applied [13]. The expert assigns
subjective weight by comparing two parameters pairwise
on a scale of 1 to 5.
For the variables of DGA indices, the AHP pairwise
comparison matrix is shown in Table 1.

Table 1. Pairwise comparison matrix for DGA variables.

Variable Magnitude Rate of increment
Magnitude 1 3

5
Rate of increment 5

3
1
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From this table the weights calculated using the
eigenvector method in MATLAB [14] are;

0.3749, 0.6251mag ratew w= = for magnitude and rate of
gas increment respectively. Likewise, for the partial
discharge factor with four indices and three index
variables, the AHP pairwise comparison matrix is given
in Table 2. From this table the weights calculated using
the eigenvector method in MATLAB are; 0.5,magw =

0.25,rrw = 0.25pow = for the PD magnitude, repetitive
rate and power respectively.

Table 2. Pairwise comparison matrix for PD variables.

Variable Magnitude Repetitive
rate

Power

Magnitude 1 2
1

2
1

Repetitive rate 1
2

1 1
1

Power 1
2

1
1

1

The PD magnitude was given higher weight relative to the
other two variables because higher amplitude pulses are
more effective in dislodging the bonding electrons in an
insulation system leading to enhanced breakdown. The
same weighting argument was followed to determine the
weight of DGA relative to PD. Since DGA technology is
well advanced in transformer fault diagnostics and gives
more information on condition assessment relative to PD,
it was assigned twice the weight of PD. Thus,

2/3, 1/3DGA PDw w= = for DGA and PD respectively.
All the weights at each node in Figure 1 must satisfy
equation (5).

, , , ,1, 0 1 (5)x i f x i fw w= < <∑

Where f represents the factor, i the index and x the
variable characterizing an index. The outcome at nodes 1
to 12 gives the fuzzy assessment for each index given by
(6) as;

( ) ( )
2

1
, 1,2...5 (6)x

n i x n i
x

y w y nχ µ
=

= =∑

Where ( )x
n iyµ is the nth fuzzy assessing grade of the ith

index for the x variable.

4. APPLICATION OF EVIDENTIAL REASONING

After the indices are mapped into fuzzy membership
functions and the variable characterizing them weighted
appropriately, each index assesses the transformer to a
certain grade ( 1, 2...5)n = . The indices outcomes are
assigned equal weights and combined using the weighted
fuzzy equation (7). This yields fuzzy assessment model
for each factor at nodes 13 and 14 for DGA and PD
respectively.

( ) ( )
1

(7)1, 2
m

n i n i
i

f w yX fχ
=

= =∑
Where m is the number of indices in each factor.
The evidential reasoning (ER) analysis is applied at node
15 to give the overall transformer condition assessment.
ER is a well-known tool for its usefulness in expressing
uncertain judgments and ignorance of experts. It has been
used widely as a realistic approach to handle problems
with fuzziness and uncertainty [1, 12]. Let ( ) [0 1]G Ψ =

denote the basic belief assignment (BBA) from fuzzy
assessment to the subset Ψ ofΩ , which measures the
extent to which the evidence supportsΨ . The basic belief
assignment for an empty subset of Ω is denoted as ( )G Φ

Therefore, it follows that;

( ) ( )1, 0 1 (8)G G
Ψ⊆Ω

Ψ = ≤ Ψ ≤∑

( ) 0 (9)G Φ =

Due to uncertainty, let the quantity ( )G Ω denote the
degree of incompleteness in the assessment generated.
The core of the ER theory of evidence is the combination
rule applied to aggregate the different sources of evidence.
In this work, there are two sources of evidence, DGA and
PD. The two evidential sources are denoted as 1f (DGA)
and 2f (PD). Each of this provides a basic belief
assignment to a subset Ψ of Ω , that is ( )1 1 ,G f and ( )2 2G f

The multiple-evidence combination rule for 1 2f f⊕ is
defined as;

( ) ( ) ( )
1 2

1 1 2 2 (10)
1f f

G f G f
G

K∩ =Ψ

Ψ =
−

∑

( ) ( )
1 2

1 1 2 2 (11)
f f

K G f G f
∩ =Φ

= ∑

Where K gives a measure of the degree of conflict among
the multiple sources of evidence. Table 3 is formed to
facilitate the evidence combination process.

Table 3. Evidence combination table.

( )
, 1
1, 2
n nm + 1f

{ } 1
n

nG m { } 1
1 1

n
nG m +
+ { } 1m

ΩΩ

2f
{ } 2

n
nG m { } 1 2

n n
nG m m { } 1

1 2
n nm m+Φ { } 1 2

n
nG m mΩ

{ } 1
1 2

n
nG m +
+ { } 1

1 2
n nm m +Φ { } 1 1

1 1 2
n n

nG m m+ +
+ { } 1

1 1 2
n

nG m mΩ +
+

{ } 2m
ΩΩ { } 1 2

n
nG m mΩ { } 1

1 1 2
n

nG m m+ Ω
+ { } 1 2m mΩ ΩΩ

In Table 3,

{ } ( ) ( )1
, 1

1 2 1 2 1 21, 2 (12)n n n n n n
nG K m m m m m m

−
+ Ω Ω= + +

{ } ( ) ( )1, 1 1 1 1 1
1 1 2 1 2 1 21,2 (13)n n n n n n

nG K m m m m m m
−

+ + + + Ω Ω +
+ = + +
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{ } ( )

1
, 1

1 21, 2 (14)n nK m m
−

+ Ω ΩΩ =

( ) ( ), 1 1 1
1 2 1 21, 2 1 (15)n n n n n nK m m m m+ + += − +

5 RESULTS

5.1 Data of the Transformer

The transformer whose continued use was to be
determined had the following data; 300 MVA, 500 kV,
50Hz, transmission line autotransformer. Tables 4 and 5
contain its measured DGA and PD data respectively.

Table 4. DGA in oil data for a 300 MVA transformer.

G
as
(p
pm
)

Date

27
.0
9.
97

17
.1
0.
97

12
.1
1.
97

14
.0
5.
98

30
.0
6.
98

23
.0
7.
98

02
.0
9.
98

H
2

1 53 15
4

44
7

56
3

55
7

67
4

CH
4

1 2 6 32 15
1

15
5

20
4

C 2
H
6

4 1 2 11 50 45 70

C 2
H
4

1 1 3 23 14
8

15
6

21
7

C 2
H
2

1 2 2 1 1 0.
5

0.
5

CO 4 46 10
5

58
0

60
5

58
8

72
2

CO
2

49 23
5

68
4

19
20

17
57

17
20

15
01
.5

TD
CG

12 10
5

27
2

10
94

15
18

15
01
.5

18
87
.5

Table 5. PD test data for a 300MVA transformer.

Parameter Pulse

Magnitude

(pC)

Pulse

Repetition

rate (ppc)

Pulse

Power

(mW)

Phase R 1270 100 107

Phase Y 225 1000 471

Phase B 252 1800 806

Neutral 0 0.759 0.00046

From the data given in Table 4, the dissolved gases
display an upward trend signaling an active fault. This
information is supplemented by the measured partial
discharges particularly phase R. Pulses of high amplitude
are very effective in breaking bonds of insulating material
[15].

5.2 Fault Analysis

In order to identify the incipient fault, from the DGA data
in Table 4, three methods were used. These are fuzzy logic
[16], IEC60599 gas ratios [9] and Duval triangle [17]. The
results of fault identification using these tools are
summarised in Table 6.

Table 6. Fault identification.

Time
interval

Fault identification method
Fuzzy logic IEC60599

gas ratios
Duval
triangle

27.9.97-
17.10.97

D1 unknown D1

17.10.97-
12.11.97

T2 unknown T2

12.11.97-
14.05.98

T2 unknown T2

14.05.98-
30.06.98

T3 T3 T3

30.06.98-
23.07.98

T3 PD T3

23.07.98-
02.09.98

T3 T1 T3

Key;
PD; partial discharge fault e.g. corona
D1; electrical discharge fault of low energy e.g. sparking
D2; electrical discharge fault of high energy e.g. arcing
T1; thermal fault with a temperature below 3000C
T2; thermal fault with a temperature between 3000C and
below 7000C
T3; thermal fault with a temperature 7000C and above.

From this table, fuzzy logic and Duval triangle methods
yield the same result and are consistent between time
intervals unlike the IEC60599 gas ratio technique. These
two techniques are known to have higher accuracy relative
to the latter [2], thus it can be assumed they are showing
the actual fault in the transformer. Therefore, the fault can
be assumed to have started as D1 then evolved to T3. The
rate of evolution of gases were calculated and compared
with that documented in IEEE C57.104-2008 standards as
shown in Table 7. This table shows how rate of each gas
increment changed between two consecutive measuring
intervals. All gases including TDCG with the exception of
hydrogen were below extreme IEEE limits which requires
the transformer to be removed from service.
The hydrogen gas exceeded the upper limit of 2 ppm on
average by a small margin this should not be a cause to
worry as the measurement systems are not perfect.
After confirming the presence, type and rate of evolution
of the fault, a clear decision making approach was needed
to make a judicious decision. This is explained in the next
sub-section.
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Table 7. Comparison of gas evolution rate with IEEE
limits

Ra
te
of
ch
an
ge
in
pp
m
/d
ay

TD
CG

4.
65

2.
58

4.
98

9.
02

-0
.7
2

9.
41

<1
0
>3
0
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2

9.
3

17
.3

7.
5

-3
.5

-1
.6

-5
.3

<6
>2
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CO

2.
1

2.
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9
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4

3.
27

<2
>1
0

no

C2
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0 -0
.0
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0 -0
.0
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.0
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C2
H
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3
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0.
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2
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17
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2
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5
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-0
2.
09
.9
8

IE
EE
lim
its
pp
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m
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5.3 Data Synthesis to Actionable Information

Using the data in Table 5, the fuzzy assessing model for
the partial discharge in all the three phases and the neutral
is as given by equation (16). These are the outcomes at
nodes 9, 10, 11 and 12 in Figure 1. Referring to equation
(7) and the fact that all the phases and the neutral have
equal significance in the transformer condition
assessment, the PD overall evaluation is given by equation
(17).

( )
( )
( )
( )

1 2 3 4 5

(16)
0.5000 0.1900 0.3100 0.0000 0.000
0.5000 0.2500 0.2500 0.000 0.0000
0.5000 0.0000 0.2415 0.2585 0.0000
1.0000 0.0000 0.0000 0.0000 0.0000PD

n

n

n

n

R

Y
B

N

n n n n n
χ
χ
χ
χ

=

These grades are treated as the basic belief assignments
for the PD factor. This gives the evidence in each grade in
favour of partial discharge. This is the result at node 14.

( ) 1 2 3 4 5 (17)
0.6250 0.1100 0.2004 0.0646 0.0000PDX n
n n n n n

=

On the other hand, using data in Table 4, the individual
gases and TDCG fuzzy BBAs assessment at nodes 1 to 8
in Figure 1 were calculated. Subsequently the DGA BBAs
synthesized at node 13 are as given by equation (18).

( ) 1 2 3 4 5 (18)
0.7496 0.1894 0.0142 0.0000 0.0468DGAX n
n n n n n

=

Equations (17) and (18) evaluate individually the
transformer condition and it clearly shows how the BBAs
are spread across the five assessing grades.
Now the final transformer condition is to be determined
by combining the BBAs of PD and DGA. The PD
measuring equipment had a quoted manufacturer
accuracy of 5% and DGA 10%. Taking this into
consideration the revised BBAs due to this uncertainty for
DGA and PD are given by equation (19) and (20)
respectively. In addition, to reflect the significance of
each factor, the DGA was assigned twice the weight of
PD.

( ) 1 2 3 4 5 (19)
0.6746 0.1705 0.0128 0.0000 0.0422

RE
DGAX n

n n n n n
=

( ) 1 2 3 4 5 (20)
0.2969 0.0523 0.0952 0.0307 0.0000

RE
PDX n

n n n n n
=

Finally, using the evidence combination Table 3 and from
the evidence in favour of each factor as given by (19) and
(20) we have the overall various BBAs assessing the
transformer condition as;

( )1 0.7460m G = , ( )2 0.1323m G = , ( )3 0.0222m G =

( )4 0.0040m G = , ( )5 0.0284m G = , ( ) 0.0671m Ω =

5.4 Application of Evidential Reasoning Criterion

The evidential reasoning criterion based on Dempster-
Shafer mathematical theory used in decision-making was
applied to locate the assessing grade with the maximum
value of basic belief assignment. This should satisfy the
following three conditions.
• The located grade should have BBA greater than that
of its closest grade by a certain amount, in this work
0.1.
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• The BBA for the unassigned belief should be as small
possible, in this work 0.1 or less.

• The located assessment grade should have greater BBA
than the unassigned belief.

Applying the criterion to the above case study we have;
Condition 1: ( ) ( )1 2 0.6137 0.1m G m G− = > satisfied
Condition 2: ( ) ( )0.1 0.0671 0.1m mΩ ≤ ⇒ Ω = < satisfied
Condition 3: ( ) ( )1 0.7460 0.0671m G m> Ω ⇒ > satisfied
Therefore, the ultimate transformer condition assessment
at node 15 in Figure 1 indicate the transformer to be 74.6%
excellent and there is no urgency for immediate shunt
down but maintenance schedule can be planned.

6 DISCUSSION

From the results it is easy to see what kind of analysis that
had to be done to come to a decision point. First was to
monitor the dissolved gases if a fault is suspected, then
then identify it. Thereafter, determine the rate at which it
is evolving. If it is no longer evolving, evaluate its
intensity by calculating the rate of gas generation per day.
If this rate is within acceptable limits, supplemented it by
other different types of measurements such as partial
discharge, thermographic scan and temperature. Finally,
an informed sound decision can be made, in this case
continue operation and monitoring.

7 CONCLUSIONS

Transformer condition assessment at a time when a
critical decision has to be made has been presented. The
evidence for aiding that decision has been built-up
gradually using Figure 1 and by applying fuzzy and
evidential reasoning methodologies an ultimate logical
answer was arrived at. This is a good way of facilitating
decision making in uncertain situations provided accurate
data is available. From the condition assessment looking
at both PD and DGA synthesized by computational
intelligent techniques, this unit was 74.6% excellent with
uncertainty of 6.71%± and so it was agreed to continue
using it for one year. However, the transformer was
constantly under surveillance. The increasing levels of
dissolved gases mainly hydrogen were due to the high
level of partial discharges on the red phase high voltage
terminal but not within the solid insulation. Since this did
pose great danger, the transformer was not removed from
service until a year later when maintenance was done.
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OPTIMAL REACTIVE POWER DISPATCH OF POWER SYSTEM
NETWORKS WITH DISTRIBUTED GENERATION USING PARTI-
CLE SWARM OPTIMISATION
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Abstract: This paper presents a particle swarm optimisation (PSO) based approach for solving optimal
reactive power dispatch in order to minimise transmission power losses of a system network with
distributed generation. The control variables of the system network are bus voltage magnitudes,
transformer tap settings and reactive power generation capability of the distributed generation unit.
The PSO algorithm is tested on a standard IEEE 14 bus system network and is validated using Newton
Raphson method. Results show that the PSO algorithm performs better than the Newton Raphson
method. The results also show that distributed generation unit sizing and placement has a great effect
on the transmission power losses of the system network.

Key words: transmission power loss, optimal reactive power dispatch, distributed generation, particle
swarm optimisation

1. INTRODUCTION

The integration of renewable energy sources into the
conventional power system network have increased in
recent years. In South Africa, renewable energy sources
now contribute about 8% of the total electricity production
[1]. Renewable energy sources such as wind, solar
photovoltaic (PV) etc have the capability of discharging
or absorbing reactive power in the power system network.
The reactive power that is discharged or absorbed by
the renewable energy sources have an effect on the
overall transmission power loss and stability of the system
network [2]. A severe shortage of reactive power in
the system network can cause large amount of electricity
wastage on transmission or distribution lines through
transmission power losses and thus result in production of
extra carbon emission and power generation cost. In order
to minimise transmission power losses, power utilities can
either change the topology of the power system network
or replace the old transmission lines with low impedance
lines. These options requires large financial obligations by
the power utilities into the power system network. The
most efficient and economic way to reduce transmission
power losses in the system network remains reactive
power dispatch method. At a small scale, reactive power
dispatch can be implemented by installing reactive power
compensators at load point to improve the power factor at
each end user. However, for maximum financial reward,
power utilities have to take a holistic view and calculate
the optimal reactive power dispatch of the entire system
network.

Optimisation of reactive power dispatch is now a
mature research area which have been studied for many
completely different system network configuration [3].
Optimal reactive power dispatch (ORPD) involves best
sizing and placement of reactive power compensators
under different system network control settings like active

power of generation units and transformer tap settings [3].
ORPD optimisation problem is a non-linear optimisation
problem with a lot of uncertainties and have multiple local
minima solutions. Conventional methods such as Newton
Raphson and Gauss Siedel methods have been commonly
used to perform ORPD in power system networks [4].
These methods use the principle of linear programming
by expanding the non-linear functions and constraints
into Taylor’s series expansions. The advantage of such
simplification is that the computational time become very
short. However, because of non-linearity of the ORPD
problem, the linear programming method may be trapped
into one of the local minima and cannot achieve a global
optimal solution. In addition, the programming also
ignores the high order terms of the Taylor series and
thus the accuracy of the results can also be affected.
Recently, heuristic methods such as simulated annealing
(SA) [5], artificial neural networks, genetic algorithms
(GA) [6] and particle swarm optimisation [7] have gained
popularity in solving ORPD problems. These methods
have advantages of practicability, high efficiency and
robustness [3]. However, GA and SA have weakness
of prematurity and divergence problems. The PSO
method has an excellent searching capability and it is less
sensitivity to the complexity of the optimisation problem
function [7]. In this paper, PSO method is therefore used to
solve the ORPD problem of a case study system network.
A distributed generation unit is connected at different
buses in the system network and the ORPD optimisation
is performed to get the transmission power loss of the
entire power system network. In addition, different
scenarios where considered with distributed generation
units operating at different capacity levels and their effect
on transmission power loss is investigated. MATPOWER
6.1 an open source MATLAB toolbox focussing on solving
the power flow problems is used in the analyses [8]. The
benefit of MATPOWER is that its code can be easily used
and modified.
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2. OPTIMAL REACTIVE POWER DISPATCH
PROBLEM FORMULATION

The objective function of the ORPD is to minimise the
transmission power loss in the power system network
without violating the power system network constraints.
The transmission power loss for the entire power system
network is equal to the sum of all the branch real power
loss in the system network. The general formulation for
the objective function can be expressed as Eq. 1 below.

f : Â
k2N

Ploss =
N

Â
k=1

gi j(V 2
i +V 2

j �2ViVjcosqi j) (1)

where, N, is the maximum number of branches in the
power system network, gi j is the conductance of the branch
between bus i and bus j. Vi and Vj are the voltage
magnitude of bus i and bus j respectively. qi j is the
difference of phase angle between bus i and bus j.

Power system network constraints: The ORPD problem
has to satisfy both equality and inequality constraints of
the power system network depending upon assumptions
and practical implications. The equality constraints are
based on the principle of equilibrium for both real power
and reactive power. The real power, Pb and reactive power,
Qb, balance of the power system network can be expressed
by Eqs. 2 and 3 respectively.

Pb : Pgi �Pdi �Vi ÂVj(Gi jcosqi j +Bi jsinqi j) = 0 (2)

Qb : Qgi �Qdi �Vi ÂVj(Gi jsinqi j �Bi jcosqi j) = 0 (3)

where Pgi and Pdi are the real power generation and real
power demand at bus i respectively. Qgi and Qdi are the
reactive power generation and reactive power demand at
bus i respectively.

The inequality constraints for ORPD problem are the
limitations of power system network parameters such
as voltage magnitude, tap position of transformers,
reactive power injection capability etc. Some of these
parameters are continuous like voltage magnitude while
others are discrete like tap position of transformers and
reactive power injection capability. In this paper, voltage
magnitude, tap position of transformers and reactive power
capability are considered. The range of voltage magnitude
is set from 0.95 p.u to 1.10 p.u and transformer tap position
is set from 0.975 to 1.025. The reactive power injection
of reactive power compensators is set from 0 MVar to 20
MVar. The inequality constraints for voltage magnitude,
V lim

i , tap position of transformers, T lim
i and reactive power

capability, Qlim
i , are presented below.

Vlim
i =

0

@
V max

i Vi >V max
i

Vi V min
i Vi V max

i
V min

i Vi <V min
i

1

A

Tlim
i =

0

@
T max

i Ti > T max
i

Ti T min
i  Ti  T max

i
T min

i Ti < T min
i

1

A

Qlim
Gi =

0

@
Qmax

i Qi > Qmax
i

Qi Qmin
i  Qi  Qmax

i
Qmin

i Qi < Qmin
i

1

A

In order to include the power system constraints in ORPD
objective function, discrete values of the constraints can
be viewed as continuous variables at the beginning of the
optimisation and then map it back to the discrete values
in the end. An exterior penalty function term, P(X ,rh,rg)
is added to the ORPD objective function to convert it into
an unconstrained problem for convenience. The general
expression for the ORPD objective function is given as:

Minimize : F : f +P(X ,rh,rg) (4)

xl
i  xi  xu

i , i = 1,2, ...,n

where P(rh,rg) is the exterior penalty function term. rh
and rg are the penalty multiplier for equality and inequality
constraints respectively and F is called the augmented
function. The final ORPD objective function is expressed
as:

Fmin = min[Ploss +Ârgi(Vi �V lim
i )2

+ ÂrTi(Ti�T lim
i )2

+ ÂrQi(Qi �Qlim
i )2] (5)

subject to constraints 2 and 3.

From Eq. 5 it can be clearly seen that if all the control
variables are within their respective limits, the penalty
function terms would be zero. However, if the control
variables fall outside their respective limits the penalty
function terms would be added to the objective function
to penalize for violation. The ORPD optimisation problem
is applied to a case study and the following section outlines
the scenarios that were considered in the paper.

2.1 Case study

The topology of the IEEE 14 bus system network is
presented in Figure 1 below. It consists of two generators
and three synchronous condensers. There are also three
transformers and one shunt reactive power compensator
in the system network. The total system network load
demand is 259 MW and total system reactive power load is
73.5MVar. Tables 1 - 4 show the other details of the system
network. Two scenarios were considered in this paper and
they are outlined below.

Scenario 1: ORPD optimisation without distributed
generation: In this scenario, the IEEE 14 bus system
network is used. No DG is connected to the power system
network. Newton Raphson and PSO methods are applied
to the ORPD optimisation problem and a comparison of
system network transmission power loss results is done.
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Figure 1: IEEE 14 bus system network

Scenario 2: ORPD optimisation with distributed genera-
tion connected: In this scenario, a distributed generation
unit is connected to the IEEE 14 bus system network and
then ORPD is performed using PSO. The system network
transmission power loss is calculated. A wind turbine,
Enercon E82 E4 is chosen as the distributed generation
unit. Enercon E82 E4 is a direct-drive synchronous
generator with a power rating of 2500 kW and Table 5
shows the wind turbine power curve [9]. Figure 2 shows
the reactive power capability of Enercon E82 E4. The wind
turbine is able to deliver as much as 1.2 MVar or absorb 1
MVar of reactive power when the output power is zero [10].
In this scenario, two cases were considered:

• Wind turbine installed at a PV bus: In this case,
both real and reactive power capacity of the generator
need to be changed in accordance to the wind turbine
rating.

• Wind turbine installed at a PQ bus: In this case,
modification of the capacity of real and reactive
power is done. The voltage magnitude of the new
distributed generation unit is also treated as a new
control variable.

Table 1: Bus system network load parameters

Bus
No.

Voltage p.u Phase Angle
Degrees

P (MW) Q (MVar)

1 1.060 0.0 0.0 0.0
2 1.045 - 4.98 21.7 12.7
3 1.010 - 12.72 94.2 19.0
4 1.019 - 10.33 47.8 3.9
5 1.020 - 8.78 7.6 1.6
6 1.070 - 14.22 11.2 7.5
7 1.062 - 13.37 0.0 0.0
8 1.090 - 13.36 0.0 0.0
9 1.056 - 14.94 29.5 16.6
10 1.051 - 15.10 9.0 5.8
11 1.057 - 14.79 3.5 1.8
12 1.055 - 18.07 6.1 1.6
13 1.050 - 15.16 13.5 5.8
14 1.036 - 16.04 14.9 5.0

Table 2: Bus system generator parameters
Bus
No.

Bus
type

P
(MW)

Q
(MVar)

Qmin
MVar

Qmax
MVar

1 Slack 232.4 16.9 0 )
2 PV 40 42.4 - 40.0 50.0
3 PV 0 23.4 0.0 40.0
6 PV 0 12.2 - 6.0 24.0
8 PV 0 17.4 - 6.0 24.0

Table 3: Transmission line parameters
Line
No.

Between
Buses

R per unit X per unit Half Line Charging
Susceptance per unit

1 1 - 2 0.01938 0.05917 0.02640
2 2 - 3 0.04699 0.19797 0.02190
3 2 - 4 0.05811 0.17632 0.01870
4 1 - 5 0.05403 0.22304 0.02460
5 2 - 5 0.05695 0.17388 0.01700
6 3 - 4 0.06701 0.17103 0.01730
7 4 - 5 0.01335 0.04211 0.0064
8 5 - 6 0.0 0.25202 0.0
9 4 - 7 0.0 0.20912 0.0
10 7 - 8 0.0 0.17615 0.0
11 4 - 9 0.0 0.55618 0.0
12 7 - 9 0.0 0.11001 0.0
13 9 - 10 0.03181 0.08450 0.0
14 6 - 11 0.09498 0.19890 0.0
15 6 - 12 0.12291 0.25581 0.0
16 6 - 13 0.06615 0.13027 0.0
17 9 - 14 0.12711 0.27038 0.0
18 10 - 11 0.8205 0.19207 0.0
19 12 - 13 0.22092 0.19988 0.0
20 13 - 14 0.17093 0.34802 0.0

Table 4: Transformer tap settings and Synchronous
generator parameters

Transformer Between
Buses

Tap Setting Bus
Number

Susceptance
Per Unit

1 4 - 7 0.978 9 0.190
2 4 - 9 0.969
3 5 - 6 0.932

Table 5: Wind turbine power curve [9]
Wind
Speed

Power (kW)

1 0.00
2 3.00
3 25.00
4 82.00
5 174.00
6 321.00
7 532.00
8 815.00
9 1180.00
10 1580.00
11 1890.00
12 2100.00
13 2250.00
14 2350.00
15 2350.00
16 2350.00
17 2350.00
18 2350.00
19 2350.00
20 2350.00
21 2350.00
22 2350.00
23 2350.00
24 2350.00
25 2350.00

SAUPEC 2017 275



Figure 2: Reactive power capability curve for Enercon E82 E4
wind turbine

3. IMPLEMENTATION OF PARTICLE SWARM
OPTIMISATION TO ORPD

The ORPD optimisation problem is solved using PSO
method. In this paper, the maximum number of iterations
is set as the stopping criterion. The following steps were
taken to implement the PSO algorithm.
Step 1: Load case file data using MATPOWER 6.1 version
into the MATLAB environment. The IEEE 14 bus system
data is saved in case14.m file. If the wind turbine is
connected at the PV bus, the real power and reactive power
of the generators are adjusted according to Eqs 6 and 7
below.

Pad j
i = Pi +Pwi (6)

Qad j
i = Qi +Qwi (7)

where Pad j
i and Qad j

i are the adjusted real power and
reactive power at bus i. Pwi and Qwi are the real power and
reactive power of the wind turbine connected at bus i. If
the wind turbine is connected at a PQ bus then in addition
to adjusting the real power and reactive power of the bus
at which the wind turbine is connected, the voltage of the
wind turbine must also be taken as a control variable at
that bus. In each scenario a personalised case is created by
following the format of the canonical forms of generators,
buses and branches in the MATPOWER software. Each
scenario is solved separately using PSO method.
Step 2: Initialise random data for the position of the
population according to limits of each parameter to be
optimised. When the wind turbine is connected at a PV
bus, the parameters to be optimised are voltages at the
three PV bus, three transformer tap positions and reactive
power of the shunt reactive power compensator. If the

wind turbine is connected at a PQ bus, then the voltage
of the wind turbine must be included as a parameter
to be optimised. These initial random values must
be feasible candidate solutions that satisfy the practical
operating constraints. The inertia weights wmin, wmax;
acceleration constants c1, c2; uniform random values
rand1, rand2; maximum number of iterations itermax etc
are also initialised.
Step 3: Evaluate the fitness value, Fmin, of each particle,
Pi, j, based on the Newton-Raphson power flow analysis. j
is the position of the particle in the population space.
Step 4: Store the initial values as the personal best, Pbest of
each particle. Compare the fitness values of each personal
best, Pbest , to determine the global best, Gbest particle.
Step 5: Increase the iteration value by 1 and update
the positions and velocities of each particle by using the
following Eq.8

vnew
i, j = wi ⇤ (vi, j)

iter�1 +(c1 ⇤ rand1 ⇤ ((Pbest
i )iter�1

�(Pi)
iter�1))+(c2 ⇤ rand2 ⇤ ((Gbest)

iter�1

�(Pi)
iter�1)) (8)

where wi is given as:

wi = wmax �
(wmax �wmin)

itermax
⇤ iter (9)

where itermax is the maximum number of iterations and
iter is the current number of iterations.
Step 6: Calculate the new sample positions of each particle
using the updated velocity, i.e.,

Pnew
i, j = Pi, j + vnew

i, j (10)

Step 7: Determine the new fitness values, Fmin, based on
the new positions of each particle.
Step 8: Compare the fitness value of each particle with that
of its previous Pbest . If the new fitness value if less than the
previous Pbest then replace the fitness value with the new
Pbest value otherwise retain the old Pbest value.
Step 9: Compare the fitness values from Step 8 to
determine the global best, Gbest particle and store the
coordinates as the global best particle, Gbest .
Step 10: Determine if the iteration has reached the
maximum iteration number. If so, stop the optimisation
process otherwise return to step 5

4. RESULTS AND DISCUSSION

Table 7 shows the optimal transmission power loss
obtained when using both Newton Raphson and PSO
methods for Scenario 1. The results clearly show that the
PSO method performs better than the Newton Raphson
method. The difference in power saving is 8.6% with
reference to Newton Raphson method. The results also
show that there is no violation of control variables as they
all fall within their constraints. The highest transmission
power loss is experienced between bus 1-2 and the lowest
transmission power loss is experienced between bus 12-13
(excluding buses with zero transmission power losses in
both cases) for both Newton Raphson and PSO methods.
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Table 6: Transmission power loss for Scenario 1
Between
Buses

Newton Raphson
Method (MW)

PSO method
(MW)

1 - 2 4.298 3.920
1 - 5 2.763 2.556
2 - 3 2.323 2.121
2 - 4 1.677 1.532
2 - 5 0.904 0.822
3 - 4 0.373 0.340
4 - 5 0.514 0.465
4 - 7 0.0 0.0
4 - 9 0.0 0.0
5 - 6 0.0 0.0
6 - 11 0.055 0.040
6 - 12 0.072 0.066
6 - 13 0.212 0.190
7 - 8 0.0 0.0
7 - 9 0.0 0.0
9 - 10 0.013 0.016
9 - 14 0.116 0.124
10 - 11 0.013 0.007
12 - 13 0.006 0.005
13 - 14 0.054 0.040
TOTAL 13.393 12.244

Table 7: Voltage magnitude results for Scenario 1
Bus
No.

Newton Raphson Method PSO Method

Voltage p.u Angle Voltage p.u Angle
1 1.060 0.000 1.101 0.000
2 1.045 -4.98 1.087 -4.580
3 1.010 12.72 1.058 -11.720
4 1.019 -10.33 1.066 -9.528
5 1.020 -8.78 1.074 -8.200
6 1.070 -14.22 1.099 -13.476
7 1.062 -13.37 1.093 -12.443
8 1.090 -13.36 1.100 -12.443
9 1.056 -14.94 1.089 -13.983
10 1.051 -15.10 1.083 -14.164
11 1.057 -14.79 1.088 -13.945
12 1.055 -18.07 1.085 -14.271
13 1.050 -15.16 1.080 -14.338
14 1.036 -16.04 1.068 -15.079

When the wind turbine is connected at maximum capacity,
the transmission power loss has a maximum reduction of
11.1% and 2.7% for Netwon Raphson and PSO methods
respectively, when compared to Scenario 1.

Table 8 shows the effect of wind turbine capacity level
connected at various locations in the system network. It
is clear that the capacity level of the wind turbine and
its location in the system network have a great impact
on the overall transmission power loss. The results
show that higher wind turbine capacity level result in
less transmission power loss being experienced in the
system network. The optimal location for placement of
the wind turbine is at node 14 for all different wind turbine
capacity levels. The maximum transmission power loss is
experienced when the wind turbine is connected at bus 2.
This implies that the location and size of the wind turbine
in the system network is very important as it can influence
the efficiency supply of power to the load.

Table 9 shows the effect of connecting more than one
wind turbine at various locations in the system network.
The wind turbines are operated at various capacity levels.
The results show a great reduction in transmission power
loss when both wind turbines are operating at maximum
capacity level. The maximum difference in power saving

Table 8: Transmission power loss for different DG
capacity level connected at various system network bus

using PSO method

Bus No. DG capacity level connected (%)
100 75 50 25

2 12.125 12.147 12.183 12.223
3 11.957 12.006 12.097 12.175
4 12.002 12.048 12.119 12.185
5 12.039 12.076 12.136 12.196
6 12.041 12.079 12.145 12.194
7 12.004 12.049 12.120 12.185
8 12.009 12.052 12.123 12.188
9 12.001 12.046 12.117 12.182
10 11.986 12.033 12.106 12.172
11 12.010 12.049 12.120 12.182
12 12.000 12.043 12.114 12.180
13 11.954 12.015 12.077 12.150
14 11.913 11.972 12.058 12.135

Table 9: Transmission power loss when two DGs are
connected at various buses in the system network

Buses
Con-
nected

Respective DG capacity levels connected (% / %)

100/100100/75 100/50 100/25 75/75 75/50 75/25 50/50 50/25 25/25
2 & 3 11.834 11.893 11.982 12.059 11.912 11.998 12.081 12.036 12.119 12.152
2 & 6 11.923 11.960 12.024 12.075 11.984 12.044 12.107 12.083 12.140 12.169
2 & 8 11.892 11.937 12.007 12.071 11.958 12.030 12.093 12.062 12.131 12.162
3 & 6 11.751 11.789 11.851 11.906 11.843 11.906 11.967 11.996 12.030 12.131
3 & 8 11.716 11.769 11.834 11.899 11.823 11.888 11.954 11.974 12.044 12.123
6 & 8 11.810 11.852 11.925 11.985 11.892 11.964 12.032 12.024 12.090 12.143

is 11.82% with respect to Newton Raphson method for
Scenario 1. The least transmission power loss reduction
is experienced when the wind turbines are connected at
bus 2 and 6 in all the cases. This manifestation is
very important as distributed generation units connected
to the conventional power system network continue to
increase in number. They are not always operating at
the same capacity level as they are widely dispersed in
the system network and exposed to different geographical
conditions. It is therefore important for power system
managers and designers to take a holistic view and
calculate the transmission loss of the entire system network
for maximum financial reward.

5. CONCLUSION

The integration of renewable energy sources is expected
to increase as energy regulatory authorities try to reduce
the amount of greenhouse gases that are released into
the atmosphere by convectional thermal power generation
units. This paper investigates the optimal placement
of distributed generation in convectional power system
networks. A case study is presented using the IEEE
14 bus system network. A distributed generation unit
is connected at different points of the system network
and the transmission power loss of the system network
is calculated using particle swarm optimisation. The
results are validated using Newton-Raphson method. The
results show that particle swarm optimisation method
performs better than the Newton Raphson method as
it gives less optimal transmission power losses. The
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results also show that as the distributed generation capacity
increases, the transmission power losses of the system
network decreases. Connecting distributed generation
units at different points of the system network also affect
the transmission power losses. It is therefore imperative
that distributed generation units that are connected to the
power system network are placed at locations that give the
least optimal transmission power loss of the entire system
network. This will therefore increase the power supply
efficiency of the system network. Future work will look
at developing a framework for the influence of distributed
generation in a smart grid.
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Abstract: The stability of any distribution network is very much depending on the performance of the 
power transformers. These transformers need to be monitored to ensure that any unwanted conditions, 
including high levels of certain gasses, are detected. These transformers are normally placed inside a 
transformer tank with mineral oil inside. The oil acts as insulation as well as coolant for the 
transformer windings. It is very important to monitor the levels of different gasses within the 
transformer tank as it may be harmful to the transformer and can cause malfunctions. This paper 
discuss the application of gas analysers, the detection of unwanted gasses  and the possible causes of 
these unwanted high level of certain gasses. The gas sensors that form part of the analyser are located 
inside the transformer main oil tank. 
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1. INTRODUCTION 
 

The power distribution network in South Africa is 
currently under pressure to deliver enough power to 
industry. The maintenance of the grid, including the 
transformers are falling behind and thus unplanned 
outages may occur due to the pressure on the distribution 
network. The power utilities need to minimize or even 
eliminate load shedding and this can start by managing 
the demand profile. This will enable the utilities to shift 
loads and control the distribution to enable stable power 
over the distribution networks. 
 
All power transformers need to be operational to assist 
utilities in in managing the network and to reduce the 
possibility of load shedding. Condition Based 
Maintenance (CBM) is an important strategy in asset 
management that would allow a transformer to operate 
according to its actual rated efficiency. Better transformer 
management could be achieved with online monitoring, 
routine diagnostics and CBM [1]. The basic construction 
of a power transformer is shown in Figure 1. 

 
 

Figure 1: Power transformer construction [2] 

 
 
The core and windings of the power transformer are fully 
immersed in transformer oil. The oil acts as insulator and 
coolant in preventing direct contact with atmospheric 
conditions. In specific the cellulose paper insulation of 
the windings, which is susceptible to oxidation. 
 
All degradation and ageing processes of the oil-paper 
insulation produce gases. The most important transformer 
fault gases are H2, CO, CO2, CH4, C2H2, C2H4 and C2H6. 
These gases are dissolved in the oil and if a certain level 
is exceeded gas bubbles arise. These bubbles can be 
transported into regions with high electrical stresses and 
will lead to Partial Discharge (PD) activities. At present, 
the Dissolved Gas-in-Oil Analysis (DGA) is one of the 
most important and most effective methods for 
transformer diagnostics of important parameters [3].  
 
This paper will show how on-line gas analysers utilizing 
gas sensors assist in detecting an abnormal gassing 
transformer in a substation and contribute towards finding 
the source of the problem in the transformer. The paper is 
organized as follow: Section 2 discuss transformer 
gassing while Section 3 is concerned with the abnormal 
gassing of a transformer and in particular the reason for 
the abnormal gassing. Section 4 concludes the paper. 
 
 

2. TRANSFORMER GASSING 
 

The question is raised why is it important to do on-line 
condition monitoring on a power transformer and then in 
particular why to monitor the gasses within the 
transformer. On-line condition monitoring is there to 
provide information that can be utilized to predict the 
remaining life expectancy of power transformers. This is 
achieved by monitoring the health of a power transformer 
continuously in order to reduce a high failure rate. The 
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on-line condition monitoring offers measurement analysis 
for most of the important parameters of the transformer 
condition. The following groups of operating parameters 
can be monitored continuously: 
 

x Fans 
x On load tap changer 
x Transformer operating temperatures 
x Dissolved gas analysis 
x Transformer life cycle management and 

computed values 
x Bushings 

 
The advantages of on-line condition monitoring can be 
summarized by: 
 

x Comprehensive picture of the current status, 
operating trends and signals received from your 
transformers, 

x Faults can be detected early and correct 
decisions can be taken on a safe basis, 

x Information for the economical use of 
maintenance measures to extend the service life, 

x Opens the possibility for extending the operating 
time of power transformers, 

x Reduces the risk of expensive failures,  
x Provides potential in changing the maintenance 

strategy, 
x Provides help and guidance on indicating the 

type of fault in the transformers and 
x The advantage of prediction of transformer 

failure before it happens  
 
Figure 2 below shows how rapidly and in this case within 
two days, the condition of a power transformer can 
deteriorate. Power transformers can get critical 
unexpectedly and has a major influence on the 
maintenance as well as the budget control, not even 
mentioning the problem if the transformer fails 
unexpectedly. The figure below shows that within two 
days the dissolved gasses reach critical levels and if it 
was not monitored this could have led to failure of the 
supply network and damage to the power transformer. 
 

 
 

Figure 2: Dissolved gas within active transformer 

On-line gas analysis thus provides a constant update of 
the gasses that are dissolved by the transformer oil within 
an active power transformer. This is often refer to as the 
blood test for transformers. It allows the user to have an 
accurate trend of the transformer oil condition in real 
time. This will then allow the user to do DGA that can 
trigger alarms when the gasses reach certain critical 
levels. 
 
 
2.1 Gassing Guidelines 
 
Amounts of gasses can be generated in a transformer tank 
with no real fault conditions caused by chemical 
processes at normal operating conditions in the 
transformer. This phenomenon is called “stray gassing” 
and can occur in new and newly repaired transformers 
and normally occur before the transformer is energized. 
[3]. The IEC 60599-2007 [4] give guidelines on how the 
concentrations of dissolved gases and stray gasses may be 
interpreted. These guidelines will assist in the diagnoses 
of the health condition of these power transformers.  
 
Figure 3 below shows how gases begin to form at specific 
temperatures as well as dissolving in the insulation oil of 
an active power transformer [2]. This chart can be used 
for initial assessment of the dissolved gasses of new or 
recently repaired transformers [2]. The measurement of 
dissolved gasses assist with the knowledge on the type, 
complexity and seriousness of the situation within the 
transformer. Each gas, its concentration and its rate of 
change over a time period tell something about the nature 
and severity of the fault condition. 
 

 
 

Figure 3: Gas generation chart [2] 
 

 
2.2 On-line Gas Analysers 
 
On account of deregulation of electricity generation and 
ageing of power transformers, there is an increasing 
concern to assess operating conditions of power 
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transformers. In a role of the most acknowledged fault 
diagnostic method has DGA been widely applied for 
detection of incipient or potential faults, and thus for 
assessment of transformer condition [5]. Within an 
effective oil analysis program, oil sampling, sample 
storage, analysis and interpretation techniques play 
significant roles to ensure reliable diagnosis of oil-filled 
power transformer [6].  
 
On-line gas analysers were installed at a distribution 
substation on several power transformers. One particular 
transformer was a newly installed 80 MVA power 
transformer. This was then incorporated into an active on-
line condition monitoring system that produce warnings 
and fault condition messages once dangerous and faulty 
conditions occur within any linked transformer. The 
installed gas analysers were Kelman Transfix 1.6E 
transformer gas analyser from GE Energy. Figure 4 
shows a Kelman Transfix transformer gas analysers 
installed at a power transformer. 
 
 

 
 

Figure 4:  A gas analyzers installed in transformer  [11] 

The recommended gas limits in transformer oil are 
regulated by the IEC 60599:2007 standard [4] for typical 
rates of gas increase for power transformers in ml/day. 
The recommended gas limits for new oil is shown in 
Table 1 below. 

 

Table 1:  Recommended gas in oil limits [4] 

 

3. ABNORMAL GASSING PATTERN 
 
The on-line gas analyser installed on the new 80MVA 
transformer mentioned earlier started to record abnormal 
gassing patterns. Oil samples were taken manually by the 
transformer supplier and the test samples were evaluated 
in a transformer oil testing laboratory. It was noticed that 
the transformer under test showed infant stages of 
combustible gasses being produced when the transformer 
was energized. This caused reaction and the relevant data 
gathered will be discussed in the next sections.  

 
3.1 Transformer data from analyser sensor 
 
Historical data for the last five months was retrieved from 
the gas analyzer and is shown in Figure 5. It was noticed 
that some abnormal gas levels was present. Subsequently  
more detailed data was retrieved from the analyzer and is 
depicted in Figure 6.  

 

 
 

Figure 5: On-line gas analyser snapshot 
 
 

  
 

Figure 6: On-line gas analyser detailed data 
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The typical rates of gas increase for power transformers 
according to the IEC 50669:2007 [4] are shown in 
Table 2 together with the data retrieved for the specific 
transformer. The DGA of the transformer show a fairly 
low H2 with an abnormal elevated C2H6 result. This 
does not indicate typical transformer electrical or thermal 
faults. The transformer was then degassed over a four day 
period and oil samples were taken using gas tight 
syringes before and after de-gassing of the transformer 
whilst being de-energized. 
 

Table 2: Results of DGA for transformer under testing 

 
 
 

The results were compared using the guidelines of the 
typical behaviour of 90% of power transformers as 
published in IEC 60599:2007 [4].  It is evident that the 
transformer’s dissolved gas content correspond to a 
normal behaviour pattern after the de-gassing process was 
completed. The results of the DGA showing the results 
before, at and after de-gassing is shown in Table 3. The 
PTT LAB in Table 3 refer to the transformer 
manufacturer’s transformer testing laboratory. 

 
 

Table 3: Results of dissolved gas analysis 
 

 
 
The Total Dissolved Combustible Gasses (TDCG) 
according to IEEE C57.104-2008 [7] standard are 
indicated in Table 4. TDCG is equal to the sum of the 
Hydrogen, Carbon Monoxide, Methane, Ethane, Ethylene 

and Acetylene. This method of using the TDCG is an 
IEEE developed standard and covers not only the 
determination of a fault severity and its nature, but also 
offers some indication to the follow-up action that is 
necessary.  
 

Table 4: Transformer gas surveillance guide [7] 
 

 
 
The data in Figure 7 depict the values of the different gas 
concentration recorded before and after de-gassing of the 
transformer.  It is showing that the transformer results 
after the de-gassing initially indicate normally gassing 
pattern. It also indicate the increase in Ethane levels after 
a period after the de-gassing was done indicating that it 
was not related to the initial stray gassing  found in new 
transformers. 
 
 

 
 
 

Figure 7: Dissolved gas concentration 
 
 
3.2 Possible root causes of abnormal gassing 
 
Transformer radiators forms a critical part of the cooling 
system of a transformer; thus the oil is permanently in 
contact with the inner surface of the radiators. The final 
steps of manufacturing radiators entails that, paint (red 
oxide) is flushed through the radiator. This is done for two 
main reasons. The first reason is to entrap any loose debris 
that might be left after the manufacturing of the radiators 
and the second reason being to cover any bare metal that 
is exposed within the inside surface, against rust. After the 
paint is drained through natural gravity, hot air is passed 

SAUPEC 2017 282



through the radiator to cure the paint. It is thereafter sealed 
prior to storage or transport to the place of installation. 
 
It has been established in experimental analysis at the 
transformer provider’s oil test laboratory that uncured 
paint will cause unnatural gassing when in contact with 
transformer oil. Elevated levels of Ethane, Carbon 
Dioxide, Methane and Hydrogen have been observed. The 
results for the oil compatibility test performed on uncured 
red oxide paint are shown in Table 5. The uncured paint 
does have a negative impact on the gassing of the oil and 
is not compatible with the insulating oil. 
 
Hydrogen content can be directly connected to the 
painting and acid preparation of radiators. Based on the 
results after de-gassing the transformer at the distribution 
substation, the levels of the combustible gasses are well 
below typical concentration levels given in                    
IEC 60599:2007 [4].  
 
 
Table 5: Results of oil compatibility with red oxide paint 
 

Component Name Reference oil Paint/Oil Sample 

Hydrogen 360 567 

Oxygen 16176 34008 

Nitrogen 231069 325783 

Methane 128 232 

Carbon Monoxide 583 655 

Carbon dioxide 574 1142 

Acetylene 0 0 

Ethylene 5 7 

Ethane 56 172 

 
 
Ethane and Methane are still present but not supported by 
other hydrocarbon gases, nor Hydrogen at this stage. The 
origin of Ethane and Methane generated after the 
degassing is gas trapped within the cellulose and core steel 
laminations. It must be emphasized that during oil 
filtration (de-gassing) sufficient passes were made to 
ensure that the more highly soluble gases are removed 
from the oil and cellulose insulation. The transformer was 
monitored closely after the de-gassing process. 
 
The specific objective was to establish whether, based on 
historical evidence, a failure could have been predicted 
prior to a power transformer failure based on the practice 
of online condition monitoring technique utilising gas 
sensors. The transformer provider distribution network 
operates a variety of high voltage equipment with the 
main goal of supplying electricity continuously by means 
of an interconnected grid. Transformers are the most 
expensive pieces of equipment in the substation and 

require a specialized skill to ensure optimal utilization 
within their lifespan. 
 
 

4. CONCLUSION 
 

The use of gas sensors as part of a transformer gas 
analyser has proof to be effective in detecting abnormal 
levels of unwanted gasses within a transformer tank. It 
was also shown how retrieved historical data from the 
analyser was utilized to establish the possible root cause 
for the abnormal high gassing of the transformer. 
Although the manufacturer claimed that it was stray 
gasses because the transformer is new, the producing of 
stray gasses need to settle at some point. The problem did 
seem to be solved when the transformer was de-gassed 
but the results after the de-gassing as well as recent 
downloaded data indicate that the level of Ethane gas is 
still increasing.  
 
The monitoring of the transformer is continuing to 
establish if other parameters have an influence on the gas 
levels or if it is the continuing problem created by the 
reaction between the transformer oil and the uncured red 
oxide paint alone. 
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Abstract: The main purpose of the Electrical Power 
System is to provide a safe and acceptable electricity 
supply to the customers, with a reasonable level of 
reliability. Within Eskom, the serious effect of the 
unreliable power supply is a perpetual concern. 
Distribution network system is still liable for more than 
80% of the customer reliability issues with the majority 
of faults (70%) occurring on the Medium Voltage (MV) 
networks. This paper is aimed at identifying the issues 
that contribute to poor reliability within the MV 
network and mitigation factors. This is intended to assist 
electrical utilities effectively to investigate the affected 
network, and to be able to apply strategic reliability 
improvement plans to achieve optimal performance. A 
case study was used to conduct the research, and the 
study area focus was Taunus electrical supply area 
within Eskom’s Distribution. 
 
Keywords: SAIDI, SAIFI, Reliability, Distribution 
Network, Medium Voltage 

1 INTRODUCTION AND PROBLEM 

     In recent years, electricity supply plays a very crucial 
part in people’s lives, but just having access to 
electricity is not sufficient; the reliability of electricity 
supply is also important [1]-[2]. “Reliability of service 
must be outstanding; usually less than two hours 
without power per year, (99.98% availability) is 
considered a reasonable level of power availability, and 
a lot of power supply utilities are striving to limit the 
time that an average customer is without power to less 
than one hour per year” [3].  
 

      Reliability refers to the frequency of equipment 
failures per equipment type, the exposure of the 
equipment to external causes, the number of customers 
exposed to supply interruption when faults occur and 
the duration of supply interruptions when faults occur 
[4]. The basic used reliability measures by most 
electrical utility are the System Average Interruption 
Duration Index (SAIDI) and System Average 
Interruption Frequency Index (SAIFI) [5]. The 
measurements are illustrated in the Table 1. 

 
 
 
 
 
 

Table 1: Table 1: Key performance Index [6]-[11] 
 

       
    It has been reported that outages in the distribution 
network system are still liable for more than 80% of the 
customer reliability issues [5] with the majority of faults 
(70%) occurring on the Medium Voltage (MV) 
networks, and 20 % of faults are related to events on the 
distribution Sub-Transmission [6]. This is because, 
previously, the distribution system was given less 
priority regarding reliability planning compared with the 
transmission and generation systems [5].  This is due to 
the fact that the distribution system is considered to be 
cheap compared with the generation and transmission 
system, and its effect is limited to a small area. This 
results in less effort being devoted to improving 
reliability within the distribution network [7].  
 
     Previously, the criteria used by the network planning 
and design Department was to increase the number of 
customers who could be connected, based on the 
funding available. The old network planning and design 
criteria was concentrated on the voltage regulation 
limits, and making sure that the thermal and fault levels 
were not surpassed [8]. As a result, a number of long 

Key 
performance 
Index within 
Eskom 

Formulas 

System 
Average 
Interruption 
Duration Index 
(SAIDI) 

SAIDI = Ʃ Customer Interruption Durations 
               Total Number of Customers Served 
            = Ʃ ri Ni 
                    NT 
Where ri is the restoration time for event i, Ni 
is the number of interrupted customers for 
sustained interruption event i during the 
reporting period and NT is the total (average) 
number of customers served for the reporting 
period. 

SAIDI gives an indication of the average duration of customer 
interruptions within reporting area per reporting period (usually 
per annum). 

System 
Average 
Interruption 
Frequency 
Index (SAIFI) 

SAIFI = Ʃ Number of Customer Interruptions 
                 Total Number of Customers Served 
           = ΣNi 
                Ti 
Where Ni = Number of interrupted customers 
for sustained interruption event i during the 
reporting period, NT = Total (average) number 
of customers served for the reporting period. 

SAIFI provide the average number of customer interruptions 
within a reporting area over a reporting period (usually per 
annum) 
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radial feeders were created on the Eskom distribution 
and transmission network, without considering an 
option for alternative supply in the event of faults in the 
network. Then, Eskom distribution started to experience 
major outages on the network [8]. 
 
      Today, “outages in the Eskom Distribution network 
accounted for a significant majority of the total outage 
durations   experienced by Eskom Distribution 
customers” [8]. In 2010, the level of network 
performance within Eskom distribution was poor 
compared with international benchmarks. As a result, 
Eskom distribution is continuously under considerable 
pressure to improve its network performance and to 
ensure improved future first quartile performance in 
international benchmarking analyses [9].  
 
      One of Eskom’s targets is to become one of the top 
five well-performing utilities in the world. It is therefore 
important that Eskom improves the reliability of its 
distribution network to acceptable targets, as this will 
assist Eskom in meeting this target.  
 
      As a business, Eskom will then be required to make 
a huge investment in improving reliability of the 
network, but before money can be spent, it is important 
to investigate the causes and define the problems that 
lead to the poor performance of MV distribution 
networks, resulting to unreliable networks.  
 
     This can be done firstly by understanding the 
underlying problems that exist within Eskom’s 
distribution network, which lead to unavailability of 
network when a fault has occurred, and also by defining 
the causes of these problems, and by quantifying them 
per electrical feeder.  
 
     Since the MV distribution system is the largest 
contributor to poor reliability, the research study was 
limited to the Medium Voltage network. A case study 
and comprehensive literature review will be used in 
order to complete the research study. Due to the 
complexity of the overall distribution network and 
limitation to data access in other utilities or distribution 
networks, the study area focus will be on the Taunus 
Distribution Supply area within Eskom’s Distribution 
Network, to allow access to data.  

2 RESEARCH OBJECTIVES 

      The objective of the research is to identify, define, 
and quantify factors that lead to poor reliability of 
distribution networks. From the findings, alternative 
solutions will be proposed and discussed based on the 
findings of the study. This is intended to assist electrical 
utilities to investigate the affected network effectively, 
and to be able to apply strategic reliability improvement 
plans to achieve an optimal performance. 

3 RESEARCH METHODOLOGY 

Reliability is defined as a measure of performance - 
dependability and system reliability as the probability 
that the system will perform its intended function for a 
specific interval of time under stated conditions [10]. 
The basic reliability measures used by most electrical 
utilities, within the load point, are: the average failure 
rate (SAIFI), and the outage duration (SAIDI) [5]. 
Eskom distribution secondary data was collected to 
produce the results. Figure 1 presents the research 
methodology followed and each building block is 
further discussed in detail in the subsections. 

 

Fig. 1: Research methodology [4]-[9]-[11]-[22]-[23] 
3.1. MV network loadings 

This section illustrates high level step by step 
process to be followed when conducting constrain MV 
feeder assessment. SmallWorld software was used to 
import feeder to the recommended assessment system 
i.e. ReticMaster software. To conduct the simulation, 
maximum demand values were required. The maximum 
peak demand values for each feeder were obtained from 
the metering statistic system within Eskom.  

 
The data was obtained in the form of active and 

reactive power, so to calculate the apparent power the 
formula below was used [22]: 

 
!	 # $%& ' (&           (1) 
 
Where S (kVA) is apparent power at the source, P 

(kW) is Active power at the source and Q (kVar) is 
Reactive power at the source. 

 
After calculating the maximum apparent power, the 

value was calculated on the source of the feeder in 
Reticmaster to obtain the maximum thermal loading and 
minimum voltage loading. 

 
      Maximum thermal loading was calculated from the 
peak demand value using [23]:  
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Thermal Loading (%) =     Sloading (kVA)          =Inormal                         (2)     
                             S Conductor rating (kVA)      Ibase 

  
          Minimum voltage loading was calculated from the 
minimum demand value using [24]:  
 
VEnd = VSupply – (ISupply )ZEnd)                    (3) 
 
Where:  
Vend is the minimum voltage at the end of the feeder, 
VSupply is the source voltage, 
ISupply is the current of the line, and  
ZEnd is the impedance of the line. 

3.2. Reliability assessment 

The sub-sections below explain the calculation of 
planned and unplanned interruptions, including the 
formulas used to obtain SAIDI and SAIFI results. 

3.2.1. Unplanned outage duration 
     The SAIDI and SAIFI values within Eskom do not 
necessarily include the actual occurrence time of the 
fault, but the time when the fault was reported. The total 
outage duration of an interruption was obtained by 
adding the times below [9].  
 
• Dispatch time - starts when the fault is recorded in 

the system and ends when the driver travels to site 
to locate the fault. 

• Travel time – starts when the operator travels to the 
site and ends when the operator starts to isolate the 
faulty part of the network. 

• Sectionalising time – starts when the operator 
performs the switching in the network with an aim 
to isolate the faulty part of the network. 

• Fault finding time – at this stage the faulty section 
on the network will be isolated and the operator 
will be conducting visual inspection to identify the 
fault equipment.  

• Repair time – at this stage the faulty equipment is 
repaired and only the customers within the faulty 
network are affected or without power supply. 

• Switching restoration time – at this stage the faulty 
equipment is returned to its original state.  

 
3.2.2. Planned outage duration 
 
     Planned outage durations involves all planned 
maintenance conducted on the network.  The frequency 
of maintenance events differs for each component on 
the network and is subjected to supplier specifications. 
The duration of the maintenance events specify the time 
when the customer was not supplied as a result of 
maintenance being performed on the network. During 
maintenance, several customers may be without power 
supply. So, for each component type, a certain 
percentage of customers affected are set [9]. 

3.3. Interruption data per root cause 

    The interruption information per root cause was 
arranged to show the total number of incidents, the total 
customer hours and total customer interruptions.  

4 TAUNUS MV FEEDER NETWORK 

The Taunus CNC 11kV MV distribution network is 
illustrated in Figure 2. The green lines show a total of 
21 MV feeders, which are currently taking load, and 
their respective substations’ location. The dotted lines 
indicate that the feeder is a cable while the solid lines 
indicate an overhead line. 

 

Fig. 2: MV feeder network for Taunus substation [25] 

5 RESULTS 

5.1. MV network loading statistics  
 
    Figure 3 below illustrates the loading statistics of the 
11kV MV feeder in percentage, where the red colour 
illustrates the percentage of the overloading feeders, 
orange colour indicates the percentage of feeders which 
are about to reach the overloading level and the green 
colour illustrates the percentage of feeders that are not 
overloading.  
 

 
Fig. 3: 11 kV feeder loading statistic [26] 
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5.2. Taunus CNC reliability performance: SAIDI and   
 SAIFI 

      The overall Taunus CNC network reliability 
performance (SAIDI and SAIFI) for the past three years 
is shown in Figure 4 below.  
  

Fig. 4: SAIDI and SAIFI for Taunus MV network [27] 

5.3. Worst performing feeders 

     The top ten worst performing feeders, which 
contribute to the SAIDI and SAIFI performances within 
the Taunus area of supply, are presented in Table 2. 
 

Table 2: Top ten worst performing MV feeders [27] 

 
5.4. Network failure root courses 

     Figure 5; indicates the total number of incidents 
within the Taunus CNC. Defective equipment resulted 
in 124 faults, 45 from overhead power line problems, 44 
from maintenance related faults, 23 from weather, 21 
from fuse failures, 15 from unit equipment problems, 8 
from foreign objects, 5 failures related to vandalism and 
8 faults related to fire. 
 

Fig. 5: Total number of incidents [27] 

     The detailed breakdown of the total number of 
incidents is illustrated in Figure 6. The breakdown 
failures indicate that 26 of the faults were related to LV 
network failure, due to overloading in the transformers, 
38 from jumper failure, 33 from power transformer 
related failure, 23 from fuse failure, 12 related from 
cable failures, 10 faults related from drop out expulsion 
fuse, 15 faults from equipment related, etc. This is 
shown in Figure 6. 
 

Fig. 6: Failure root causes breakdown [27] 
 
      Figure 7 indicates the total customer interruptions 
due to network failures within the Taunus CNC, 
whereby defective equipment failure resulted in 149 492 
customer interruptions, 40 244 due to theft, 27 150 due 
to maintenance, 15 072 due to overhead power line 
problems, 14 664 due to fire/terrain conditions, and only 
28 626 customers were interrupted due to other faults in 
the network. 
 

Fig. 7: Total customer interruptions [27] 
 
The breakdown of the total customer interruptions in 

Figure 8 indicates that cable faults resulted in the 
highest number of customer interruptions of about 46 
980, followed by cable theft interrupting almost 32 157 
customers. 
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Fig. 8: Total customer interruptions breakdown [27] 
 
    Figure 9 indicates the total customer hours lost due to 
network failures within the Taunus CNC, whereby 
defective equipment failure resulted in 183 741 
customer hours lost, 17 481 hours lost due to 
maintenance, 17 145 hours lost due to overhead power 
line problems, and 14 213 due to unit equipment 
problem. 
 

Fig. 9: Total customer hours lost [27] 
 
    The breakdown of failures in Figure 10 indicates the 
customer hours lost, whereby, cable faults resulted in 85 
381 hours, 14 213 hours lost due to overloading, 27 683 
hours lost due to power transformer faults, 26 645 due 
to jumper faults, 20 059 hours lost due to mini-sub 
failures, etc.  
 

Fig. 10: Total customer hours lost breakdown [27] 

5.5. Factors contributing to poor reliability 

Figure 11 illustrates factors contributing to poor 
performance as a percentage. 
 

Fig. 11: Factors contributing to poor reliability [27] 

6 FINDINGS  

The case study results in Figure 3 indicate that the 
reliability performance within the Eskom-Taunus 
supply area was poor, since the number of hours was 
greater than two hours without power per year. Eskom -
Taunus network reliability performance results in Figure 
3 indicated a SAIDI of 15.7 hours in 2013 and this 
figure increased dramatically to 18.4 hours in 2015. The 
SAIFI average was 20.087 in 2013 and it dropped by 
6.67% to a figure of 18.747 in 2015. During 2014, both 
the SAIDI and SAIFI averages were very high 
compared with the other years.  

About 24% of the feeders within the Eskom -Taunus 
distribution network were overloaded. This is indicated 
by a red colour in Figure 2, while 19% of the feeders 
were about to reach the overloading level. The 
overloading was caused by illegal connections. 

 
The result indicates that the problematic network 

type was cable network, particularly the double end fed 
design with a normal open point having a remote 
terminal unit connected to it. In Table 2 the frog feeder 
is a cable network consisting of remote terminal units. 
Frog 11kV feeder was the worst performing feeder, 
causing a huge impact on both SAIDI (55.4%) and 
SAIFI (52.62%). 

 
The cause of interruptions were defective 

equipment, overhead power line problems, maintenance 
or construction related; fuse failure, unit equipment 
problems, vegetation, theft, weather, foreign objects, 
jumper disconnected and vandalism, as illustrated in 
Figure 4. 

 
     The results in Figure 10 indicated that defective 
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equipment contributed the most to poor reliability. 
About 39% of the total lack of reliability is due to 
defective equipment: failures on the jumpers, power 
transformers, cable, breaker/switchgears, circuit 
problems, and drop out expulsion fuse link problem.  
We also have the following defective equipment: 
insulators, isolators, line conductors (infrastructure), 
mini-subs, neutral earthing resistors or compensators 
and auxiliary transformer combinations, and 
towers/structures/ poles.  

 
Referring to Figures 4, 6 and 8, defective equipment 

gives the highest total number of  incidents amounting 
to 124, which, resulted in the highest total customer 
hours lost and interruptions of 183 741 and 149 492 
respectively. The main contributor was cable faults, 
amounting to 33 (Figure 5), which resulted in the 
highest total customer hours lost and interruptions of 46 
980 (Figure 7) and 85 381 (Figure 9) respectively; of 
which 35 157 out of 85 381 total customer interruptions 
were due to copper cable stolen. 

7 RELIABILITY IMPROVEMENT STRATEGIES 

According to [20] historical assessment approach is 
the only practical way of improving reliability of the 
power supply. Gathering information on what triggered 
interruptions to one or more customers is the key 
fundamental of a good reliability programme [21]. It is 
therefore possible for Eskom to improve reliability 
within MV distribution, since historical network data 
illustrating the factors affecting the reliability is 
available. This can be done by utilising Figure 12 
below, which illustrates the components which 
contribute to a reported SAIDI and SAIFI, within the 
MV feeder distribution network [9]. Figure 12 illustrates 
the overall factors that affect the MV distribution 
network.  

 

Fig. 12: SAIDI and SAIFI cause and effect diagram [9] 
 
This can be applied by electrical utilities to explain 

the various opportunities regarding network 
performance improvement. Although addressing these 

issues will come at a cost, it is still possible to maintain 
a stable power supply, even with low tariffs [1].  

The real issues Eskom needs to address are to reduce 
the number of faults, limit the impact of outages and the 
duration of outages, by applying capital, operational and 
maintenance interventions. The proposed or existing 
network can be designed to minimise all the above at 
optimal cost [4]. Table 3 below illustrates the capital, as 
well as the operational and maintenance interventions 
that can be applied to improve reliability.  

Table 3: Network reliability improvement strategies and 
interventions[4]. 

 
 
Firstly, the case study results indicate that defective 

equipment contributes 39% to poor reliability, and is the 
highest contributor. The main cause of defective 
equipment problems results from the lack of 
maintenance.  It has been stated that when the 
equipment is available for maintenance there is no 
funding to perform the maintenance.  Similarly, when 
the funding is available, the equipment is not accessible 
to perform the required maintenance. As a result, 
defective equipment could be minimised by improving 
the traditional outage based maintenance options for the 
future continuous monitoring and trending maintenance 
options [28]. The upgraded maintenance plan contains 
continuous monitoring and trending maintenance 
options per equipment type, and this is indicated in 
Table 4. 

 
Table 4: Continuous monitoring and trending options.
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Continuous monitoring and trending maintenance 
options can be achieved by using new technology such 
as point-connection temperature and partial discharge 
detection. The combination of new technology and the 
failure mode predictor parameters is able to tell when 
the equipment needs maintenance, what maintenance 
needs to be performed, if the equipment has a problem 
now, and give the action plan regarding that specific 
problem [28]. Again, one of the focuses of smart-grid is 
uptime and reliability, aiming to predict pending failure 
modes on electrical equipment. The smart grid system is 
able to give notification related to pending failure before 
it occurs, and to recommend an ongoing maintenance 
plan [28]. It is important for maintenance managers “to 
understand that the maintenance functions cannot 
operate on their own” [18]. To achieve positive results, 
maintenance personnel need to partake in the overall 
business production strategy [18]-[19].  Large 
companies could utilise almost 70% of the overall 
workforce [18]. 

 
Secondly, the reliability of the overhead MV 

distribution feeders can be improved and enhanced 
through the use of protection network devices and 
switches, such as isolating links, automatic 
sectionalisers and reclosers, transformer fuses, back-
feeding and network visibility [4]. 

 
    Thirdly, the case study results indicated that unit 
equipment problems were caused by overloading largely 
due to illegal connections. The strategy for electricity 
theft detection is called the power loss analytical 
framework, which uses transformer metering aiming at 
identifying, detecting and predicting power loss, by 
studying each customer database for possible electricity 
theft [13]-[14]. The system uses extreme learning 
machine, support vector machines and online sequential 
extreme learning machines to analyse the data for 
electrical utilities, taking into account the connection of 
such data with the time of the day, possible weather 
condition plus calendar event factors [13]-[14]. The 
issue of electricity theft can be minimised by applying a 
technical solution like tamper proof meters [13]-[14]. 
Again, network inspection and monitoring and 
sometimes restructuring power systems ownership and 
regulations can also work [15]. The Operation Khanyisa 
programme to solve electricity theft is progressing 
slowly, so Eskom can learn from the Georgia Power 
Sector [16]. 

  
     Fourthly, the solution to copper cable theft would be 
a recent strategy developed by [29], which is the use of 
copper bond composite cables which are difficult to cut 
and steal. Figure 13 illustrates the copper bond 
composite cables. 

 
 

Fig. 13: Copper bond composite cables [29] 
 
This conductor operates like a copper conductor, but 

its appearance is like a non-copper conductor, and it is 
suitable for both overhead and underground distribution 
networks [29]. Collaboration and leadership from all 
stakeholders involved is required. Monitoring the scrap 
metal industries for the possession of stolen cable would 
minimise the theft market, the trade of any second hand 
copper must be declared unlawful, other than centralised 
state owned copper recyclers. If that can be 
accomplished, the problem of cable theft will be 
resolved and, lastly, mainstreaming prevention actions 
throughout local safety strategies needs to be initiated, 
through education, youth services, community 
development and planning[17]. 

 
Lastly, fuse failures on an MV distribution network 

can be minimised by using fused servers.  The device is 
connected in series with a fuse to protect it from 
transient faults. Fuse severs have the capability to clear 
a fault in as little as a half-cycle, before the fuse melts, 
and then closes after a configuration dead time.   The 
smart fuse saver can also easily be integrated with the 
Remote Terminal Unit (RTU) to provide network 
visibility and events history of the spur line [30]. 

 

Fig. 14: The fuse server and fuse partnered on spur line 
[30]. 

 
However, it should be noted that the above 

recommendations cannot work alone. Eskom’s power 
sector needs to invest much in information technology 
(Supervisory control and data acquisition) and it is 
interesting that Eskom is taking an initiative to partake 
in a smart grid technology to improve reliability [1]-
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[12]. Only if these proposed solutions are implemented 
successfully will the reliability of power supply within 
Eskom improve.  

8 CONCLUSION  

The research objective was to identify, define, and 
quantify factors that lead to poor reliability of the 
distribution network.  From the findings alternative 
solutions were proposed and discussed, based on the 
findings of the study.  

 
The research findings within Eskom’s distribution 

network found that the reliability performance is poor, 
due to defective equipment failures, overhead power 
line problems, maintenance or construction related 
failures, fuse failures, unit equipment problems and 
cable theft. Defective equipment posed the highest risk, 
since it contributes 39%, overhead power line problem 
contributes 14%, only 14% for maintenance faults, 6% 
for theft, 7% for fuse failures, and unit equipment 
problem contributing 5% making a total of 85%. 

 
Several solutions were proposed to improve the 

reliability of Eskom’s distribution, including 
investments information technology systems, smart grid 
technologies, capital, operational and maintenance 
strategies and reliability improvement strategies for 
defective equipment, overhead power lines, fuses, unit 
equipment and cable theft.  All these items were 
discussed.  

 
By applying these mitigation strategies and focusing 

on limiting the entire 85% impact presented by failure 
root causes, power cuts can be reduced from 18.747 
hours to 2.75 hours. Meaning an 85% reliability 
improvement within Taunus’ distribution supply area in 
Eskom’s distribution. 
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1. INTRODUCTION 
 

A broken protective earth and neutral (PEN) conductor 
on low-voltage (LV) electricity distribution networks 
may lead to fatalities, injuries, loss of livestock or 
damage to infrastructure and property. A broken PEN 
conductor will have a varying degree of impact 
depending on the particular type of installation, the type 
of earthing system used, the location of the failure as well 
as the load. In most cases a PEN failure will result in an 
overvoltage condition for dual and three-phase systems 
and undervoltage for single-phase systems. This may also 
cause the exposed conductive parts (chassis) of 
appliances in the home to become live which may lead to 
a fire or electrocution when touched [1, 2]. 
 
This paper presents an overview of the standard earthing 
systems used in South Africa and the TN-C-S system 
applied in low-income and rural areas. The dangers of a 
broken PEN conductor are examined, practical limitations 
of the rural operating environment are discussed and two 
possible solutions are proposed. Similar to the work in 
[3], the first solution proposes the use of prepayment 
meters to act as an isolating contactor during under and 
overvoltage conditions. The second solution extends the 
concept by using smart-meters to provide LV network 
visibility to improve fault finding and reduce nuisance 
tripping by coordinating between other customers on the 
feeder and the transformer. Experimental results are 
shown with the practical considerations of each. 
 
2. EARTHING OF LOW-VOLTAGE 

DISTRIBUTION SYSTEMS IN SOUTH AFRICA 
 
The South African National Standard (SANS) 10292 
governs the earthing schemes of LV networks in South 
Africa, which advocates the application of either terra 
neutral combined-separate (TN-C-S) or terra neutral 
separate (TN-S) earthing systems [4]. Here, terra is the 
Latin word for earth. The first letter T indicates the type 
of earth connection at the transformer and the second 
letter N indicates the type of earth at the customer. The 
remaining letters denote the conductor arrangement.  

 
TN-S System 
The TN-S system uses two separate conductors for the 
protective earth (PE) and neutral (N) which are connected 
together and solidly earthed at the medium-voltage to 
low-voltage (MV/LV) transformer. Although widely 
implemented in South Africa the TN-S system is no 
longer used for electrification by the state utility Eskom 
due to the cost of having the additional PE conductor 
over long distances. Another disadvantage of this system 
is that a broken PE conductor may go unnoticed until an 
earth fault occurs, at which the earth protection will not 
operate. Fig. 1 shows the TN-S system for a single-phase 
customer connection from a three-phase feeder.   
 
TN-C-S System 
The TN-C-S system combines the PE and N conductors 
into a single protective earth and neutral (PEN) 
conductor. At the MV/LV transformer the single PEN 
conductor is connected to the LV neutral and is earthed 
with an earth electrode. At the customer’s point of 
connection, before the earth leakage protection, the PEN 
conductor is split into separate N and PE conductors. 
Fig. 2 shows a TN-C-S system with a single-phase 
customer connection from a three-phase feeder. For dual 
and single phase feeders the earthing topology will 
remain the same.  Eskom and many municipalities have 
standardised on the TN-C-S earthing scheme for all new 
electrification installations [5].  
 
3. THE CONSEQUENCES OF A LOSS OF THE PEN 

CONDUCTOR IN RURAL LV NETWORKS 
 

In 2015, 85.3% of households in South Africa had access 
to electricity of which about 12% (6.4 million) lived in 
rural areas [6]. This is the result of the South African 
government’s electrification programme for universal 
access to electricity that aims to provide electricity to 
even the remotest parts of the country [7]. As such, these 
rural areas are often sparsely populated as shown in 
Fig. 3. The typical rural distribution network topology for 
residential electrification consists of a three-phase 
medium voltage (MV) backbone feeder with dual-phase 
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MV spurs that branch off. These MV feeders can 
sometimes stretch for some hundred kilometres or more 
to reach deep-rural settlements. The LV network typically 
consists of single or dual-phase MV/LV transformers 
with bare-wire or aerial-bundled-conductor (ABC) 
overhead LV feeders. Single-phase airDAC (concentric) 
cables are used between the pole top and the customer’s 
point of supply. A depiction of a rural distribution 
network is shown in Fig. 4. Three-phase MV/LV 
transformers are not commonly used for the 
electrification of deep-rural settlements due to the very 
low housing density and as such, only single and dual 
phase LV systems will be assessed in this paper.  
 

MV/LV Transformer
Secondary Windings
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Customer
Installation
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Fig. 1: TN-S system: Single-phase customer connection 
from a three-phase feeder 
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Fig. 2: TN-S-C system: Single-phase customer con-
nection from a three-phase feeder 
 

 
Fig. 3: Example of a low population density, rural 
electrification installation with an overhead MV spur and 
single-phase LV feeder (near Tsolo, Eastern Cape, 
South Africa) 
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Fig. 4: Typical rural electrical distribution network for 
residential electrification 
 
The typical causes of a broken PEN conductor on rural 
LV distribution networks include vandalism, cable theft, 
illegal connections, a loose connection at the customer 
point of connection, a loose connection at the pole top, 
corrosion and mechanical wear of bare-wire and aerial- 
bundled-conductors with a bare PEN conductor and acts 
of nature such as weather and tree felling. 
 
Model of PEN conductor failure 
The PEN conductor failure of a single-phase connection 
can be modelled by the simplified circuit diagram in 
Fig. 5. The LV transformer winding is modelled by the 
AC voltage source     and the earth electrode at the 
transformer is given by the resistor     . The LV feeder 
impedance is not taken into account. At the customer 
installation the PEN conductor is split into separate 
neutral and earth conductors. The residual-current device 
(RCD), which is a type of earth-leakage circuit breaker, 
consists of two circuit breakers that are in series with the 
live and neutral conductors. The appliances are modelled 
by the single impedance    with the accompanying 
voltage difference   . The appliance impedance is 
enclosed by the earth potential. This represents the 
exposed conductive parts of the appliance that are bonded 
to earth through the PE and PEN conductors and the earth 
electrode at the transformer. The resistance     represents 
the incidental earth electrode that is created between the 
exposed conductive parts of appliances and earth. A 
geyser and a fridge standing on a damp floor are typical 
examples. A human touching the exposed conductive 
parts of an appliance is modelled by   . 
 
From Fig. 5 it is evident that when the PEN conductor is 
broken, bonding is lost and no conventional return path 
exists for the load current   . As such, the voltage    
across the appliances will be close to zero and the neutral 
conductor, the protective earth conductor and all the 
exposed conductive parts of any other appliance that is 
connected to a wall socket will be closed to the phase 
voltage (230 V) - even when turned off. If a person, 
represented by the impedance   , should touch an 
appliance 
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Fig. 5: PEN conductor failure model for a single-phase 
customer connection 
 
the person will provide an additional return path for the 
current via earth and could be electrocuted. In this case, 
the RCD will not operate since the live and neutral 
currents will remain balanced.  
 
The hazard is further impacted by the combined load 
impedance   . Should all appliances be turned off, the 
touch hazard will temporarily be removed. Conversely, if 
sufficiently low-impedance loads are turned on, a touch 
hazard is established. Using the current loop represented 
by   , the hazard voltage is calculated as follows: 
 

                    
 
Rural households in electrification projects are typically 
protected with 20 A main circuit breakers. By assuming a 
maximum load current of        , the minimum 
appliance impedance is          . The typical human 
touch impedance is approximated as          and the 
shunt incidental earth impedance         , which is 
substantially higher than the appliance impedance. For a 
transformer earth impedance      of 70 Ω [4, 5], it can 
be approximated that         .   
 
If the minimum current for a human fatality is 30 mA, the 
required load impedance to cause a fatality is   

    
   
  
               

  
     
     

            
         

that is equivalent to an appliance with a power rating of 
7.45 W.  
 
4. PRACTICAL CONSIDERATIONS AND 

POSSIBLE SOLUTIONS 
 
This section examines the existing solutions for 
mitigating the hazards associated with a broken PEN 
conductor in TN-C-S earthing systems. Building on these 
concepts, two additional solutions are proposed and 
practical considerations are provided. 
 
Protective multiple earthing 
According to British Standards (BS 7430:2011), which 
deals with the earthing of electrical installations in the 
United Kingdom, TN-C-S systems are required to use 
protective multiple earthing (PME). The PME system 

implements multiple earths along the PEN conductor 
which ensures that, should the PEN conductor become an 
open-circuit, any exposed conductive parts will remain 
close to the earth potential through a combined 
distributed earth. Generally the PME system requires an 
earth electrode at each customer’s point of supply. 
Although SANS 10292 does not require PME, many 
municipalities have opted to use this scheme where 
customers are supplied by underground feeders. Where 
lightning protection systems (LPS) are installed, the 
South African standard for the protection against 
lightning, SANS 62305-4 [8], requires a suitable earth-
termination system and bonding network at the customer 
installation. This requires that the PE conductor of the 
electrical installation be bonded to the earth-termination 
system of the LPS. For PME to be effective, the 
combined earth impedance on the feeder downstream of 
the fault location should be low enough to limit the 
voltage rise of the open PEN conductor. 
 
This system, however, is not effective for rural 
electrification for a number of reasons. 1) Rural areas 
typically have a low population density, which may not 
provide sufficient combined earth impedance for a 
particular feeder. 2) South Africa is geographically 
diverse with often poor soil conductivity that varies 
greatly between regions and seasons. This could lead to a 
situation where the distributed earth impedance is not low 
enough to limit the neutral voltage rise, but sufficient to 
allow electrocution. 3) Earth conductors are considered 
‘easy targets’ by criminals and are often stolen after 
installation, making the PME system unreliable. 4) If 
sufficient earth impedance should exist, customers may 
continue to use the compromised supply without 
reporting it – especially when the primary loads are LED 
lights and electronic appliances with low consumption 
that can accept a wide input-voltage range. For a 20 A 
main circuit breaker to operate, a return-path impedance 
of less than        is required. However, the Eskom 
Distribution Standard for earthing [5] specifies that an 
LV earth impedance at the transformer may vary between 
     and      , depending on the MV voltage and 
protection setting. It can therefore not be guaranteed that 
the return path via earth will provide sufficiently low 
impedance for the customer’s circuit breaker to operate if 
they continue to use the compromised supply.  
 
Phase-to-neutral voltage monitoring 
In [1] it is recommended that an electronic circuit breaker 
configuration be used that monitors the phase-to-neutral 
voltage and operates during overvoltage conditions. In 
addition, such a circuit breaker should estimate the 
neutral point voltage shift for three-phase systems and 
operate if the neutral point voltage rises above a certain 
threshold. This solution provides a cost-effective way to 
mitigate the risk of neutral voltage rise in dual and three-
phase systems, but not single-phase systems. In the case 
of single-phase systems, the live-to-neutral potential will 
experience an undervoltage rather than an overvoltage.  
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PEN-to-earth voltage monitoring 
It is further argued in [1] that a device that monitors the 
voltage between the PEN conductor and earth would 
provide better protection. SANS 10142-1 [9] requires that 
the suppler be notified when the neutral voltage exceeds 
25 V and the installation be disconnected when it exceeds 
50 V. Although the author does not elaborate on any 
functional details, it is assumed that such a device will 
use a dedicated, non-current-carrying earth electrode as 
the measurement reference to earth. This solution is not 
ideal for rural electrification due to the fact that the 
integrity of any earth electrode cannot be guaranteed. 
 
Alternative 1: Prepayment meter as a protection device 
The rural electrification installations are typically fitted 
with an electricity control unit (ECU), a type of electronic 
prepayment meter that is installed in the home and that 
includes an RCD and a 20 A circuit breaker. No 
additional distribution board is installed and wall outlets 
and lights are directly supplied from the ECU. Due to 
meter tampering and electricity theft, Eskom has moved 
to implement split meters in many new installations. 
These meters consist of a metering unit that is placed at 
the pole top outside of the customer installation and a 
customer interface unit (CIU) that is placed inside the 
home. A dedicated pilot wire, wireless ZigBee or power-
line carrier (PLC) technology is typically used to 
communicate between the two units. 
 
Both types of meters typically have a microcontroller, 
user interface, a relay or contactor to disconnect the live 
conductor when the credit is depleted, an analogue front-
end to measure the live-to-neutral voltage and current, 
and non-volatile memory to store consumption and user 
credit. This provides most of the hardware that is needed 
to implement protection against PEN conductor failures. 
 
By replacing the existing contactor in the meter with a 
dual-pole contactor or adding an additional single-pole 
contactor and changing the firmware, the meter can be 
programmed to act as a voltage-window comparator and 
circuit breaker that is able to disconnect both the live and 
PEN conductors. The circuit diagram is shown in  Fig. 6 
and is similar to the solution proposed in [3]. This will 
allow the meter to completely isolate the customer during 
hazardous conditions.  
 
In single-phase systems an undervoltage will be present 
during a PEN conductor failure whereas with dual-phase 
systems an under or overvoltage, up to the line-to-line 
voltage of 460 V, may occur. The South African standard 
for quality of supply [10] specifies a maximum voltage 
deviation of ±10% from the nominal 230 V under normal 
conditions. To limit nuisance tripping, a voltage window 
greater than the specified ±10% can be chosen. Upon 
detection of a fault condition the meter will completely 
isolate the customer and indicate on the user interface the 
reason for the action. A turn-on-delay timer with 
hysteresis and time-out can be programmed to mitigate 
turn-on chatter. 
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 Fig. 6: PEN conductor failure model for a single-phase 
customer connection with the proposed protection 
 
With ECUs the customer point of connection (CPoC) is 
terminated into a standard common base, defined by 
SANS 1524-1-1 [11], which effectively forms the back 
part of the meter enclosure. The meter is mounted onto 
this common base through a plug-in mechanism to allow 
easy replacement without having to touch any wiring. 
The PEN conductor is split into separate PE and N 
conductors inside this common base just prior to the plug-
in terminals for the meter. The proposed solution would 
require a revision of the common base with the option to 
separate the PEN conductor on the load side, rather than 
on the supply side, of the meter plug-in terminals. 
 
With split meters the PEN conductor is separated after the 
meter at the CPoC. The meter will typically disconnect 
the customer when communication to the CIU is lost and 
retry after a few minutes. If a number of retries fail, the 
meter contactor will typically remain open until a utility 
field services team is dispatched to investigate. In the 
event that the PEN conductor fails between the meter and 
the CPoC, communication to the CIU will be lost and the 
meter will disconnect the customer and remove the 
hazard. 
 
Alternative 2: Smart meters as a protection device 
This solution proposes the use of smart meters to provide 
additional network visibility, automated fault reporting 
and avoid nuisance tripping. It has been proposed that 
PEN conductor failure can be detected by an over or 
undervoltage condition between the live and neutral 
conductors at the meter. However other factors, such as 
transformer overloading, may also present as an 
undervoltage which may lead to nuisance tripping. 
 
A new generation of so-called “smart meters” typically 
consist of the same basic elements as conventional pre-
payment meters, but with added communications to the 
power utility. Communication is typically established via 
a GPRS, ZigBee, power-line carrier (PLC) or some other 
RF modem. This allows the utility, amongst other things, 
to implement time-based tariffs and provide LV network 
visibility. 
 
Using the network visibility data, the utility can 
automatically report faults and avoid nuisance tripping by 
communicating with the meter and adjusting the detection 
parameters as the network average conditions change. For 
example, when a feeder is overloaded the undervoltage 
threshold can be lowered to avoid nuisance tripping. 
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5. EXPERIMENTAL EVALUATION 
 
A laboratory model of an LV feeder was built to 
experimentally evaluate the proposed solutions in the 
previous section. The experimental setup included a 1:1 
isolation transformer to simulate the MV/LV transformer 
in rural networks with the option of a single or dual-phase 
secondary side. Three distribution boards with prototype 
e-meters and connected loads were used to simulate three 
typical rural customer installations.  
 
Phase voltage monitoring with voltage monitoring relay 
The first solution, presented in Section 4, is 
experimentally evaluated using a voltage monitoring 
relay and contactor to simulate the proposed meter action. 
The voltage monitoring relay is capable of measuring 
230V ± 25%. Additional features of the relay include 
start and recovery delays of up to 3 minutes.  
 
Experiment 1: Single phase systems 
Fig. 7 shows the experimental setup for a single-phase 
feeder with one customer connection.  A kettle with a 
     load impedance and a metallic chassis was used as 
the appliance.  
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Fig. 7: Diagram of the single-phase experimental setup 
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Fig. 8: Diagram of the dual-phase experimental setup 
 

The experimental results of a PEN conductor failure and 
subsequent protection are shown in Fig. 9. During Stage 
1, the PEN conductor is intact and the load is switched 
on. No touch voltage     is observed. At Stage 2 the PEN 
conductor becomes an open circuit,    falls away and a 
hazardous touch voltage          is observed. During 
Stage 3 the protection relay opens the meter contactor and 
the hazardous touch voltage is cleared. This shows that 
by disconnecting both the live and PEN conductors inside 
the meter a customer installation can be made safe during 
a PEN conductor failure.  
 
Experiment 2: Dual-phase systems 
Fig. 8 shows the experimental setup of a dual-phase 
feeder with a single customer connection at each phase. 
When the PEN conductor becomes an open circuit, a 
phase-to-neutral voltage unbalance may occur that could 
lead to a voltage as high as the dual-phase line-to-line 
voltage of 460 V or as low as 0 V. The appliance load     
is 27 Ω and     is 44 Ω. The experimental results are 
shown in Fig. 10. Initially, during Stage 1, the PEN 
conductor is intact and both     and     is nominal. In 
Stage 2, the PEN conductor becomes an open circuit,     
experiences an undervoltage of 174 V and     an 
overvoltage of 
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Fig. 9: Appliance voltage (Top) and hazard voltage 
(Bottom) 
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Fig. 10: Voltages for appliances 1 and 2 in dual phase 
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286 V. At Stage 3, the meter contactors are opened and 
both customer installations are made safe. The reaction 
time (Stage 2) was extended in the test to better show the 
unbalance. 
 
Evaluation of smart meters as protective devices 
E-meter evaluation modules from Texas Instruments 
(EVM430-F6779) with add-on ZigBee modems were 
used to experimentally evaluate the proposed smart-meter 
concept. A smart meter was installed at each customer 
installation and set up to measure the live-to-neutral 
voltage, neutral-to-ground voltage and live current. The 
meter’s analogue front-end for the voltage measurement 
was altered to allow measurements up to the line-to-line 
voltage of a dual phase system (460V). A meter was also 
installed at the LV transformer to measure the line-to-
neutral voltages and phase currents. One-minute 
measurement averages were communicated between the 
transformer and the customer meters. 
 
The experimental data showed that measurements at the 
transformer can be successfully aggregated to the 
respective meters on each phase. However, it was 
impractical for meters to request measurement data from 
the transformer in real-time during a fault detection. The 
time delay or absence of a communication response could 
cause the hazardous condition to persist. Instead, a more 
practical solution was to aggregate one-minute averages 
when a pre-set voltage window is exceeded. In the event 
that no communication exists, the meter continues to use 
the last known nominal voltage it received. This shows 
that smart meters can be used to reduce nuisance tripping 
by coordinating with the measurements at the LV 
transformer. 
 
6. CONCLUSIONS 
 
This paper presented an overview of the TN-C-S earthing 
system that is used for the electrification of rural areas in 
South Africa. It was shown that a loss of the PEN 
conductor may lead to under or overvoltage conditions in 
three and dual-phase systems and undervoltage 
conditions in single-phase systems. It was further shown 
that any exposed conductive parts of appliances that is 
plugged into a wall socket, regardless if the socket is 
turned off, may have a hazardous voltage that could lead 
to electrocution if touched. 
 
The use of PME to minimize the hazards related to PEN 
conductor failure were discussed. Due to environmental 
and social factors, PME could not be relied on to protect 
customers in sparsely populated rural settlements. Other 
existing solutions in literature include the use of special 
circuit breakers that operate during overvoltage 
conditions and devices that monitor the neutral voltage 
with respect to a non-current carrying earth electrode. 
The existing solutions were adapted and a solution was 
proposed where a voltage monitoring relay and a two-
pole contactor is used to isolated both the live and PEN 
conductors. It was shown through experimental results 

that such a configuration is effective by isolating the 
customer’s protective earth from the hazardous PEN 
conductor voltage on the supply side at the customer 
point of connection. 
 
All rural installations are supplied with electronic 
prepayment meters and it was shown that these meters 
already contain most of the hardware that is needed to 
implement the proposed protection without having to 
install a dedicated protection relay and contactor. The 
concept was further extended to include smart meters. By 
remotely adjusting the voltage monitoring levels of the 
meter for individual feeder conditions, nuisance tripping 
can be minimized. In addition, faults at the customer can 
be classified and automatically reported to the utility field 
services teams to reduce the response time. 
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Abstract: In recent years municipalities were incentivised by government to become more energy 
efficient through grants.  When considering different energy efficiency interventions, lighting retrofits 
is seen as low hanging fruit, therefore the majority of these municipalities applied the grants to 
retrofit/replace large quantities of the existing old technology streetlights with more energy efficient 
streetlight technology - mostly LED light fixtures. Generally the harmonics generated by the 
traditional lighting technologies are low, however, the power electronic controllers and drivers used 
in LED lighting technology, have the potential to add significant harmonics to the grid. This study 
entails the following: gathering measurement data from both traditional and new technology light 
fixtures, developing and implementing software to analyse the gathered data, and performing case 
studies to illustrate the effect of the harmonics on the grid, with special emphasis on the neutral 
conductor.  The results show that the LED streetlights which were tested during the study, show 
significant reduction in real power consumption and generated lower harmonics compared to the old 
technology streetlights.  This also resulted in a lower neutral current when the LED streetlights are 
connected in a three-phase configuration.  
 
 
Key words: Electric lighting, Energy Efficient Technology, Neutral Current, Harmonics. 
 
 
 

1. INTRODUCTION 

Since the 2009/10 financial year, municipalities were 
incentivised by government to become more energy 
efficient through the South African Municipal Energy 
Efficiency Demand Side Management (EEDSM) grant 
[1]. The majority of the municipalities that received the 
grant applied it to retrofit/replace the existing old 
technology streetlights, e.g. high-intensity discharge 
(HID) light fixtures, with more energy efficient streetlight 
technology, e.g. LED light fixtures. Public lighting 
retrofits are seen as an easy to implement starting point 
for interventions across all municipalities. Generally the 
harmonics generated by the traditional lighting 
technologies are low, however the power electronic 
controllers and drivers used in LED lighting technology 
have the potential to add significant harmonics to the grid 
[2] [3].  

The supply current harmonic distortion associated with 
each type of streetlight must be investigated. In a 
balanced three-phase system, the phase currents cancel 
out to produce an ideal neutral current of zero. When 
non-linear loads, such as LED streetlights, are placed on 
the grid, the phase currents tend to not cancel out. Rather, 
they add, causing harmonic currents to flow in the neutral 
wire of the power system. The neutral current causes 
loading, and therefore heating, of the neutral wire. The 
study therefore investigates the harmonics of different 
lighting technologies, focusing on the harmonics created 
by LED streetlights, in order to determine whether these 

streetlights will cause severe problems on the electrical 
network.  

This study aims to give insight into the loading effects on 
the neutral wire of the power system, by focusing on 
these key steps: 
• Investigate the different streetlight technologies that 

are currently in use. 
• Gather practical measurement data from both 

traditional and new technology light fixtures, by 
means of a measurement setup in the laboratory. 

• Develop and implement a software application to 
conveniently analyse the data that is gathered from 
each type of streetlight.  

• Perform case studies to illustrate the effect of the 
harmonics on the grid, with special emphasis on the 
neutral conductor. 

2. LITERATURE OVERVIEW 

2.1 Lighting Technologies 

Various lighting technologies are used for street lighting 
in local municipalities. The older technologies include 
mercury vapour (MV), metal halide (MH), high pressure 
sodium (HPS), and compact fluorescent (CFL) lamps. 
MV, MH and HPS lamps are all different varieties of 
HID light fixtures, and will form a key part of this study. 
HID lamps are lamps which produce light by forming an 
electric arc between electrodes in an arc tube. The arc is 
sent through an ionised gas, which is contained in the arc 
tube. CFLs are less commonly used for streetlights in 
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local municipalities, but will also be investigated for 
completeness.  

New technologies include induction and light emitting 
diode (LED) lamps. Both of these technologies will be 
investigated, and particular attention will be given to 
LED lamps, since the power electronics associated with 
LED lamps, may cause significant harmonics on the grid. 

2.2 Demand-side Management 

The South African Municipal EEDSM programme was 
launched in 2009/2010 by the South African National 
Government as a strategy to save energy. The programme 
takes the form of a grant that is supplied to municipalities 
in order to help them improve energy efficiency across 
the municipality. This includes implementing energy 
efficiency measures in public lighting as well as in water 
and sewage infrastructure. During the financial period 
from 2009/2010 to 2014/2015, 459 172 streetlights were 
retrofitted by participating municipalities [4]. 

2.3 Power Supply Quality and Harmonics 

Harmonics in an electrical power system may adversely 
affect power supply quality. When a voltage is applied to 
a linear load, such as an incandescent lamp or resistance 
heater, the current flowing through the load will have the 
same waveform as the applied voltage, and the voltage 
and current sinusoids will be proportional. Harmonics, 
however, are caused in electrical power systems by non-
linear loads. A non-linear load draws a non-sinusoidal 
current from a sinusoidal voltage source. 

Examples of non-linear loads that generate harmonics on 
an electrical power system are [4]: 

• Inverters 
• DC converters 
• Switch-mode power supplies 
• AC and DC motor drives 
• Static VAR compensators 
• Electric arc furnaces 

Furthermore, harmonics are also generated by 
transformers and generators. In a transformer, harmonics 
can be caused by the iron core. The magnetic 
characteristics of the iron core become non-linear as the 
core saturates from increased flux density. This is 
described by a non-linear hysteresis curve. Because of 
this, the excitation current for the transformer is not 
sinusoidal. Harmonics may be produced by a generator 
because of magnetic flux distortions at the stator slots and 
non-sinusoidal flux distribution across the air gap [5]. 

The power electronic controllers and drivers used in LED 
lighting technology have the potential to add significant 
harmonics to the grid. An LED driver is needed to 
convert the incoming AC to a suitable DC level to drive 
the LED lamp. The AC must therefore be rectified and 
stabilised by a capacitor. The operation of the rectifier 
circuit is non-linear. For example, in the case of a full-
bridge rectifier the capacitor is charged, during one half-
cycle, to the peak value of the supply voltage. Between 
voltage peaks, the capacitor discharges to support the 

load which the circuit is driving. During the following 
half-cycle, the capacitor is charged up again and the 
process repeats. This charge-discharge process is 
therefore repeated twice per cycle. The driver circuit 
draws current from the utility in abrupt non-sinusoidal 
pulses, and this distorted current waveform contains 
harmonics [6] [7]. 

Harmonics in electrical distribution systems can lead to 
various problems [8] [5]: 

• Distortion of voltage and current sinusoids. 
• Heating of conductors and transformer windings due 

to the skin effect.  
• Equipment overheating. 
• Heating of neutral conductors due to high currents 

flowing in the neutral conductors. 
• Reduced power factor. 
• Malfunction of electrical equipment and protection 

relays. 
• Interference with communication circuits. 

The heating of conductors and transformer windings due 
to the skin effect can be explained as follows: 

Harmonic currents have frequencies that are multiples of, 
and therefore higher, than the fundamental frequency. 
These higher frequency currents only flow close to the 
surface of the conductor. This results in the cross-
sectional area through which the currents flow being 
much smaller than the cross-sectional area of the 
conductor itself. Higher resistance is therefore 
encountered by these harmonic currents, and this leads to 
heating of the conductor.  

In order to get a full understanding of the problems that 
may arise in an electrical power system due to harmonics, 
it is necessary to look at how specific harmonics 
contribute to the problem. As previously explained, 
harmonics are classified by their harmonic order (e.g. 
2nd, 3rd) and frequency. They are also classified by their 
sequence. C.L. Fortescue developed a linear 
transformation whereby phase components of a power 
system can be transformed to a new set of components 
known as symmetrical components [9]. The equivalent 
circuits for the symmetrical components are known as 
sequence networks and can be used to uncouple a three-
phase system into three separate networks. The three-
phase voltages can be resolved into three sets of sequence 
components, known as positive-, negative- and zero-
sequence components.  

Table 1: Sequences of Harmonics in a Three-Phase 
Power System [10] 

Sequences of Harmonics in a Three-Phase Power System 
Positive Negative Zero 
1 2 3 
4 5 6 
7 8 9 
10 11 12 
13 14 15 

 
A relationship exists between harmonics and symmetrical 
components. Harmonics can also be classified as being 
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either positive-, negative- or zero-sequence. The 
sequences of harmonics are summarised in Table 1. The 
pattern noticed in the table can be extended to include as 
much harmonics as desired. 

The harmonic sequence refers to the phasor rotation of 
the harmonics. This rotation is observed with respect to 
the fundamental waveform. Positive-sequence harmonic 
phasors rotate in the same direction as the fundamental 
frequency. Negative-sequence harmonic phasors rotate in 
the reverse direction of the fundamental frequency, 
whereas zero-sequence harmonic phasors do not rotate 
and are in phase with each other. The particular problems 
caused by harmonics may be related to their sequence. 
Positive sequence harmonics cause overheating of 
conductors and transformers due to addition of 
waveforms. Negative sequence harmonics circulate 
between phases, because their phasor rotation is opposite 
to the rotation of the fundamental frequency.  This results 
in the weakening of the rotating magnetic field in 
electrical motors, causing the motors to produce less 
mechanical torque. 

Harmonics that are odd multiples of the number three, 
such as the 3rd, 9th, 15th etc. are known as triplen 
harmonics. All of the triplen harmonics are also classified 
as zero-sequence harmonics. Positive- and negative-
sequence harmonics cancel out each other in a balanced 
three-phase system, where the fundamental frequency 
current in the three phases is spaced apart by 120°. The 
triplen harmonics, however, do not. The triplen harmonic 
currents end up in phase with each other, and instead of 
cancelling out, they add up arithmetically in the neutral 
conductor current. The undesired result is that the neutral 
current can be up to three times as large as the amplitude 
of the phase current. This may severely overheat the 
neutral conductor [11].   

Two mitigation techniques are usually followed to reduce 
conductor and equipment overheating due to harmonic 
currents.  One technique is to use system components that 
can handle the harmonics without being damaged, and the 
second method is to implement harmonic filtering. 

Larger conductors may be used to reduce heating due to 
the previously explained skin effect. This larger 
conductor surface area can be attained by using finely 
stranded conductors. The issue of high neutral currents 
can be addressed by increasing the neutral conductor 
ampacity. K-factor transformers are also useful when 
harmonic currents are present. These special transformers 
have stranded windings to reduce skin effect heating, they 
use special core designs to reduce transformer saturation, 
and they are typically fitted with a 200% rated neutral 
bus. 

Instead of resizing conductors to address the heating 
problem, harmonic filters can be added to the system 
design. An inductance in series with a capacitor can be 
used to construct a filter that will attenuate the unwanted 
harmonic [5]. 

3. MEASUREMENT METHODOLOGY AND SETUP 

3.1 Overview 

This chapter discusses the method by which the different 
lighting technologies are measured in the laboratory. The 
laboratory measurement setup is discussed, along with 
the measuring equipment and devices. 

3.2 Hardware Used 

The following measurement equipment and devices were 
used in the measurement setup: 
• Tektronix P3010 voltage probe – used to measure 

supply voltage waveform. 
• Tektronix TCP 202 current probe – used to measure 

supply current waveform. 
• Tektronix TDS3014B Digital Oscilloscope – used to 

record voltage and current waveforms. 
• Yokogawa 2533 Digital Power Meter – used to 

record power usage characteristics of each lamp. 
• CTLab ImpedoGraph – used to perform harmonic 

analysis of voltage and current waveforms. 

The ImpedoGraph is a Power Quality Recorder 
developed by CTLab in Stellenbosch, South Africa. This 
device is able to measure harmonic content of a 
waveform up to the 64th harmonic. The result of this is 
used to verify the results obtained by the developed 
MATLAB software. 

3.3 Hardware Setup 

The laboratory measurement of the different lighting 
technologies is performed using three different meters. 
Due to the limited availability of light fixtures, a single-
phase measurement topology is used in this investigation.  
The test topology is shown in Figure 1. The respective 
measurements are conducted using the following 
instrumentation: 

• V1 voltage measurement: Yokogawa 2533 Digital 
Power Meter and ImpedoGraph. 

• A1 current measurement: Yokogawa 2533 Digital 
Power Meter and ImpedoGraph. 

• V2 voltage measurement: Tektronix TDS3014B 
digital oscilloscope and Tektronix P3010 voltage 
probe. 

• A2 current measurement: Tektronix TDS3014B 
digital oscilloscope and Tektronix TCP 202 current 
probe. 
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Figure 1: Laboratory test topology 
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The oscilloscope is interfaced to a computer via an 
Ethernet cable, and the ImpedoGraph is interfaced to the 
computer via a RS232-to-USB converter. The 
information that is provided by these two meters, is 
processed, and stored on the computer.  

3.4 Measuring Procedure 

The different lights are each energised with a 230 V root 
mean square (RMS) supply voltage. In the case of a 
mercury vapour lamp, it can take up to 7 minutes for the 
main arc to form between the two main electrodes. For 
this reason, and as part of a uniform measuring 
procedure, each lamp is allowed 10 minutes to stabilise 
after switch-on, before any measurements are recorded. 
The Yokogawa 2533 Digital Power Meter records the 
RMS current and supply voltage, active power, reactive 
power, apparent power and the power factor of each 
lamp. The Tektronix TDS3014B oscilloscope records the 
current and voltage waveforms for each lamp. The 
oscilloscope waveforms are sampled and processed with 
MATLAB software in order to perform the harmonic 
analysis on the supply voltage and current. The 
ImpedoGraph records the supply voltage and current 
waveforms and determines the harmonic content of these 
waveforms.  

4. SOFTWARE DEVELOPMENT 

A MATLAB software application was developed and 
used to post-process the data obtained from the laboratory 
measurements. The software is conveniently packaged in 
an application with a graphical user interface (GUI) that 
allows the user to perform analysis on any lamp or 
electrical device.   

The overall aim of the software application development 
is to simplify and automate the post-processing of 
measurement data. To reach this aim, the following 
specifications were set: 

• Easy upload of measurement data – voltage and 
current waveforms must be uploaded in excel format. 

• Automatic calculation and display of the following 
values: RMS voltage and RMS current, voltage THD 
and current THD, real power, reactive power, 
apparent power and power factor. 

• Automatic display of voltage and current waveforms, 
and calculation and display of current harmonic 
spectrum (for N = 25 or N = 64). 

• Automatic generation and display of simulated three-
phase currents and simulated neutral current. 

5. MEASUREMENT RESULTS 

5.1 Overview 

This chapter presents the key results of the laboratory 
tests performed on several different light fixtures. Initial 
measurements were performed on low wattage household 
LED lights. These lights were measured to reaffirm the 
high levels of harmonics produced by LEDs. The 

remainder of the tests are performed on commonly used 
streetlight technologies. 

Furthermore, a case study is performed on two 
hypothetical distribution feeders within a municipal 
electrical network.  The case studies are performed using 
the measurements results as obtained in this study. The 
choice of light fixtures used as retrofits are based on 
actual retrofits performed by a municipality in the 
Western Cape.  

5.2 Results 

Only a single fixture of each type was measured in the 
laboratory, i.e. phase A, therefore the remaining phase 
currents, i.e. phase B and phase C, were mathematically 
simulated by phase-displacing each phase relative to 
phase A. The simulated neutral current is then obtained 
by taking the sum of the phase A, phase B and phase C 
currents. The supply voltage remained constant 
throughout the tests and exhibited a very low average 
THD of 2.061%, therefore no further mention of the 
voltage waveform harmonics and THD will be made. 

Table 2 presents a summary of the key results of all the 
light fixtures measured as part of the study.  

Table 2: Key light fixture measurement results 
Type of 
Lamp 

Lamp Model Measured 
Real 
Power[W] 

Current 
THD 
[%] 

 
[%] 

LED A: GU10 LED 5 W 4.99 114.90 163.00 
LED B: T8 LED 8 W 10.71 18.21 82.04 
LED C: G647 LED 18 W 18.36 11.34 51.44 
MV D: MV 125 W 129.7 15.30 39.17 
MV E: MV 250 W 296.9 25.88 47.53 
MH F: MH 400 W 412.9 30.64 50.05 
HPS G: HPS 250 W 269.6 27.49 47.70 
HPS H: HPS 150 W 173.2 33.92 60.11 
HPS I: HPS 70 W 83.81 33.42 62.13 
CFL  J: CFL 85 W 75.09 161.60 172.70 
Induction K: Induct 150 W 152.3 6.96 21.11 
LED L: LED PT 37 W 39.68 8.23 25.50 
LED M: LED 36 W 40.82 8.28 26.51 
LED N: LED 76 W 80.57 12.80 36.04 
LED O: LED 108 W 114.6 10.57 28.88 
LED P: LED 144 W 143.2 9.29 26.30 

 

From Table 2 it is clear that the low wattage LED light 
fixtures have relatively high current THD values ranging 
from 11.3 % to as high as 114.9 %, resulting in high 
neutral to phase current ratios, confirming that the drivers 
of the LED light fixtures have the potential to generate 
significant harmonics on the power system. This is 
however not the case for the high wattage LED light 
fixtures with current THD values ranging from about 
8.2% to 12.8%.  This is considerably lower than the 
current THD values of the traditional HID streetlight 
fixtures, with values ranging from 15.3% to 33.9%.  This 
also results in lower neutral to phase current ratios. 

Figure 2 and Figure 3 show the three-phase current of a 
single fixture per phase of the 250W HPS and 108 W 
LED, respectively. Figure 4 shows the single phase 
current harmonic spectrum of the respective light fixtures 
up to the 25th harmonic and Figure 5 shows the neutral 
current of the respective fixtures.   
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Figure 2: Three-phase currents for 250 W HPS streetlight 

fixture 

 
Figure 3: Three-phase currents for 108 W LED streetlight 

fixture 

 
Figure 4: Current harmonic spectrum of the 250 W HPS 

and 108 W LED streetlight fixtures 

 
Figure 5: Neutral current for the 250 W HPS and 108 W 

LED streetlight fixtures  

Figure 6 and Figure 7 show the three-phase current of a 
single fixture per phase of the 400 W MH and 144 W 
LED, respectively. Figure 8 shows the single phase 
current harmonic spectrum of the respective light fixtures 
up to the 25th harmonic and Figure 9 shows the neutral 
current of the respective fixtures.  

From the three-phase current figures it is clear that the 
current waveforms of the LED light fixtures are much 
closer to an ideal sinusoidal waveform, therefore there are 
fewer and lower harmonics present in the harmonic 

spectrum. This also results in the LED light fixtures 
having a lower neutral current compared to the retrofitted 
HID light fixture. 

 
Figure 6: Three-phase currents for 400 W MH streetlight 

fixture 

 
Figure 7: Three-phase currents for 144 W LED streetlight 

fixture 

 
Figure 8: Current harmonic spectrum of the 400W MH 

and 144 W LED streetlight fixtures 

 
Figure 9: Neutral current for the 400 W MH and 144 W 

LED streetlight fixtures 

The remainder of this section presents the results of the 
two case studies conducted as part of the study. The first 
case study assumes a one-to-one retrofit of 90 250 W 
HPS fixtures replaced by 108 W LED fixtures, and the 
second case study assumes a one-to-one retrofit of 
90 400 W MH light fixtures with 144 W LED fixtures.  In 
both cases the fixtures are distributed evenly over the 
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three phases. Table 3 presents the real power and RMS 
neutral current result of the case studies. 

Table 3: Case study results 
Case 
study 
 

Light fixture 
 

Real 
power 
(kW) 

RMS 
neutral 
current 

(A) 

1 Original: 90x 250W HPS 24.3 19.3 
Retrofit: 90x 108W LED 10.3 4.4 

2 Original: 90x 400W MH 37.2 29.0 
Retrofit: 90x 144W LED 12.9 5.0 

 

The results of Case Study 1 showed a 57.6% reduction in 
real power consumption and a 77.2% reduction in RMS 
neutral current. This was similar for Case Study 2, with a 
65.3% reduction in real power consumption and an 
82.8% reduction in RMS neutral current. 

6. CONCLUSIONS AND RECOMMENDATIONS 

Several different lighting technologies were tested in the 
laboratory to investigate the harmonics and power 
characteristics of all the different types of lamps. The 
literature study concluded that the power electronic 
controllers and drivers used in LED lighting technology 
have the potential to add significant harmonics to the 
grid. This was confirmed through the results obtained 
from the tests performed on the low wattage household 
LED lights. 

It was therefore expected that the higher wattage LED 
streetlights would add significant harmonics to the grid. 
The measurement results and case studies proved that this 
was not the case. The LED streetlights yielded significant 
energy savings compared to the light fixtures it replaced, 
and generated significantly lower harmonics. The 
superior performance of the LED streetlights could 
possibly be attributed to the use of sophisticated LED 
drivers, which are designed specifically to compensate 
for harmonic distortion. 

It must be noted that all the LED streetlights that were 
tested, were made by the same manufacturer. In future 
studies, it is recommended that LED streetlights from 
different manufacturers be tested, to confirm that the 
results of this study are also true for a wider sample set. 
Throughout the study the results obtained by the 
developed software application was qualified by 
measuring devices. The developed software application is 
therefore suitable for re-use in future studies. 
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Abstract: Analytical magnetic field calculations are often used in the electrical machine design and
analysis. Since the solutions presented are generally in form of Fourier series without error estimation,
the numeric convergence and accuracy are not always guaranteed. In many cases higher number of
harmonic terms are required to obtain a satisfactory result and in some situations the solution may still
become divergent. In this paper an alternative analytical solution technique is proposed, which shows
both good convergence performance and accuracy. To validate the proposed solution technique some
examples are considered and the results compared with the finite element method.

Key words: Analytical field solution, Fourier series, Fourier transform, Magnetic fields.

1. INTRODUCTION

Magnetic field analysis has been widely used in the design
and analysis of electromagnetic devices such as electrical
machines, transformers, actuators, magnetic gears and
couplers, etc. [1–3]. For accurate field solution different
methods can be used to numerically or analytically solve
the governing Maxwell equations. The most popular
numerical method is the finite element method (FEM),
which is known to give accurate results. However, FEM
calculation is computationally expensive, especially when
it is incorporated in a design optimization [4, 5]. For
such situation analytical methods are sometimes preferred
alternatives [6].

There is numerous work on the exact solution of the vector
potential formulation of magneto-static problems [1, 6], in
which the solutions presented are in form of Fourier series
without error estimation. In many cases higher number of
harmonic terms are required to obtain a satisfactory result
[7] and in some situations the solution may experience
convergence issues [8]. For the sake of clarity, let’s
consider for instance the magnetization vector function M
shown in Figure 1.

M
x

yO

Br/µ0

(a)

Figure 1: Magnetization vector

Figure 2: Residual of the curl of the magnetic field
approximation using Fourier series

Using Fourier series, M can be expressed as

—⇥M = Â
n

2B

r

L

[cos(np)�1] cos(
np
L

y) (1)

where L and B
r

are half of the periodicity and the intensity
of M, respectively.

Figure 2 shows an instability of the residual and nothing
guarantees its convergence to zero. Clearly, the general
term u

n

= [cos(np)�1] cos( np
L

y) in (1) does not converge
to zero when n ! • and hence the series is divergent.

In this paper a new analytical solution technique that could
provide better convergence performance is proposed. The
rest of this paper is organized as follows. In Section 2 the
solution domain and the formulation of its vector potential
problem are described. In Sections 3 and 4 the resolution
of the problem and the error estimate are presented. The
numerical implementation of the proposed technique is
given in Section 5. Relevant conclusions are drawn in
Section 6.
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2. VECTOR POTENTIAL PROBLEM
FORMULATION

Consider a bounded domain W subset of Rd , that constitute
a magnetic device, with Lipschitz boundary G. The vector
potential formulation of Maxwell equations is:

II

I

III

�

(a)

Figure 3: Domain W

(I) In the air-gaps

�1
µ

—2A = 0; (2a)

(II) In the magnet regions

�1
µ

—2A =
1
µ

—⇥M ; (2b)

(III) In the steel

�1
µ

—2A = 0; (2c)

where µ is the permeability of the medium and µ= µ0 in the
air-gap region, µ = µ0µ

m

in the magnet region and µ = µ0µ

r

in the steel region, µ

m

and µ

r

are relative permeability, M
is the magnetization vector and A is the vector potential
which constitutes the unknown variable to be determined.
Dirichlet boundary condition A = 0, is imposed on G.

3. ANALYTICAL SOLUTION METHOD

In this section the analytical technique for solving problem
(2) is described in detail.

The standard analytical approach is to treat (2) inde-
pendently, each with its own sub-domain and boundary
conditions. This renders the method complex and
cumbersome and produces in general a slow convergent
Fourier series. An alternative way is to consider the system
in (2) as a single differential equation, such that:

—2A = F(X) , (3)

where X is a physical variable that defines the position
inside the domain and F(X) is an implicit function of
the magnetization vector (e.g. —⇥M) or J if X is inside
the magnet or current regions and zeros else. F(X) also
depend on the permeability of the materials.

For situation where permanent magnets are used in region
II, it is given by

F(X) =

(
µ(X)—⇥M for X 2 W

II

0 for X 2 W
I

[W
III

,
(4a)

In the case that current density is applied to regions I and
II, (4) can be written as

F(X) =

8
><

>:

µ(X)J for X 2 W
I

�µ(X)J for X 2 W
II

0 for X 2 W
III

,

(4b)

where W
I

, W
II

and W
III

are the sub-domains shown
in Figure 3 and µ(X) is permeability function. In all
cases µ(X) is defined such that the following continuity
condition across the boundaries of the regions is satisfied

1
µ

I

—⇥A

I

=
1

µ

II

—⇥A

II

For example, in the first part of (4a) µ(X) takes the value
one inside region II (magnets) and µ =

µ

I

·µ
II

µ

I

+µ

II

at the

boundary with region I.

For simplicity and because in general the magnetization
vector M is unidirectional, as indicated in Figure 1, it is
assumed that A depends on a single physical variable. Now
consider e

A and e
F to be the Fourier transform of A and F ,

which means that:

A(x) =
1

2p

Z •

�•
e
A(w)eiwxdw (5a)

F(x) =
1

2p

Z •

�•
e
F(w)eiwxdw (5b)

From Equations (5a) and (3) we have

1
2p

Z •

�•
w2e

A(w)eiwxdw =
1

2p

Z •

�•
e
F(w)eiwxdw , (6)

which implies that

e
A(w) = 1

w2
e
F(w) and A(x) =

Z •

�•

1
w

2
e
F(w)eiwxdw (7a)

Using the properties of M as shown in Figure 1, see also
[6], (7a) can be transformed into

A(x) = 2
Z •

0

1
w2

e
F(w)sin(wx)dw . (7b)

If we define the boundary G to be x = L then

A(L) = 0 ! sin(wL) = 0 ! w =
np
L

, 8n 2 N . (7c)
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Note that the function
1
w

sin(wx) for w = 0 is the
derivative of sin(wx) at w= 0, which is wcos(wx)|w=0 = 0.
Combining (7b) and (7c), it follows that

A(x) =
2p
L

•

Â
n=1

1
w2

n

e
F(w

n

)sin(w
n

x) , (8)

where we have used the fact that
1
w

sin(wx)|w=0 = 0, w
n

=
np
L

and dw = Dw
n

= w
n+1 �w

n

=
p
L

.

From (2a) and (2b) one can observe the value of µ can be
simplified except for the boundaries of the sub-domains
where the value µ is defined by using the permeabilities of
two different regions.

4. ERROR ANALYSIS

For (8) to converge to its exact solution the residual R

N

,
given by

R

N

=
•

Â
n=N

A

n

=
2p
L

•

Â
n=N

1
w2

n

e
F(w

n

)sin(w
n

x) (9)

must converge to zeros when N ! •, where N is the
number of harmonics and A

n

are the terms of the series
A. To establish that lim

N!•
R

N

= 0, we observe that

|R
N

| 2p
L

•

Â
n=N

| 1
w2

n

e
F(w

n

)sin(w
n

x)|

 1
2pL

•

Â
n=N

1
n

2 C0

Z •

N

1
x

2 dx =C0
1
N

(10)

which clearly shows that the residual R

N

tends to zero as
N ! •.

5. NUMERICAL IMPLEMENTATIONS

To validate the developed solution technique two case
studies are given in this section. In the first case F is a
function of the magnetization vector whereas in the second
case F is a function of current density.

5.1 Case I

In this example the magnetization vector M, that defines
the functional F in (2b) is depicted in Figure 1 with B

r

=
1.05 and µ0 = 4p⇥ 10�7. The domain in consideration is
shown in Figure 4(a), with µ

r

= 1000 and µ

m

= 1.05. The
exact solution of (8) in this context is given by:

A(y) =
•

Â
n=1

4b

(np)2 sin(
np
b

a)sin(
np
b

y) (11)

Figure 4(b) shows the good agreement between the results
obtained using the proposed solution technique and the
finite element method.

µ
III

= µ
r

µ0

µ
I

= µ
r

µ0

PM µ
II

= µ
m

µ0

�b

�a

a

b

(a)

(b)

Figure 4: (a) Material properties; (b) Graphical representations:
FEM and Analytical

5.2 Case II

The domain of consideration in this example is similar to
the one in 5.1, with the exception that the current density is
used instead, see Figure 5(a). One can use similar approach
to find the solution of (2b). However, due to the nature of J
the transformation of J = —⇥X is used, in order to obtain
similar expression to (3), and also divide the domain into
current and steel regions.

Solution: Using the Fourier transform of — ⇥ X in the
current and steel regions we have

A(x) =
4J0 µ0

b

•

Â
n=1

1
w3

n

sin(Ww
n

)sin(w
n

C)sin(w
n

x)

+
2µ

b

•

Â
n=1

1
w2

n

sin(aw
n

)sin(w
n

x)

(12)

where W =
b�a

2
, C =

b+a

2
and w

n

= np
b

.

5.3 Error estimation

To show graphical interpretation of the error estimate
discussed in Section 4, the residual (Equation (6)) against
the number of harmonics plots for case I and II are shown
in Figures 6(a) and 6(b), respectively. It can be seen
clearly that in both cases a zeros convergence is obtained
as N ! •.
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�J µ
I

= µ0

J µ
III

= µ0

µ
II

= µ
r

µ0

⇥
0

y1

y2

y0

(a)

(b)

Figure 5: (a) Material properties; (b) Graphical representations:
FEM and Analytical

(a)

(b)

Figure 6: Convergence plots (a) Case I; (b) Case II

6. CONCLUSION

In this paper a new analytical solution technique has
been proposed for magneto-static field problems. The
method presented is based on the resolution of the
Poisson’s equation by using Fourier transform to derive
a convergent analytical solution in form of a series.
Numerical comparison of the method with the finite
element method have shown the method to perform well.
The good convergence performance of the method has
also been clearly demonstrated. The work presented in
this paper has been only implemented for one dimensional
magneto-static problems. Future work will extend the
application of the method to two-dimensional problems.
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ARMATURE REACTION MAGNETIC FIELD PREDICTION FOR
A MOVING-COIL TUBULAR PERMANENT MAGNET LINEAR
OSCILLATORY MACHINE
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Abstract: A 2-D analytical model for predicting the field distribution due to the armature reaction
of the surface mounted permanent magnet linear oscillatory machine with short stroke is presented.
The armature reaction analytical model is developed using Maxwell’s equations in combination with
separation of variables to solve 2-D Laplace and Poison equations. This model is developed as a tool for
speeding up the design optimisation of a machine as well as for dynamic control of the machine. The
influence of armature reaction on the yoke saturation can also be monitored by the use of this model
as machine yokes have been taken into consideration by assigning a finite relative permeability to the
yoke domains.

Key words: Armature reaction, analytical method, tubular linear oscillating machine, free-piston
Stirling engine application.

1. INTRODUCTION

Linear oscillatory generators (LOG) are single phase short
stroke (30 mm and less) machines that operate at fixed
frequency. The operating frequency is one of the key
factors that differentiate LOGs from their counterparts
the linear electromagnetic machines which operate at
variable frequency [1]. The moving-coil, moving-magnet
and moving-iron are the three existing types of linear
oscillatory machines each with an arsenal of advantages in
relation to each other. With an intended use of the machine
in an integrated external heat free-piston Stirling engine,
the translator weight is critical. The moving-magnet
machine though having high power density and efficiency
is disadvantaged by its large translator mass and may
also suffer from increased temperature on the permanent
magnets (PM) due to high frequency oscillations. This in
turn could lead to the demagnetisation of the permanent
magnets [2, 3]. The moving-iron is characterised by
a very heavy translator mass as a disadvantage to its
adoption for the said application. Despite the moving-coil
needing a flexible conductor for transmitting power from
the translator, its reduced mover mass provides for high
force density as well as high efficiency [4] and its use
in application to free-piston Stirling engines has not been
highly explored.

There are various reasons and advantages why the
analytical model is developed instead of the direct use of
a Finite Element Method (FEM) Package. An analytical
model can be used as a simulation tool in case of
non-availability of a FEM package. In case of multiple
simulations, analytical models take shorter simulation time
than FEM would take. Beside that, an analytical model can
be used as part of a real-time control system by indicating
a machine’s operating point. Last but not the least, an
analytical model shortens the optimisation time because its
accuracy does not depend on mesh density whereas FEM

does. Due to this, FEM takes much longer in optimisation
time as its accuracy improves with a denser mesh.

The analytical model focusses on a tubular structure
with radial magnetisation, air-cored and slot-less LOG
machine. Similar approaches have been undertaken by
Wang and Howe, and Amara et al [4, 5] and others [6]
- [9] nevertheless, they took stator slots into consideration.
Most of these papers considered stator slotting and also
assumed the yoke to be infinitely permeable. Wang et
al in [10] analysed a similar machine which had no
dual permanent magnets and also considered the yokes
infinitely permeable. Xu and Chang [3] and Yan et al [11]
both analysed a similar machine in terms of topology and
also dual layered permanent magnets. However, both these
papers considered the halbach array, which of course has
advantages in terms of increasing the air-gap flux density,
but it is extremely difficult to construct without specialists
involved. In addition to that, both papers considered the
yokes infinitely permeable and with short coil lengths.

This paper however proposes considering the machine
yokes with a finite relative permeability. This ensures
that the yokes are considered within the analysis providing
access to monitor saturation levels. Since the total flux
density for a machine on load is the summation of the
permanent magnet field as calculated analytically in [12]
and the armature reaction field, the yoke thickness can be
adjusted by simply monitoring saturation levels.

2. ARMATURE REACTION FIELD PREDICTION

Using the harmonic expansion of Maxwell’s equations and
separation of variables, Laplace and Poisson’s equation
solutions are determined. The analysis adopts cylindrical
coordinate system in the formulation of Laplace and
Poisson equations because of the tubular structure of the
permanent magnet linear oscillating machine (LOM) [9].
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Figure 1: Full-structure of LOM

Figure 2: Sub-domains for analysis

The following assumptions are adopted for simplicity of
the analytical model:

1. The armature is slot-less and the stator cores are
assumed to have a finite relative permeability of
10,000. This allows to check the main magnetic
saturation in the machine cores,

2. Axial length of the machine is considered infinite
so that the field distribution is axi-symmetric and
periodic in the z-direction,

3. The relative permeability of the permanent magnet is
assumed to be equal to that of air. This implies that
permanent magnets are excluded from the solution.

Figure 1 shows the full structure of the machine and
subsequently figure 2 indicates the sub-domains with only
the coils generating a field. As can be seen the field
analysis is concentrated on sub-domains (III0) that have a
current density and those void of it (I0, II0, IV 0 and V 0).

2.1 Governing equations

Using Maxwell’s equations, the governing equations are
formulated. While the magnetic scalar potential can be

used to derive the laplace and poisson equations, this
paper adopts the use of the vector magnetic potential A.
Therefore in sub-domains III0 the current density J is
present and not present in the rest of the sub-domains.
Considering divergence of the curl of any vector field to
be zero and also — ·B = 0 then .

B = —⇥A . (1)

and from —⇥H = J:

—⇥B = µJ . (2)

finally taking (1) into (2) gives:

—⇥—⇥A = µJ . (3)

Equation (3) is the key equation for the armature
reaction field predictions. In domains not carrying the
current density, Laplace equations are developed, whereas
domains with current density use the Poisson equation.
This equation is also representative of the axi-symmetric
nature of the topology under study for which the magnetic
vector potential has only the Af component. Laplace form
is

—⇥—⇥A = 0 . (4)

In cylindrical coordinate system, Laplace equations for
sub-domains I0, II0, IV 0 and V 0 are in the form:

∂2Ai0f
∂z2 +

∂2Ai0f
∂r2 +

1
r

∂Ai0f
∂r

� 1
r

Ai0f = 0 (5)

with i representing a sub-domain. The Poisson equations
for the coil region of III0 is:

∂2AIII0f
∂z2 +

∂2AIII0f
∂r2 +

1
r

∂AIII0f
∂r

� 1
r

AIII0f = µJ (6)

The current density vector J is expanded by Fourier
expansion from figure 2 as in (7) with Jn as in (8)

J(z) =
•

Â
n=1,2,...

Jn cos(mnz) (7)

Jn =
4J0

(2n�1)p
sin

✓
(2n�1)ptw

2twp

◆
(8)

With J0 being the input current density value and tw, twp
being the coil length and coil pole pitch respectively. mn =
(2n�1)p/twp

2.2 Laplace equation solution

Equation (5) is subjected to separation of variables with an
assumption that Aif(r,z) = R(r)Z(z), In this case i indicates
the sub-domains I0, II0, IV 0 and V . By Inserting Af into
the Laplace equation (5) which is subsequently divided by
R(r)Z(z), the separated variables is attained and it must be
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equal to a constant ck.

1
Z(z)

d2Z (z)
dz2 =�


1

R(r)
d2R(r)

dr2 +
1

R(r)r
dR(r)

dr
� 1

r2

�

= ck ,
(9)

The variables R(r) and Z(z) are separated as

d2Z(z)
dz2 � ckZ(z) = 0 , (10)

r2 d2R(r)
dr2 + r

dR(r)
dr

+(r2ck �1)R(r) = 0 , (11)

Case values of ck ; ck = 0, ck > 0 and ck < 0, provide
us with three solutions and based upon periodicity of the
solution, one is adopted. In this case only the case of
ck < 0 (ck = �k2) is periodic in the z direction and is
therefore adopted as the solution. Therefore the general
solution after replacing ck with �k2 in equations (10) and
(11) becomes

Af(r,z) =

8
><

>:

[E0I1(mr)+F0K1(mr)]cos(mz)
+
[G0I1(mr)+H0K1(mr)]sin(mz) .

(12)

I1 and K1 are Modified Bessel functions of the first and
second order respectively. m is a real number defined by
k = jm. Because I1 and K1 are independent of each other
and the axial component of the magnetic flux density being
very minimal at z = 0, G0 and H0 are then considered zero
(0). Henceforth the general solution to Laplace equation in
a complete series form with an = G0 and bn = F0 is

Af(r,z) =
•

Â
n=1,...

[anI1(mnr)+bnK1(mnr)]sin(mnz) . (13)

2.3 Solution to Poisson equation

On the other hand, the Poisson equation

∂2Af
∂z2 +

∂2Af
∂r2 +

1
r

∂Af
∂r

� 1
r

Af = PnAR cos(mnz) . (14)

Application of Separation of variables is done in a similar
manner to that of the Laplace equation. The Poisson
solution is then expected to be in the form

Af =
•

Â
n=1,..

[anI1(mnr)+bnK1(mnr)]sin(mnz)+S(r,z).

(15)

where S(r,z) = R(r)Z(z). Solving the Poisson equation
leads to

S(r,z) = R(r)Z(z) =
pL1(mnr)

2m2
n

PnAR cos(mnz). (16)

where

PnAR =
�4J0µ0

(2n�1)p
sin

✓
(2n�1)ptw

2twp

◆
(17)

where as L1(x) is a Modified Struve Function [13]. Poisson
equation therefore has a solution as :

AfIII0 =
•

Â
n=1,..

[anI1(mnr)+bnK1(mnr)]cos(mnz)

+
pL1(mnr)

2m2
n

PnAR cos(mnz).
(18)

Laplace and Poisson equations for the magnetic vector
potential for all the sub-domains can then be solved as
follows:

Af(r,z) =

8
>>>>>>>><

>>>>>>>>:

Â•
n=1,..[aInI1(mnr)+bInK1(mnr)]cos(mnz)

Â•
n=1,..[aIInI1(mnr)+bIInK1(mnr)]cos(mnz)

Â•
n=1,..[aIIInI1(mnr)+bIIInK1(mnr)]cos(mnz)

+pL1(mnr)
2m2

n
PnAR cos(mnz)

Â•
n=1,..[aIV nI1(mnr)+bIV nK1(mnr)]cos(mnz)

Â•
n=1,..[aV nI1(mnr)+bV nK1(mnr)]cos(mnz)

(19)

The coefficients ain and bin show subscripts I, II, III, IV
and V indicative of the sub-domains each equation
represents in the analysis as shown in Figure 2. Without
taking into consideration the finite relative permeability of
the yokes it would have not been possible to have equations
in the yoke domains. Through these equations the flux
influence in the yokes is determined.

2.4 Solution to Magnetic Flux Density

Using the curl of the magnetic vector potential, the
magnetic flux density can be calculated through (1)

B = —⇥A =�1
r

∂rAf
∂z

er +
1
r

∂rAf
∂r

ez (20)

with A being only a component of f as Af. Equation (20)
represents the radial component of the flux density Br =
� ∂rAf

∂z er and the axial component of the flux density is Bz =
1
r

∂rAf
∂r ez. The resultant magnetic vector potential in radial

r and axial z directions when differentiated is given by:

Br =

8
>>>>>>>><

>>>>>>>>:

Â•
n=1,..�mn[aInI1(mnr)+bInK1(mnr)]sin(mnz)

Â•
n=1,..�mn[aIInI1(mnr)+bIInK1(mnr)]sin(mnz)

Â•
n=1,..�mn{[aIIInI1(mnr)+bIIInK1(mnr)]sin(mnz)

+pL1(mnr)
2m2

n
PnAR sin(mnz)}

Â•
n=1,..�mn[aIV nI1(mnr)+bIV nK1(mnr)]sin(mnz)

Â•
n=1,..�mn[aV nI1(mnr)+bV nK1(mnr)]sin(mnz)

(21)

These equations can only be completed after analytically
determining the coefficient equations through the solution
matrix formed upon implementation of boundary condi-
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tions. Any numerical check for validation purposes can
only be done when the matrix is handled and handled well.
The equations for the axial direction are:

Bz =

8
>>>>>>>><

>>>>>>>>:

Â•
n=1,.. mn[aInI0(mnr)�bInK0(mnr)]cos(mnz)

Â•
n=1,.. mn[aIInI0(mnr)�bIInK0(mnr)]cos(mnz)

Â•
n=1,.. mn{[aIIInI0(mnr)�bIIInK0(mnr)]cos(mnz)

+pL0(mnr)
2m2

n
PnAR cos(mnz)}

Â•
n=1,.. mn[aIV nI0(mnr)�bIV nK0(mnr)]cos(mnz)

Â•
n=1,.. mn[aV nI0(mnr)+bV nK0(mnr)]cos(mnz)

(22)

With the sub-domain method, boundary conditions have
to be applied at each end of a domain and especially
where domains connect to each other. Dirichlet
and discontinuous Boundary conditions have to be
implemented between each of the boundaries of Figure 1.
In this way coefficients in equations (19), (21) and (22) are
determined. The following are the boundary conditions:
8
>>>>><

>>>>>:

AI |r=iRs = 0, AV |r=Ro = 0
BrI |r=iRr = BrII |r=iRr , HzI |r=iRr = HzII |r=iRr

BrII |r=iRcoil = BrIII |r=iRcoil , HzII |r=iRcoil = HzIII |r=iRcoil

BrIII |r=oRcoil = BrIV |r=oRcoil , HzIII |r=oRcoil = HzIV |r=oRcoil

BrIV |r=oRs = BrV |r=oRs , HzIV |r=oRs = HzV |r=oRs

(23)

The magnetic flux density is related with the magnetic field
intensity as

H =
B
µ

. (24)

Ten simultaneous equation are formulated upon the
implementation of boundary conditions and this allows for
the determination of the coefficients. The matrix formed
appear in the general matrix as

T ·x = b (25)

Where T is the 10 ⇥ 10 matrix and the vector x
represents the coefficients aI0n,bI0n, ......,aV 0n,bV 0n that are
to be determined. Replacing the analytically determined
coefficients into the vector potential equations and the
magnetic flux density equations then completes the
analytical solution with the magnitude of the magnetic flux
densities being determined from

Bi(r,z) =
q

B2
ir(r,z)+B2

iz(r,z) (26)

where i represents the sub-domain under analysis.

3. VALIDATION OF ARMATURE REACTION
MODEL WITH FINITE ELEMENT

METHOD(FEM)

Two machine optional designs were analysed and validated
with FEM package Infolytica Magnet having the following

Figure 3: Machine topology under validation

Figure 4: FEM Simulation results

dimensions as shown in table1. Validation is conducted

Table 1: Machine dimensions

symbol value symbol value

iRs 3mm Ro 71.2mm
iRr 25.5mm tm 30mm

iRcoil 35mm twp 45mm
oRcoil 47mm lws 10mm
oRs 57.7mm tw 35mm

with FEM given a current density of 5A/mm2 . Figures
5, 6, 7 and 8 are obtained from the analysis of machine
topology of figure 3. With the permanent magnets given
the same permeability as that of air and a current density
in the moving coil, the field produced by the coil alone
is predicted. The results as shown on figure 5 and 6
show the radial and axial flux distribution at the centre of
sub-domain III0 in comparison with finite element method.
Whereas the results shown on figure 7 and 8 show the
radial and axial flux density distribution at the centre of the
lower air-gap which in this case is the sub-domain II’ (hma
+ g1). A similar result as in figure 7 and 8 is obtained for
the upper air-gap or sub-domain IV’ (hmb + g2) but is not
displayed in this paper. Further validation is done with
a slight modification in the machine topology and in the
determination of the current density Fourier expansion as
shown on figure 9. The results are displayed under figure
10 and 11.
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Figure 5: Radial flux density distribution at ((iRcoil +
oRcoil)/2) on sub-domain III0

Figure 6: Axial flux density distribution at ((iRcoil +
oRcoil)/2) on sub-domain III0

Figure 7: Radial flux density distribution at the centre of
sub-domain II0

Figure 8: Axial flux density distribution at the centre of
sub-domain II0

Figure 9: Second Machine topology under validation

4. DISCUSSION

For the comparison of the analytical model and FEM
package, dimensions depicted in table 1 were used in both
cases. The machine topologies of figures 3 and 9 were
subjected to periodic boundaries at the axial boundaries
in FEM simulations. There is good agreement between
the results of the analytical model developed and that of
FEM. The flux density values obtained especially in the
radial direction, figures 5 and 10, are quite low (about
0.03 Tesla) to have an influence on the machine saturation.
However, the results obtained are key in determining

Figure 10: Radial flux density distribution at ((iRcoil +
oRcoil)/2) on sub-domain III0
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Figure 11: Axial flux density distribution at ((iRcoil +
oRcoil)/2) on sub-domain III0

the inductances of the machine as well as useful for
machine control purposes. Observation were that upto
the 17th harmonic of the (2n� 1)th frequency harmonics
the analytical model had good agreement with FEM but
beyond that some challenges were experienced. The
challenge of struggling to obtain higher harmonic has been
also experienced by [14] and it has been concluded that
it is quite prominent especially for solutions with Bessel
functions in the cylindrical coordinate system. This issue
seems to be overlooked and requires more attention.

5. CONCLUSION

The armature reaction analytical model is necessary
especially for motion control of the linear oscillatory
machine. To easily monitor yoke saturation this paper
has proposed the consideration of a finite permeability
value in the yoke instead of taking them as infinitely
permeable. This allows for flux distribution monitoring in
the yoke sub-domains I’ and V’. The analytical model for
the armature reaction is in good agreement with the finite
element method and can be used for a class of radially
magnetised linear oscillatory machines. The model is also
further used to predict the self inductance of the coil which
has not been placed into this paper
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Abstract: In this paper, the finite element analysis (FEA) based design optimization of a
surface-mounted permanent magnet (PM) vernier machine is presented. The rapidly increasing weight
and size of the machine is usually one of the major concerns in low operating speed directly driven wind
turbine configurations. Hence, the total mass and volume are chosen as the main optimization objectives
for the current study, and these are investigated at various pole/slot combinations and machine aspect
ratios. Moreover, core loss and torque behavior of the optimized machines are also presented since
those are some of the performance indexes directly related to the pole/slot combination. The obtained
results show that in PMV machines, it is feasible to realize a compact design with fairly good torque
quality.

Key words: vernier machines, permanent magnet, magnetic gearing effects, finite element analysis,
design optimization.

1. INTRODUCTION

With the steady growth of the global demand for wind
energy, the dimensional size and output capacity of
wind turbines have also been increasing over years
[1]. This development has simultaneously translated
into manufacturing of large generators that can handle
large torques and convert most of the power captured by
the turbine blades. But the challenge is that both the
volumetric size and weight of the generator have maximum
limits imposed by, among other factors, the cost and the
fact that it has to be elevated onto the tower. Currently,
the most popular way of approaching this generator size
issues is by implementing a cascaded connection of a
gearbox and medium/high speed generator, called a geared
system. However, this arrangement is also not a perfect
solution under certain application conditions such as in
offshore locations due to its reliability concerns. Thus,
directly driven generators (DDGs) remain possible options
despite their known heavy weights and large sizes in
comparison to the geared systems. For power electronic
converter (PEC) interfaced grid connection, permanent
magnet synchronous machines (PMSM) are arguably the
most promising type of DDGs because of their better
efficiency and relatively good torque density [2, 3].

In the past decade, the permanent magnet vernier (PMV)
machine has emerged as an attractive alternative to either
DDGs or geared systems. By virtue of the magnetic
gearing principle inherent in them, PMV machines render
superior torque density than PMSM while they also have
similar structural simplicity [4, 5]. This feature obviously
gives an impression that, at the same output power or
torque rating, a PMV machine would be lighter and more
compact relative to the PMSM. There has been some
comparative studies previously made between these two
machines types [6–8]. Most of the aforementioned studies
followed a traditional method of comparison whereby the

output power or torque density is optimized within a fixed
machine volume. In other words, the motor torque is
maximized through variation of the internal dimensions.
This is logical in the cases where the physical dimensions
are constrained by the available space of target application.
But for the purpose of performance comparison or if
no space limitations given, it is reasonable to let the
outer motor dimensions vary since many other parameters
depend on them.

This paper aims at optimizing the mass and volume of
the PMV machine for the same rated output power and
torque. In addition, a traditional synchronous PM machine
is included as a benchmark to the range of considered
machines. Consequently, it will then be clear if any
significant advantages regarding the mentioned aspects
are to be obtained from PMV relative to PMSM. The
optimization is done for a few combinations of pole/slot
numbers so that the effect of gear ratio is also included
in the study. Furthermore, the aspect ratio is optimized
to allow the machines to be designed at their best shape.
Lastly, the machines’ torque behavior and core losses at
optimized dimensional parameters are also presented.

2. SELECTION OF POLE-SLOT COMBINATIONS

The cross-sectional view of a conventional three-phase
PMV machine investigated in this paper is shown in
Fig. 1. Both the rotor yoke and the stator core are
constructed by the steel lamination. Moreover, the
rotor has many surface-mounted permanent-magnets with
alternating polarity, while the stator slots host a common
distributed 3-phase winding. Although its structure may
largely look like that of the conventional PMSM, the
difference is that the numbers of stator and rotor pole-pairs
are always in-equivalent to each other. Hence the stator
teeth number have to be chosen in such a way that, in
addition to being the flux path, they will also act to
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Figure 1: Conventional PM vernier machine.

modulate the magnetic fields from the rotor PMs.

Equation 1 is regarded as the deterministic relationship
between the valid number of flux modulating pieces and
the rotor and/or stator pole-pairs according to the flux
modulation principle.

N

s

= p

r

± p

s

(1)

where N

s

, p

r

and p

s

are the number of flux modulating
pieces, rotor PM pole-pairs and stator pole-pairs
respectively. For a conventional PM Vernier machine, the
number of modulating pieces actually correspond to that
of stator teeth, which means their number and that of the
stator pole-pairs must also abide by the rules stipulated
in normal synchronous PM machine design, the most
prominent one in the three-phase machine being that:

Q

GCD(Q, p

s

)
= 3k, k = 1,2,3, ... (2)

where GCD means the greatest common denominator and
Q is the stator slot number.

The speed or torque gearing ratio G

r

is defined as the
ratio between the rotor and stator pole-pair numbers.
Correspondingly, a larger difference between p

r

and p

s

gives a higher G

r

, and in the case that G

r

is equal to unity,
then the machine can be referred to as the conventional
synchronous PM machine instead.

G

r

= � | 2pq�1 |= � p

r

p

s

q =
Q

2p

s

m

(m: number of phases)
(3)

For a given machine diameter, the upper limit to p

r

is
usually imposed by the PM inter-polar leakage flux that
becomes more prevalent in large p

r

numbers. Generally,
the suitable G

r

is chosen on the basis of the intended
or required speed amplification while also taking into
consideration the torque ripple characteristics of each
p

r

/p

s

combination. It has been reported that cogging or
ripple torque effects are minimized by choosing fractional
G

r

, at the expense of lower stall torque [9]. Basically,
the implication of all the above points is that the PMV
machine’s pole/slot combination is naturally dependent
on several factors. However, in the foregoing study, the
range of G

r

and/or pole-slot combination was limited

Table 1: Investigated pole-slot combinations.

Q p

s

G

r

q Freq
24 2 11 2.0 55.0
21 2 9.5 1.75 47.5
27 3 8.0 1.5 60.0
27 4 5.75 1.125 57.5
24 4 5.0 1.0 50.0
27 17 1.0 0.265 42.5

Indicated frequency is at speed of 150rpm.
The combination 27/17 is a PMSM

by the presumed machine output frequency that is to be
utmost 60Hz at a rated speed of 150rpm, to minimize
the frequency dependent losses. Thus, a number of
investigated stator pole-slot combinations satisfying this
condition are listed in Table 1. Then the total machine
mass at each G

r

value and constant output power (due to
fixed speed, torque is also fixed) was optimized to select
the best G

r

. This was further carried out at various different
machine aspect ratios to avoid the effect of fixing the
machine diameter on flux leakage, by giving the freedom
on the available PM pitch length.

3. DESIGN OPTIMIZATION

The objective of the overall optimization process was to
minimize the machines’ volume and total active mass for a
fixed output power for different pole-slot combinations and
aspect ratios. This was achieved by employing the gradient
based modified method of feasible directions (MMFD)
in VisualDOC optimization suite to solve the constrained
problem formulated as [10]:

Minimize: F(X) = Y
Subject to: h � 85%

J  4A/mm2

where X represents the vector of geometric variables in
Fig. 2 with angle ratios defined in Eq. 4, and Y is a set
of objectives as described below.

Y =


Mass(M Total)

Volume(Vol Total)

�

q
pm p

=
p
p

r

; q
sp

=
2p
Q

s
pm

=
q

pm s

q
pm p

; s
s

=
q

s

q
sp

; s
so

=
q

so

q
s

(4)

All the machines are intended to operate under the natural
air-cooling conditions, consequently, current density (J)
is limited to 4A/mm2. Due to the fact that overlapping
windings were used, the slot-filling factor was also fixed
at 0.4, which is practically fair considering the challenges
met in such winding type manufacturing. The main
parameters that define the objective search space for each
considered machine are provided in Table 2 below.
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Figure 2: Machine geometric optimization variables: (a)
Rotor (b) Stator.

Table 2: Main specifications for the optimized machines.

Parameter Value
Output power (kW) 2
Air-gap length (mm) 0.8
Slot-fill factor 0.4
Operating speed (rpm) 150
Aspect ratio ( L

D

) 0.05 - 0.7

L = active stack length, D = total diameter.

During the optimization process, core-losses, end-winding
length, end-winding’s inductance and resistances were
calculated using analytical equations so that their effect
can be included in the performance evaluation deduced
from 2D FEA static solutions. Thus, both the efficiency
and power factor calculations have included the effect of
end-windings. Further multi-step FEA simulations were
done on the optimized machines to verify and compare
their core-losses and torque characteristics.

4. OPTIMIZATION RESULTS

The obtained results are given in Figs. 3 and 4, whereby
it can be clearly seen that increasing the gearing ratio
enables the machine to have a lower mass. This tendency
is also reflected on the total volume, that with larger
G

r

, the machine becomes smaller. Coincidentally, it
is also in good agreement with the general knowledge
from a cascaded arrangement of mechanical gear-box
and conventional PM synchronous machine, that the
machine’s mass and volume will both be minimized. In
contrast, the PMV machine’s power factor (PF) decreases
with increasing G

r

as indicated in Table 3, which is to
be expected since it’s torque is known to be inversely

proportional to the PF. This means one can not just choose
a high G

r

value to fulfill the required torque, but the PF has
to be taken into consideration since it directly relates to the
size of the converter to be used.
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Figure 3: Machine mass vs aspect ratio.
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Figure 4: Machine volume vs aspect ratio.

Table 3: Mass and average power factors for different
pole-slot combinations.

Q p

s

G

r

PF Mass [kg]
24 2 11 0.63 14.4
21 2 9.5 0.69 15.96
27 3 8.0 0.77 17.28
27 4 5.75 0.86 23.67
24 4 5.0 0.89 21.25
27 17 1.0 0.95 19.23

A general machine sizing approach for both the PMV
and PMSM, uses the D

2
L product equation (Eq. 5) which

approximates the torque or output power based on the
stator volume, given the magnetic and electrical loading
[11].

D

2
L =

4P

pw
m

hkwB̂

g

K̂

s

(5)

where P is the output power, B̂

g

and K̂

s

are the air-gap flux
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density and stator electric loading, respectively, and kw is
the armature winding factor.

Thus, the diameter and stack length are also some
parameters to investigate, and this is normally done using
the term commonly known as ’Aspect ratio’ defined as
L/D. As can be read from Fig. 3, the PMVs’ machine
weight is significantly high at very low aspect ratios, but
this tends to decrease with increasing L/D values up to
a certain point after which no change could be seen. On
the other hand, the trend of results is completely different
for the volume (Fig. 4) as it constantly increase with
aspect ratio. For the PMSM, both the mass and volume
increase proportionally to the aspect ratio. Therefore, with
reference to the presented results, an aspect ratio of 0.3 was
chosen because it seems to be a good trade-off in terms of
the lowest mass and moderate volume.

5. TORQUE CHARACTERISTICS AND CORE
LOSSES

In PM excited and iron cored slotted machines, cogging
and torque ripples are naturally caused by the PM
interaction with the stator teeth. Consequently, a
good indication to the percentage magnitude of these
performance index is derived by examining the lowest
common multiple (LCM) between the PM pole-pair and
stator teeth numbers. A higher LCM value is more
favourable as it predicts less cogging or ripple percentage.
In this study, the torque characteristics were calculated
using the multi-step static FEA, with the machines’
dimensions fixed for an aspect ratio of 0.3. The obtained
waveforms for cogging torque are shown in Fig. 5 and for
torque ripple shown in Fig. 6. These results are further
summarized in Table 4. Most of the obtained cogging
or torque ripples are less than 5%, which is practically
acceptable for most applications. Also, it is interesting to
note that, even though the PMSM (27/17) has very large
LCM, its torque ripple is one of the worst. Hence, it can
be seen that PMV machines are generally smooth torque
machines.

Table 4: Torque characteristics of different pole/slot
combinations.

Pole/slot
comb.

LCM Ave.Torque
[Nm]

Torque
ripple[%]

Cogging
torque[%]

24/2 24 142.73 2.73 2.81
21/2 42 144.74 1.21 0.95
27/3 27 146.05 1.58 0.68
27/4 108 144.44 2.78 0.28
24/4 24 150 13.40 12.84
27/17 459 142.53 4.55 2.61

Core losses are a function of flux density magnitude,
volume of iron material within a machine and mainly the
rate of change of flux density. Thus, at any given input
speed, pole/slot combinations with a higher frequency are
likely to have higher losses than others. Again, using
the same multi-step static FEA as in torque analysis, the
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Figure 5: Cogging torque.

core losses are approximated using the Steinmetz based
equation (Eq. 6) [12, 13]. Since this model equation
uses flux variation and magnitude deduced from several
independent static solutions, it gives satisfactory accuracy
albeit much faster compared to transient FEM simulations.

P

core

=
1
T

Z
T

0
C

SE

����
dB

dt

����
a
|DB|b�a

dt (6)

where T is the period, DB is the peak-to-peak flux densiy,
C

SE

, a and b are the lamination material loss model
coefficients.

The calculated core losses at different speeds are plotted
in Fig. 7. It can be clearly seen that due to the lower
frequency, the PMSM has considerably lowest losses and
the PMV pole/slot combination with highest frequency
(27/3) is the worst. The other PMV machine’s slot
combinations fall in the middle range depending on their
iron mass and frequency.

6. CONCLUSIONS

The mass and volume of a PM vernier machine have been
investigated in this paper. It has been shown that they can
both be minimized by selecting a pole/slot combination
with a higher gear ratio. This is a clear advantage over
a PM synchronous machine which is considered to be
limited only to a unity gear ratio, since the PMV can be
designed to be lighter and smaller for the same output
power. However, it is also important to note that while
larger gear ratio allows compact PMV design, the power
factor gets extremely low, which results into a bigger sized
converter requirement. The aspect ratio was observed to
have a notable influence on the mass and total volume

SAUPEC 2017 318



0 50 100 150 200 250 300 350
Angular position (elec. dgrees)

139

140

141

142

143

144

145

146

147

148

T
or

qu
e

[N
m

]

27/4

21/2

24/2

27/3

27/17

Figure 6: Torque ripple.

0 50 100 150 200 250 300 350 400 450
Speed [rpm]

0

50

100

150

200

250

300

350

L
os

se
s

[W
]

27 4

21 2

24 4

24 2

27 3

27 17

Figure 7: Core losses as a function of speed.

as well. Furthermore, the torque characteristics of the
PMV machine are also found to have comparatively good
quality.
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Abstract: The use of High-Speed Machines (HSMs) in many applications has been growing in the last 
few decades. Designing HSMs is a challenging process and various considerations need to be made 
when designing a HSM. In this paper, the three most common HS topologies, the Induction Machine 
(IM), Permanent Machine Magnet (PM) and Switched Reluctance Machine (SRM), are reviewed. Three 
common challenges when designing these machines are discussed, which include the losses in the 
machine, bearings used and cooling techniques. In addition, the materials that influence the 
performance of HSMs are also reviewed. 
  
Key words: High-speed machines, permanent magnets, materials, losses, bearings, cooling. 
 
 
 

1. INTRODUCTION 
 
High-speed machines (HSMs) have been developed and 
used for a long time, and are now considered a reliable 
design for various engineering applications. There has 
been a considerable increase in research and development 
of HSMs in the last few decades which has seen a rapid 
growth in their use, particularly in the last decade. They 
are commonly utilised in applications with typical 
operational speeds in excess of 10 000 rpm [1].  
 
HSMs have high fundamental frequencies and therefore 
reduced overall dimensions. While designing such 
machines, consideration must be given to the mechanical 
stresses developed in the machine. A convenient way to 
quantify the difficulties in achieving high-speed, high 
power requirements is the rpm√kW index [1]. Typical 
HSMs can achieve an rpm√kW index of 1x106 rpm√kW. 
 
There are various advantages of using HSMs which 
include: 

x Higher power density, smaller size, and increased 
reliability in comparison with low-speed 
machines [2]. 

x The lack of a gearbox increases reliability and 
mechanical stiffness, reduces costs of 
maintenance [3], offers increased compactness, 
lightweight, maintenance free operation [4].  

x HSMs cost less than low-speed machines, which 
have an additional gearbox cost [5]. 

 
The purpose of this paper is to review the use of HSMs in 
literature. The applications, challenges, limitations, design 
considerations and materials used in HSMs are reviewed 
in the sections to follow. 
 
2. APPLICATIONS FOR HIGH-SPEED MACHINES 

 
Demand in industry for HS and high efficiency electric 
motors has been on the rise in recent years. Fig 1 highlights 

the widespread use of HSMs. A trend observed from Fig. 
1 is that there is a trade-off between HS and high power. 
The applications of HS machines tend to be either low-
speed, high power or vice versa. Development and 
research into these machines is increasing continuously 
and their functionality will be improved in the near future 
[6]. HSMs have been used in various applications 
including: 

x Automotive Applications [7],[8],[9] 
x Flywheel energy storage systems [10] 
x High speed spindle applications speeds [11] 
x Turbo-molecular pumps [11] 
x Gas compressors, air compressors, air blowers 

[11],[12] 
x Micro turbines 
x Aerospace [13], [14] 
x Marine [15] 
x Electrical generators 

 
3. HIGH SPEED MACHINE TOPOLOGIES 

 
A wide range of HSMs used in various applications have 
been reported in literature such as Direct Current Machine 
(DCM),  Universal AC Machine (UM),  Induction 
Machines (IM), Permanent Magnet Machines (PM) and 
Switched Reluctance Machines (SRM). This section 
describes the IM, PM and SRM machines in detail. 
 
3.1 Induction Machines  
 
IMs are one of the most robust HSMs and thus are 
commonly used in high-speed, high temperature 
applications. Table 1 lists out a few of the HS IMs used in 
literature [16]. As can be observed from the table, for very 
high rotational speeds, a solid-rotor topology is the 
preferred choice due to the mechanical robustness of the 
structure. A laminated rotor produces significantly higher 
efficiency levels and it is commonly agreed in literature 
that a laminated rotor should be used if it is mechanically 
possible. 
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There has been a vast amount of research and experiments 
carried out on laminated rotor IM over the past decade for 
use in HS applications. 
 
In [17], a HS laminated rotor IM is investigated and its 
design process is analysed. Attention is paid to the 
electromagnetic, thermal, and mechanical design 
considerations including bearing selection, lubrication, 
and balancing. In [18] a comparison is made between the 
types of steel grade used for the rotor laminations. A 
comparison is made by using SiFe and CoFe laminations 
for HS IMs. Two machines for the same envelope were 
built; one made from CoFe and the other from SiFe 
laminations. Due to the higher saturation magnetization of 
CoFe, a higher magnetic loading machine was possible, 
resulting in higher efficiency than the SiFe machine (91% 
versus 89% at 400 Hz). 
 
In [19] a different design methodology is proposed. The 
idea is to use drop-shaped bars instead of the traditional 
round rotor bars in order to boost the power density of 
laminated-rotor IMs. Using the drop-shaped bars allows 
the current density in the rotor cage to be tailored to the 
desired maximum rotor temperature. However, such a bar 
shape also increases the stresses in the laminations; hence, 
the use of a coupled multi-domain design environment is 
essential [11]. 
 
3.2 Permanent Magnet Machines 
 
PM machines are common for HS applications largely 
because of their high efficiency levels. Unlike IMs, rotor 
losses in PM machines can be reduced by slitting; hence, 
the rotor temperature can be limited to lower values for 
distributed winding designs. Table 2 lists the use of PM 
machines in HS applications found in literature [11]. As 
observed from the table, PM machines are used in a variety 
of applications requiring different rotational speeds. They 

are also used for very HS applications with speeds in 
excess of 100,000 rpm also implemented. 
 

Table 1: Use of IM in literature [16] 

 

Vc 
[m/s] 

Rotor 
Diameter 
[mm] 

Rotor Type Power 
[kW] 

Speed 
[rpm] 

367 70 solid coated 60 100000 
34 109 solid coated 300 60000 
290 - laminated 2000 15000 
283 90 solid coated 60 60000 
250 - laminated 8000 12000 
236 90 solid caged 50 50000 
204 325 solid caged 8000 12000 
193 330 solid caged 2610 11160 
185 118 laminated 100 30000 
182 348 laminated 6000 10000 
180 39 laminated 10 90000 
177 28 solid 63 120000 
168 80 laminated 35 40000 
144 90 laminated 

Solid coated 
65 30600 

138 47 laminated 11 56500 
134 51 laminated 21 50000 
126 200 laminated 

Solid caged 
200 12000 

126 200 solid slitted 250 12000 
124 99 Solid coated 12 24000 
120 46 laminated 1.5 50000 
102 195 solid slitted 120 10000 
63 50 Solid coated 0.7 24000 
62 88 solid slitted 12 13500 
60 25 laminated 0.075 45000 

Figure 1: Applications of HSMs [6]  
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Table 2: Use of PMs in literature [11] 

 
An area where advances have been made is sensorless 
control of HSMs. In [20] a rotor design of a 22kW 120,000 
rpm PM machine was conducted with the aim of 
improving the rotor design for sensor-less control. Two 
rotor configurations are presented: one using a 
conventional parallel-magnetized hollow ring magnet and 
the other using two parallel-magnetized segments per pole. 
Segmenting the rotor resulted in more efficient sensor-less 
control. 
 
PM have been used to build HSMs with the highest 
rotating speeds. In [21] the design, analysis and testing of 
a 100 W, 500,000 rpm PM generator was carried out. A 
more common speed and power range PM motor is 
designed in [22] where a 5 kW 150,000 rpm motor for a 
machine tool application is designed. Important design 
considerations are raised during the design process such as 
the advantage of using a large physical air gap for HSMs. 
Typically a large air gap results in a reduction in the slot 
ripples and the sleeve and magnet eddy current losses. In 
[23] an analytical formulation for designing a carbon fibre 
retention system for HSMs is provided. The system is 
designed for a 40 kW 40,000 rpm interior permanent 
magnet (IPM) machine. 

It has been observed that for most of the PM HS 
applications, a surface mounted permanent magnet (SPM) 
machine with a high-strength retention sleeve material 
almost exclusively used.  
 
The SPM topology is one of the most common design for 
HS applications [24], [25]. The number of poles in the 
design depends on several factors. Machines with higher 
pole numbers achieve a better magnetic utilization while 
machines with lower pole numbers have a lower iron 
losses per output power. One area where SPMs are not 
suitable is one with a wide speed range. This is because of 
the field weakening capability of the machine and the 
relatively large effective air gap that that results in a low 
inductance. A low inductance also results in very high 
short circuit-currents. In order to achieve a wider constant 
power region such machines are designed for a higher 
knee-point voltage, leading to an over-sizing of the 
converter VA rating and hence increased cost of the power 
electronics [13]. 
 
The concentrated-wound SPM topology is another 
potential option for high speed applications requiring 
constant power over a wide speed range [26]. The 
concentrated winding results in a high inductance and 
hence the ability to field-weaken over a wide speed range. 
Furthermore, a high inductance limits the short circuit 
currents and makes fault-tolerance/fail-safe easier to 
achieve. 
 
3.3 Switched Reluctance Machines 
 
Switched reluctance machines are the most robust 
machines used in HS applications. The ideal application 
for SRMs are high temperature, difficult to access 
locations such as aero engine integration. However, SRMs 
are not implemented as widely as IM and PM machines. 
Most of the SR machines are implemented in low power, 
low speed applications such as vacuum cleaners and air 
blowers. These are mostly simple four-slot, two pole 
configurations. 
 

4. MATERIALS USED IN HIGH-SPEED 
MACHINES 

 
The materials used in the design of HSMs play a vital role 
in the performance and output of the machines. The 
materials used typically depend on the application of the 
machine and the requirements from it. 
 
4.1 Electrical Steels 
 
For the stator and rotor laminations, different silicon–iron 
(SiFe) and cobalt–iron (CoFe) alloys have been 
considered. CoFe ensures highest saturation magnetization 
(20% higher than that of SiFe), thus enabling highest 
power densities to be achieved and even though it is more 
expensive than SiFe laminations, it is the preferred 
lamination material. Due to the increase in demand of 
steels and their ever increasing requirements, steel 

Vc 
[m/s] 

Rotor 
OD 
[mm] 

Type Sleeve Power 
[kW] 

Speed 
[rpm] 

294 47 SPM titanium 22 120000 
288 25 SPM carbon 

fiber 
2 220000 

261 10 SPM titanium 1 500000 
233 89.4 IPM SiFe 11 50000 
230 22 SPM titanium 2 200000 
201 16 SPM Inconel 5 240000 
200 24.5 SPM carbon 

fiber 
1.5 150000 

200 - SPM carbon 
fiber 

1100 30000 

192 24.5 SPM glass 
fiber 

1.5 150000 

188 30 SPM Inconel 5 120000 
175 83.6 SPM carbon 

fiber 
40 40000 

172 16.48 SPM titanium 2 200000 
161 77 SPM carbon 

fiber 
40 40000 

157 6 SPM titanium 0.1 500000 
92 29.2 SPM carbon 

fiber 
0.5 60000 

77 83.6 IPM SiFe - 40000 
52 25 SPM none 1 40000 
51 35 SPM Inconel 1 28000 
40 300 IPM SiFe 60 2600 
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companies have invested in research to look for other 
materials that will improve on the current characteristics. 
One such case is the JNEX10-Core that is a 0.1-mm-thick 
SiFe grade and has around 50% of the losses at the 
frequency and induction level considered, with respect to 
the other high-frequency thin-steel grades by having 6.5% 
Si content [27]. This allows the fundamental frequencies 
in the stator to be higher. 
 
4.2 Copper Alloys 
 
Pure copper has a low yield strength and softens at high 
temperatures, making it undesirable in high-speed, high 
temperature applications. Several different types of high-
strength copper alloys have been utilized for HS IMs, such 
as copper–zirconium (CuZr), copper–beryllium (CuBe), 
and copper– aluminium oxide (CuAl2O3) [28], [19]. 
Copper can be strengthened by alloying it with other 
elements. However, this causes a significant loss in 
conductivity. 
 
4.3 Permanent Magnets 
 
The main challenges for magnets at high speed are the 
mechanical stresses experienced and the internally 
generated losses. Axial, radial and circumferential 
segmentation have been used to reduce these losses. HSMs 
typically use high-energy-density magnets from the 
NdFeB or SmCo families with a high working temperature 
capability. NdFeB is a permanent magnet made from an 
alloy of neodymium (Nd), iron (Fe) and boron (B). SmCo 
is a permanent magnet made from an alloy of samarium 
(Sm) and cobalt (Co). Nd based alloys are mixed with 
Dysporium (Dy) to operate in temperatures above 80°. 
However, Dy is a rare material and due to its high use and 
demand in various applications, the demand has exceeded 
supply in increasing ratios since 2011 [29]. This means 
that the cost of Nd compounds have been increasing. Thus, 
there is a need to meet high temperature demands using a 
cheaper metal. Currently SmCo compounds are being used 
an alternative to NdFeB in high temperature applications. 
However, Sm compounds can only operate to temperatures 
of about 50% that of Nd compounds. Stator and rotor 
sleeves have also been adopted to shield the magnets from 
asynchronous fields. To ensure the mechanical integrity of 
HS rotors, magnets are often pre-stressed using sleeves 
made of high-strength metallic materials such as Inconel 
or titanium [30]. 
 

5 CHALLENGES IN HIGH-SPEED MACHINES 
 
HSMs have been widely used in different areas of the 
industry as discussed in previous sections. This is mainly 
due to their numerous advantages over conventional 
machines, like better volume and weight ratios and a 
higher power density to name a few. Even though HSMs 
have many advantages, there are many challenges that still 
need to be considered. These include higher losses per 
volume, bearing stiffness and lifetime, rotor dynamics and 
vibration, and cooling considerations [31]. The purpose of 

this section is to discuss the most important challenges and 
design considerations for HSMs. 
 
5.1 Losses in HSMs 
 
Due to the smaller size of HSMs compared to low speed 
machines, a large amount of losses will be induced in a 
smaller volume in HSMs. There are three major 
contributors to the losses associated with HSMs: copper 
losses, core losses, and windage losses. 
 
Copper Losses: Copper losses increase significantly in 
HSMs due to skin and proximity effects. High frequency 
excitation can lead to significant levels of proximity losses 
in the stator windings due to substantial spatial harmonic 
magnetic fields in the air gap as well as the high-frequency 
fundamental currents [32]. One method to reduce the 
proximity effect is to use Litz wire; however the high cost 
of this means it is unsuitable for low cost applications. Fig 
2 shows the Pac/Pdc ratio as a function of excitation 
frequency for a typical HSM with an un-transposed, 
transposed and Litz wire winding configuration [33]. It can 
be observed that as the frequency increases, the losses for 
the un-transposed wire increase significantly while the 
losses in the transposed and Litz wires are relatively low. 
This highlights the advantages in using transposed or litz 
wires for the windings over un-transposed wires. 
 
Core Losses: Core losses are not critical in low speed 
machines as they do not account for a large percentage of 
the total losses associated with the machines. However, 
this is not the case for HSMs where core losses increase 
significantly due to the high fundamental frequency. 
Estimating these core losses is particularly challenging in 
HSMs due to their complex structure, and hence it 
becomes crucial to use different methods to estimate the 
core losses during the design stage. Typical estimation 
tools include using the Steinmetz equations or using FE 
analysis. Core losses of HSMs can be minimized by 
various techniques, such as design optimization [34], using 
thinner laminations, and using better core materials [35]. 
 
Windage Losses: At high speeds, the windage losses are 
potentially very high and need to be carefully considered 

Figure 2: Comparison of materials for windings [33] 
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in the design process. Windage losses are determined by 
many factors such as temperature, density and pressure of 
fluid surrounding the rotor, the length of the rotor, and 
more importantly, the radius and rotational speed of the 
rotor [31]. 
 
5.2 Bearing Challenges in HSMs 
 
Due to the high rotational speeds of HSMs, the bearings 
suffer from many significant challenges such as 
mechanical strength, friction loss, and reliability [15]. A 
common issue between bearing system and thermal 
coordination relates to the axial extension of the machine 
due to losses and high rotor temperature as discussed in 
[5]. Thus, selection and design of the bearing for HSMs 
becomes a major consideration. There are a few critical 
factors that need to be considered when deciding on the 
type of bearing such as: natural bending frequency of the 
rotor and bearing lifetime, applications, maximum speed, 
axial and radial stiffness, value and direction of the 
mechanical loads, shaft size, and number of bearings to be 
used [17]. Typical bearings used in HSMs include oil 
bearings, ball bearings, air bearings, magnetic bearings 
and hybrid bearings.  
 
5.3 Thermal consideration of HSMs 
 
Thermal limits of HSMs can be defined as the maximum 
temperature that can be sustained by a functional part of 
the machine. Thermal issues arise when over temperatures 
cause a reduction in the lifetime of the insulation. At higher 
temperatures, core material made of stacked iron may get 
damaged, insulating coatings may get damaged, and 
permanent magnets may get irreversibly demagnetized. 
 
To avoid these high temperatures, a suitable cooling 
technique must be utilised in the machine. The cooling of 
a HSM presents one of the greatest challenges when 
designing the machine. The cooling design selected is 
typically determined by performance requirement and the 
application. The most common cooling designs are air-
cooling and liquid cooling (water/oil), or a combination of 
both. A comparison of different cooling methods is given 
in [36] and in the table 3. 

 
6 CONCLUSION 

 
The design of HSMs is very complicated and challenging. 
Various design considerations need to be made due to the 
high rotational speeds and electrical frequencies in these 
machines. This paper highlighted the common HSMs used 
in industry and the design considerations and challenges 
that must be accounted for during the design and operation 
of these machines. HSMs have higher losses than low 
speed machines and this requires special consideration on 
the windings used. HSMs operate at very high 
temperatures and therefore effective cooling techniques 
must also be employed. The most common topology used 
for HSMs is the PM machine, which has been widely 
implemented and analysed in literature. 

Table 3: Cooling techniques and characteristics 
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Abstract: The emergence of natural gas as a ‘cleaner’ alternative to heavier fossil fuels has resulted 
in significant interest in its utilisation in power generation. High speed gas generators are increasingly 
seen as an ideal solution for distributed high density power generation. Particular interest is taken in 
power generation systems that can operate in isolated mode of operation during islanding. Control of 
Permanent Magnet Synchronous Generators (PMSG) at high speeds (30 000rpm) is discussed in this 
paper. A model of the entire generation system is developed in this paper including that of the gas 
turbine driving the PMSG. A broad system level control scheme is suggested to ensure the 
satisfactory operation of the PMSG. The system is simulated in Simulink/Matlab.    
 
 
 

1. INTRODUCTION 
 

With the recent discovery of South Africa’s abundance in 
Natural gas deposits, as well as that of its neighbours 
Namibia and Mozambique, gas turbine driven generators 
are primed to increase in popularity [1]. Direct driven 
generators are also increasing in popularity due to the 
high failure rate of gearboxes [2]. As a result, this paper 
focuses on the modelling and simulation of a direct 
driven high speed gas turbine generator.   
 
A system model of both the turbine and the PMSG is 
required to test the response of a PMSG under the gas 
turbine’s dynamic behaviour. The model of a gas turbine 
generator has been discussed in literature [3, 4]. 
Subsequently, a simplified twin shaft emulation system 
was developed in [5] using an induction machine from 
the aforementioned gas turbine model. In this paper the 
model will be used to provide mechanical power to the 
PMSG. The mechanical power extracted from the gas 
turbine depends on their conjunct speed. Therefore, speed 
control is a necessity in this application [6]. Vector 
control is employed to control the speed of the PMSG 
and thus the turbine. In addition to this, Vector control is 
used to minimize stator conduction losses in this paper 
[7].  
 
The presence of a grid would mean that the load side 
control would deliver power to the grid while regulating 
the DC-Link voltage [8], the load would then source 
power form the stable grid. However, in isolated mode of 
operation, power must be delivered directly to the load 
and maintained at the required voltage magnitude and 
frequency. Several strategies have been suggested when 
the system is in isolated mode of operation [9-12]. In [12] 
the load side control no longer regulates the DC-link 
voltage, the control instead focuses on maintaining the 
output voltage to the load at the required magnitude. This 
strategy leaves the DC-link voltage unregulated and may 
cause saturation of the converter voltages in the presence 
of a varying load. In [11] an additional DC-DC converter 

is used to charge a battery bank when generated power 
exceeds the load demand and the converse when 
generated power is insufficient. DC-link voltage 
regulation is achieved, but at the cost of additional 
components.  
 
A more cost effect method would be to vary mechanical 
power production as required by the load. When the load 
demand exceeds the power generated, the DC-link 
voltage drops. The DC-link voltage is then clamped to 
below nominal voltage by controlling the current to the 
load. The lower DC-link voltage is an indicator to the gas 
turbine to increase power production. Once this happens 
the DC-link voltage will increase towards its nominal 
value. The opposite would happen should the DC-link 
voltage increase to higher than the nominal voltage. This 
control strategy is highlighted in this paper. The models 
of both the turbine and generator are presented in this 
paper. Finally, Simulations results of the proposed control 
strategy are presented shortly after this. Experimental test 
will eventually be conducted at later date using a gas 
turbine emulator derived from the gas turbine model used 
in this paper. The emulator will drive a 10kW PMSG. 
This paper presents the background to the experimental 
phase of this project.  
 
 

2. Gas Power Generation System Modelling 
 

The modelling of a gas generation system is outlined in 
this section.  In particular, the turbine, generator and grid 
models are formulated in order to provide insight into the 
control of the system.   
 

2.1 Gas Turbine model 
 
In [5] a twin shaft gas turbine model is developed from 
the well-known Rowen model [3, 4]. The model 
represents the major processes of a gas turbine as simple 
transfer functions. In [13] the parameters of the transfer 
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functions are given in per unit. These parameters were 
deduced from studying four gas turbines with different 
power ratings. The model and its parameters are given in 
figure 1. 

 
The processes are modelled as first order transfer 
functions and are given in equation 1. The per unit 
parameters are given in table 1. 
 

 
 

 
 

 
 

 
 

 
 

 
 

    (1) 

Table 1: Per Unit parameters for turbine model 
processes 
 

 
 
2.2 PMSG Model 
 
The PMSG model comprises of the mechanical model 
and the electrical model. The mechanical model is given 
by equation 2 [14] 
 

                                       (2) 

 
Where: 
 

J = effective inertia of power turbine and PMSG 
 
ωg = angular mechanical speed of the PMSG 
 
Te = Electromagnetic Torque 
 

Symbol  Quantity  Value 

a Valve position constant 1 pu 
b Valve positioner constant 0.05 pu 
c Valve positioner constant 1 pu 

 No load fuel parameter 0.2 pu 

 No lad fuel parameter 0.8 pu          
 

 Combustion time delay  0.01s 
 Speed governor 

proportional constant 
1 pu 

 Speed governor integral 
constant 

2 pu/s 

 Fuel system time constant 0.4s 
 Compressor discharge 

volume 
0.1s 

 Combined power turbine, 
generator inertia 

- 

 Combined power turbine, 
generator viscous damping 

- 

Figure 1:Model of a twin shaft gas turbine [5] 
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Tm = Mechanical Torque 
 
p = number of pole pairs 
 
B = Viscous damping 
 

The electrical model of the PMSG is given in equation 3 
and equation 4. It must be noted that all equations relate 
to the stator with a PMSG. The Park’s transform is used 
to transform three-phase sinusoidal quantities to two 
dimensional DC quantities, thus simplifying analysis and 
control. 
 

 
 

             
 

                                 (3) 
 

Where: 
 
ωe = angular electrical speed of the PMSG 
 
p = pole pairs 
 
Vd/Vq = Output voltage from machine-side converter 
 
Rs = stator resistance 
 
Xd/Xq = synchronous quantities on the d and q axis 
respectively 
 

 
 

                                                                       (4) 
 
Where: 
 
λpm = magnetic flux 
 

2.3 Load Side Model 
 
The load side model comprises of a DC-link model 
shown in equation 5. The electrical model of the load side 
comprised of filter inductances and resistances as well as 
synchronous output voltage components. These are 
shown in equation 6.  
 

                                     (5) 
 
 
 

Where: 
 
sd/sq = switching function of grid-side converter 
 
C = capacitance of DC-link 
 

 

 
 

 
 

                                                                   (6)  
 

Where: 
 
egd/egq = synchronous grid voltage components 
 

ωg = angular frequency of grid voltage 
 
 

3. Control of Generator system 
 

The control strategy is outlined in this section. The 
control of the machine side converter is decoupled from 
the control of the load side converter. By controlling 
currents on either side of the converter, generator speed 
and voltage magnitude control is achieved. DC-link 
voltage regulation is achieved by varying the mechanical 
input power as the load varies. 
 

3.1 Vector control of PMSG 
 

Vector control refers to reducing stator currents to their 
synchronous components and using them to achieve a 
control objective. In [7] and [15], several control 
strategies are employed including unity power factor 
control and field weakening operation. The control 
strategy employed in this work is the torque per ampere 
strategy outlined in [7]. This minimizes conduction loses 
while maximising Torque. From equation 3 it can be 
deduced that by setting d-axis current to zero the q-axis 
current and the electromagnetic torque become 
proportional. This means according to equation 2, the 
angular speed of the PMSG can be set by controlling the 
q-axis current. 
 
PI controllers are used firstly to control generator 
currents. Secondly to set the angular speed of the 
generator. The control strategy is illustrated in figure 2. It 
must be noted that there exists cross coupling between the 
d-axis and q-axis equations in equation 3. Therefore, a 
feed forward decoupling signal is employed to nullify the 
effect of this non-linearity. The inner current control 
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loops must be significantly faster than the outer speed 
loop for successful operation. 
 

 
Figure 2: PMSG control strategy 

 
Where: 
 

 
 

                                                              (6) 
 
3.2 Vector control of the Load 
 
 The objective of the load side control is to use the load 
currents to regulate the output voltage at the required 
value. Therefore, the outer loop control is the voltage 
magnitude control which is shown in figure 3. A similar 
control structure is used in  [16]. 
 

 
Figure 3: Load side control strategy in isolated mode of 
operation 
 
Where: 
 

                                                   (7) 
 

 

To avoid converter voltage saturation, the DC-link is 
regulated by the turbine. The load is dynamic and can 
source current from the DC-link if insufficient power is 
being generated. The DC-link voltage is allowed to lower 
below its nominal value in this case. The gas turbine must 
input more mechanical power into the system in order to 
raise the DC-link voltage back to is nominal value. The 
converse is true when the DC-link voltage rises above its 
nominal value.  
 

4. SIMULATIONS 
 
The system is modelled and simulated using 
SIMULINK/MATLAB. The PMSG is initially at a speed 
of 3000 rad/sec. The operating speed must be lowered to 
2500 rad/sec to demonstrate speed control. The DC-link 
has an initial voltage of 750V; the nominal voltage is 
1100V and must be regulated at this value. The DC-link 
voltage regulation is realised through changing the input 
torque of the gas turbine while at a speed of 2500rad/sec. 
The time constants of the gas turbine model are shortened 
for simulation purposes. The load demand is 5kW; at 
0.6seconds the load is increased to 6kW. The output 
voltage must be maintained to at 220V during this 
transition. The PMSG parameters used are given in table 
2. 
 

 
 

 

Figure 4 illustrates the successful implementation of the 
control strategy. The generator speed (4(b)) is successful 
controlled and regulated at 2500 rad/sec. During this 
time, the DC-link voltage (4(c)) rises to over 1100V as 
the PMSG begins to produce electrical power. The DC-
link is regulated to a value 1100V. Power is successfully 
fed to a load of 5kW while regulating the output voltage 
at 220V. The mechanical torque input from the gas 
turbine (4(a)) slowly settles at a value -2.2Nm. The sign 
signifies that the PMSG is in generation mode as opposed 
to motoring mode. At 0.6 seconds the load increases to  

Table 2: PMSG parameters 

Parameter Value 

 0.201 H 

 0.0112Ω 

 0.05 Wb 
 0.00062  

  

 0.0003035 N.m.s 
 2 
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6kW. There is a dip in the DC-link voltage. The turbine 
increases the mechanical torque input to -2.6Nm, 
restoring the DC-link voltage to 1100V in the process.   
. 

5. CONCLUSION 
 

This paper demonstrates system level control strategy for 
gas turbine generator that ensures the required power is 
delivered to the load while regulating the DC-link 
voltage. Converter saturation is avoided in the process 
and PMSG speed control and output voltage control can 
be achieved. This work forms the knowledge base on 
which experimentation will be conducted.  
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Abstract: The rise in popularity of wind energy systems, has resulted in a greater demand for low-speed direct-drive 
machines. The Vernier machine is inherently suitable for such applications, whilst eliminating the need for a 
mechanical gearbox. The research problem addressed relates to the assessment of the Vernier permanent magnet 
(VPM) machine topology for direct-drive wind applications. It outlines a sizing, design and analysis approach for a 
three-phase VPM wind generator. Furthermore, a comparative study is conducted using two different rotor types and 
two different stator types, namely; spoke-type and surface-mounted rotor configurations, and fractional slot and 
integral slot stator winding configurations, respectively. The main outcome is an assessment of the suitability of the 
rotor topologies and stator winding configurations for a direct-drive wind energy application.  

 

Keywords: Renewable energy, Vernier, permanent magnet, generator, wind turbine 

 

 

 

1. INTRODUCTION 
 

Permanent magnet synchronous generators 
(PMSGs) can be directly coupled to the turbine 
rotor without a gearbox in a direct-drive wind 
turbine configuration. A PMSG for a low-speed 
direct-drive wind turbine application has the 
following requirements: 

x High power/torque density  
x High efficiency  
x Low cogging and ripple torque  
x Reasonable power factor 
x High reliability 

The Vernier PM machine is an attractive option for 
a direct-drive wind generator due to its inherently 
high power density and capable of delivering high 
torque at low speeds [1]. Operating under the 
“magnetic gear principle”, the Vernier machine 
uses an additional air-gap flux density harmonic, 
the slot harmonic, to supplement the fundamental 
torque and b-EMF. To accomplish this, the 
machine is wound with a different number of 
winding pole-pairs (𝑝𝑠) to rotor pole-pairs (𝑝𝑟). 
This magnetic gearing effect is implemented by 
selecting the stator slots (𝑍) and pole-pairs such 
that: 

Vernier machines can produce torque ripple as low 
as 0.2% without the use of skewing [2]. 
Furthermore, the induced voltage of the Vernier 
machine is inherently sinusoidal, without chording 
[3]. Low power factor is the lone drawback of 
Vernier machines [4]. The Vernier Machine offers 
a means to eliminate the gearbox in wind energy 
systems; thereby reducing maintenance, noise and 
improving overall efficiency. To this end, the 
Vernier machine is an attractive option in direct-
drive applications. This paper endeavours to 
evaluate whether the Vernier topology’s benefits 
outweigh its low power factor drawback for a wind 
energy application. To facilitate this, a comparative 
study of the following four 6kW, 250RPM 
machines are analysed and compared: 

1. Integral-slot surface mounted (ISSM) 
machine  

2. Integral-slot spoke type (ISST) machine  
3. Fractional-slot surface mounted (FSSM) 

machine 
4. Fractional-slot spoke type (FSST) 

machine 
Vernier theory is used to size the designs, after 
which 2D FE analysis is used to analyse and 
validate the designs. The main outcome is an 
assessment of the suitability of the four topologies 
for a direct-drive wind energy application. The 
designs will be assessed on the aforementioned 
requirements for direct-drive wind applications.  𝑝𝑟 = 𝑍 − 𝑝𝑠 (1) 
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2. VERNIER MACHINE THEORY 

 

The following section entails the governing theory 
of Vernier machines. The theory will reveal the 
uniqueness of the Vernier topology in terms of 
harmonic synchronisation and power density.  

 

2.1. Air-gap Flux Density 
 

Consider the Fourier series of the rotor PM MMF, 
where 𝑖 is the order of the working harmonic that 
exists at odd harmonics only:  

Where 𝐹𝑖 is the 𝑖𝑡ℎ Fourier coefficient, 𝜔 is the 
electrical angular speed of the rotor and 𝑝𝑟 is the 
number of PM pole-pairs on the rotor. The stator 
slots and teeth create a variable permeance in the 
air-gap. This slotting effect is the mechanism by 
which the air-gap flux density is modulated. 
Vernier machines require a more detailed 
description of the slotting effect; rather than the 
traditional Carter’s coefficient. Thus the conformal 
mapping method is used to describe the air-gap 
permeance function [5]: 

𝑃(𝜃𝑠) =  𝑃0 + (−1)𝑛𝑃1 cos(𝑍 𝜃𝑠) (3) 

Where, and 𝜃𝑠 is the angular position on the stator. 
Only the constant 𝑃0 and the fundamental 
permeance harmonic 𝑃1 are taken into account, 
since the higher order harmonics are much smaller 
in comparison, when the slot opening ratio is above 
0.5.  The air-gap flux density distribution can be 
derived as the product of the permeance function 
and the PM MMF expression [2]: 

The resultant expression indicates the presence of 
three flux density waves each having different 
numbers of pole-pairs, i.e.  𝑖𝑝𝑟  and (𝑍 ±  𝑖𝑝𝑟). 
Each wave rotates at the same electrical 
frequency 𝜔. The first term in (4) can be regarded 
as the component found in classical PM machine 
theory. Whilst, the other two terms are produced by 
the modulation effect of the stator slots.  
 

2.2. Torque Production 
 

Synchronous rotation in an electrical machine is 
caused by the interaction of two magnetic fields – 
the air-gap flux density due to PM excitation and 
the flux density due to the armature winding MMF. 
Stable torque is developed by synchronising terms 
in the field expressions having the same spatial 
orders. The conditions for stable torque production 
are thus [6]: 

x Stator and rotor field must have the same 
number of poles. Fields which have 
different number of poles do not interact 
with each other to produce torque 

x Stator and rotor field must rotate at the 
same speed 

It is only necessary to consider terms which share 
spatial periods in the air-gap flux density and 
armature MMF. Thus, considering the air-gap flux 
density expression (4), the stator MMF harmonics 
( 𝑗𝑝𝑠) will synchronise with either the 𝑖𝑝𝑟 or the 
(𝑍 ±  𝑖𝑝𝑟) air-gap flux density slot harmonics. This 
is the essence of the Vernier principle. 
Synchronisation is ensured by choosing the number 
of winding pole-pairs such that Equation (1) is true. 
Therefore, considering only the fundamental and 
slot harmonics, the stator MMF can be expressed as 
[1]: 

If the 𝑗𝑝𝑠 armature fields synchronise with the (𝑍 −
𝑖𝑝𝑟) rotor fields, the interaction of the two fields 
produces a stable torque which can be derived from 
the field energy in the air-gap volume: 

Where 𝐹 is the sum of the PM and armature 
MMF’s and 𝐵 is the sum of the air-gap and 
armature flux densities. The derivation follows 
from:  

𝐹𝑃𝑀(𝜃𝑠, 𝑡) =  ∑ 𝐹𝑖cos (𝑖𝑝𝑟𝜃𝑠 − 𝑖𝜔𝑡)
𝑖=1,3,5,..

         

(2) 

𝐵𝑔(𝜃𝑠, 𝑡) = 𝐹𝑃𝑀(𝜃𝑠, 𝑡)𝑃(𝜃𝑠)

=  ∑ 𝑃0𝐹𝑖 cos(𝑖𝑝𝑟𝜃𝑠 − 𝑖𝜔𝑡)
𝑖=1,3,5,..

+ ∑
𝑃1𝐹𝑖

2
cos((𝑍 ±  𝑖𝑝𝑟)𝜃𝑠 ∓ 𝑖𝜔𝑡)

𝑖=1,3,5,..

  

 

 

 

  (4) 

𝐹𝑎(𝜃𝑠, 𝑡) =  
3𝑘𝑤1𝐹𝑐1

2
 {cos[𝑝𝑠𝜃𝑠

− (𝜔𝑡 − 𝛼)]

+
(−1)𝑛

𝑍 𝑝𝑠⁄ − 1
cos[(𝑍

−  𝑝𝑠)𝜃𝑠 + (𝜔𝑡 − 𝛼)]

+
(−1)𝑛−1

𝑍 𝑝𝑠⁄ + 1
cos[(𝑍

+  𝑝𝑠)𝜃𝑠 − (𝜔𝑡 − 𝛼)]} 

 

 

 

 

     

(5) 

𝑐𝑜 − 𝑒𝑛𝑒𝑟𝑔𝑦
𝑣𝑜𝑙𝑢𝑚𝑒

=
1
2

𝐵𝐹                         

(6)       

SAUPEC 2017 333



Where 𝛽 is the winding pole-pitch, 𝐿𝑠𝑡 is the stack 
length and 𝜃𝑚 is the rotor position. From (2), (3), 
(4) and (6) the maximum torque per ampere can be 
expressed as:  

𝑇 =
3√2

𝜋
𝛽𝐿𝑠𝑡𝑘𝑤1𝑁𝑝ℎ𝐼𝑎 (

𝑝𝑟

𝑝𝑠
𝐵1 + 𝐵0) 

(8) 

Equation (8) indicates the presence of an additional 
torque component in a Vernier machine. This 
component is the manifestation of the Vernier 
effect. The Vernier term can be scaled by the factor 
𝑝𝑟/𝑝𝑠 seemingly infinitely. However, in practice 
this comes at a cost, which will be explored later. 

 

2.3. Back-EMF Formulation 
 

From winding function theory, the winding 
function of the stator phase A winding is given as: 

𝑁𝑗 is the 𝑗𝑡ℎ harmonic of the armature winding 
function, 𝑁𝑝ℎ is the number of turns per phase and 
𝑘𝑤𝑗  is the winding factor of the 𝑗𝑡ℎ harmonic. The 
flux linkage of phase A is the product of the turns 
per coil per phase and the flux density linking 
phase A. Letting the fundamental component 𝐵0 =
 𝑃0𝐹𝑖 and the slot harmonic component 𝐵1 = 𝑃1𝐹𝑖

2
, 

and simplifying:  

The first term in (10) is due to the linkage of the 
𝑗𝑝𝑠 winding pole-pairs with the 𝑖𝑝𝑟 flux density 
pole-pairs. This is termed the slot-less component. 
This is the very same b-EMF contribution found in 
conventional PM machines. The second and third 
terms are due to the linkage of the 𝑗𝑝𝑠 winding 
pole-pairs with the (𝑍 ± 𝑖𝑝𝑟) flux density pole-
pairs. These are termed slotting components and 

are unique features of the Vernier topology. Thus, 
considering the working harmonic and the relevant 
slot harmonics results in a simpler form for the b-
EMF. The b-EMF is defined as the rate of change 
of flux-linkage with respect to time 𝑒𝑎(𝑡) =
 − 𝑑

𝑑𝑡
𝜆𝑎(𝜃𝑠, 𝑡). The magnitude is thus: 

This form is used in the sizing analysis. Clearly, the 
Vernier b-EMF consists of two terms. The first 
term is the same found in that of conventional 
machines. The second term is the Vernier 
contribution. If poles and slots are chosen such 
that 𝑍 = 𝑝𝑟 + 𝑝𝑠, the terms are summed.  
 

3. DESIGN CONSTRAINTS AND GOALS 
 

Machine ratings of 6kW at 250RPM translates to a 
rated torque of 230Nm at 10A and a generated 
voltage of 380V line-line. In practice, the generator 
is connected to a variable-frequency converter so a 
slight variation in the frequency can be tolerated. 
The machines are sized in order to ensure that the 
specified performance targets are met.  
 
3.1. Sizing 
 

To formulate the VPM power equation, the Vernier 
b-EMF and electric loading is taken account of. 
Following on from [7] and [8] ; then, using the 
well-known power relationship between voltage 
and current in an m-phase machine, the obtainable 
power capacity of a VPM generator can be 
expressed as: 

𝑃𝑜

=
√2𝜋

4
𝑘𝑙𝑘𝑤(𝐵0

+ 𝐺𝑟𝐵1)𝐴𝑠𝜔𝑟𝐴𝑅𝐷𝑔
3 cos(𝜓) 

(12) 

Where cos(𝜓) represents the internal power factor, 
𝑘𝑙 is the flux leakage factor, 𝐺𝑟  is the ‘gearing 
ratio’ which is equal to 𝑝𝑟

𝑝𝑠
 ,  𝐴𝑠 is the electric 

loading and 𝐴𝑅 is the aspect ratio. This equation 
was used to size the air-gap diameters of the four 
machines.  
 
3.2. Parameter selection – significance of pole-

pair combination 
 

At the core of Vernier machine design theory is the 
pole-ratio, which is the proportionality factor that 

𝑇 =
𝑝𝑠𝛽𝐿𝑠𝑡

𝜋
∫ {

𝜕
𝜕𝜃𝑚

(
1
2

𝐵𝐹)} 𝑑𝜃𝑠

2𝜋

0
 

     (7) 

 𝑁𝑎(𝜃𝑠) =  ∑ 𝑁𝑗cos (𝑗𝑝𝑠𝜃𝑠)
𝑗=1,3,5,..

  (9) 

𝐸0 = 𝑁𝑝ℎ𝑘𝑤𝜔𝑚𝐷𝑔𝐿𝑠𝑡 (𝐵0 +
𝑝𝑟

𝑝𝑠
𝐵1) (11) 

𝜆𝑎(𝜃𝑠, 𝑡)

=  𝑅𝑔𝐿𝑠𝑡 ∫ { ∑ ∑ 𝐵0𝑁𝑗 cos(𝑖𝑝𝑟𝜃𝑠
𝑗=1,3,5,..𝑖=1,3,5,..

2𝜋

0

− 𝑖𝜔𝑡) cos (𝑗𝑝𝑠𝜃𝑠)

+ ∑ ∑ 𝐵1 𝑁𝑗cos((𝑍 ±  𝑖𝑝𝑟)𝜃𝑠
𝑗=1,3,5,..𝑖=1,3,5,..

∓ 𝑖𝜔𝑡)cos (𝑗𝑝𝑠𝜃𝑠) } ∙ 𝑑𝜃𝑠 

   

 

 

 

                       

(10) 
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amplifies the slot harmonic component of the air-
gap flux density. One would be inclined to design a 
Vernier machine with a large number of rotor pole-
pairs, which maximises the pole-ratio and 
consequently the power density. However, this will 
yield severe leakage flux, which diminishes power 
density.  
 
Cogging torque:  
Cogging torque is due to the interaction of the rotor 
PM poles and the stator steel teeth. The lowest 
common multiple (LCM) between the PMs and 
stator teeth provides an indication of the degree of 
cogging torque the machine will exhibit [9]. The 
following cogging torque factor can also be used to 
gage the cogging: 

 𝑓𝑐 =  
2𝑝𝑟𝑍

𝐿𝐶𝑀{2𝑝𝑟, 𝑍}
 

(13) 

Additionally, the cogging torque is dependent on 
PM flux [10]. This will be expanded upon later. 
 

Power factor: 
Vernier machines have an inherently poor power 
factor. The power factor is indeed inversely 
proportional to the pole ratio: 

This confirms that there cannot exist a high power 
density Vernier machine with a high power factor. 
The practical implication is that Vernier machines 
require converters which have higher kVA ratings. 
Henceforth, considering the Vernier principle (1) 
this study requires two pole and slot combinations 
such that 𝑞 ∈ ℤ and 𝑞 < 1 for integral slot and 
fractional slot configurations respectively. For the 
integral slot case, a high pole-ratio is chosen which 
uses relatively few permanent magnets, hence the 
12 slot, 22 pole combination was chosen. This 
combination has q =2 and yields a pole-ratio of 11. 
For the fractional slot case, the 18 slot, 28 pole 
combination was chosen. This combination has q = 
0.75 and yields a pole-ratio of 3.5.  
 

4. CONFIGURATION 
 

The spoke-type topologies employ 
circumferentially magnetised PMs separated by 
steel pieces. The SM topologies consist of radially 
magnetised PMs mounted on the surface of the 
rotor yoke. The fractional slot case has 18 slots and 
14 rotor pole-pairs, and thus by the Vernier 

principle, it is wound with 4 winding pole-pairs. 
Similarly for the integral slot case, a 12 slot stator 
is wound with one winding pole-pair employing 11 
rotor pole-pairs. All four machines have the open-
slot structure, which allows the stator teeth to 
perform the modulation of the rotor pole flux. 
Minimal PM cost is desirable in wind turbine 
applications. Thus, the PMs in this study are 
designed to be minimum for performance 
requirement realisation, i.e. 3mm thickness. 
Neodymium-Iron-Boron (NdFeB) magnets were 
chosen for their superior energy per unit volume.  
Furthermore, M19-26Ga non-orientated laminated 
electrical steel was selected as it exhibits minimal 

core loss at low frequencies. The flux density 
distributions of each topology are shown in Figure 
1 indicating corresponding winding coil pitches.  
 

5. FEA RESULTS AND COMPARISON 
 

The verification of the Vernier effect is done by 
analysing the harmonic spectra which indicates the 
presence of the fundamental harmonic, 𝑝𝑟  and two 
slot harmonics, (𝑍 ± 𝑝𝑟), in accordance with 
Equation (4). The harmonic spectra in Figure 2 
shows that the spoke fundamental flux density 
harmonic is higher than that of the SM cases due to 
its flux focusing feature. Divergence from the 
Vernier principle is noticed in the ISST case, where 
the 1 pole-pair slot harmonic is clearly suppressed. 
This is attributed to an oscillating magnetic 
potential in the pole-pieces between the PMs in the 
spoke topology [11]. The machines were simulated 
at rated speed under open-circuit conditions. The 
four machines were designed to generate the same 
b-EMF magnitude of 380V line-line. As a result, 
there are variations in the four designs as can be 
seen in Table 3. From Table 3, the integral slot has 
the smallest air-gap diameter due to its higher pole-
ratio and by Equation (12). Notably, the ISST uses 
the largest amount of active material. The 
suppression of the slot harmonic is believed to be 

(a) (b) 

(c) (d) 

Figure 1: Vernier topologies (a) ISSM 
(b) FSST (c) ISST (d) FSSM 

𝑐𝑜𝑠𝜓 =
1

√1 + (𝑝𝑟
𝑝𝑠

)
2

 (
𝑋𝑔,𝑐𝑜𝑛𝐼𝑝ℎ

𝐸𝑝ℎ
)

2
 

(14) 
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the reason for the diminished power density in the 
ISST case. However, the slot harmonics in the 
fractional slot configurations are relatively similar 
in magnitude. Harmonic analysis confirmed that 
the machines with the highest pole-ratio produced 
the lowest THD as was predicted in [3]. Table 2 
indicates the correlation between cogging and flux 
per pole. The spoke type introduces a salient effect 
which distorts the no-load flux density and 
exacerbates cogging torque [12]. This is evident in 
the FSST, but not so in the ISST case. The ISST 
case produces the lowest cogging torque due to its 
significantly low flux per pole. Torque is 
determined by applying a sinusoidal current to the 
machine. Indeed, high pole-ratios produced the 
greatest torque density. All four machines have 
torque ripple percentages less than 10% which is 
desirable in mitigating turbine vibrations. Notably, 
the ISST case, which yielded a cogging torque of 
1.08Nm pk-pk, produces a large amount of torque 
ripple at 9.93Nm pk-pk. It was deduced that it is 
the ISST rich harmonic spectrum which is the 
cause of the high ripple. A sinusoidal current was 
injected into the windings and plotted on the same 
axes as the terminal voltage. By Equation (14), the 
machines with the higher pole-ratio will exhibit the 
lowest power factor. Results are shown in Table 3. 
The ISSM case had the lowest power factor of the 

four machines. However, the spoke type 
configurations display the best power factor over-
all; even though the ISST had a larger pole ratio, it 
still produced a similar power factor to that of the 
FSSM case.  The core losses and winding losses 
were analysed at full-load conditions. The total 
losses and efficiencies of the four machines are 
compared in Table 4. All four machines offer 
relatively good efficiency. Notably, the ISST case 
produces the lowest core loss which can be 
attributed to its high flux leakage and low flux 
linkage.  

 

6. CONCLUSION 
 
Four Vernier PM designs are compared in terms of 
flux density, b-EMF, torque, power factor and 
losses. Results were used to determine the 
topology’s suitability for a wind generator 
application. The ISST topology was the only case 
where the Vernier effect was not prevalent, due to 
the suppression of the slot harmonic component 

Table 2: Full Load Torque Characteristics 

 Torque 
[Nm] 

Torque/rotor 
volume 
[kNm/m^3] 

Rated 
current 
[A] 

PM 
thickness 
[mm] 

Peak-peak 
ripple 
[Nm] 

% 
ripple 

Power 
Factor 

ISSM 234 67.92 11 3 2.37 1.0 0.6 
FSSM 234 34.15 10 3 5.50 2.35 0.72 
ISST 230 66.76 11 5.75 9.93 4.31 0.71 
FSST 230 33.5 10 4 12.40 5.41 0.8 

 

Table 3: design parameters for b-EMF 

 Air-gap 
diameter 
[mm] 

Turns/coil PM 
volume 
[cm3] 

THD 
% 

ISSM 166.23 36 9.99 4.72 
FSSM 208.95 34 12.57 6.84 
ISST 166.23 81 17.35 2.43 

FSST 208.95 30 16.36 10.64 
 

Figure 2: Harmonic Spectra (a) integral slot 
(b) fractional slot 

Table 1: peak flux no-load flux linkage and flux 

  

Flux 
linkage 
[Wb] 

No-Load 
phase Flux 
[Wb] 

Peak flux 
density 
[T] 

pk-pk 
cogging  
[Nm] 

ISSM 1.052 0.0292 0.8493 2.35 
ISST 1.118 0.004 0.9897 1.08 
FSSM 0.591 0.017 0.86 3.16 
FSST 0.576 0.019 0.9933 9.05 
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resulting in greater material consumption. In terms 
of torque density and ripple the ISSM case is the 
most attractive. However, it falls short in terms of 
power factor. The FSSM case fulfils all the criteria 
required for wind energy applications, but yields a 
lower power factor compared to the FSST case. 
This can be attributed to larger leakage flux in the 
SM topology compared to the spoke. The FSST 
case is deemed the most suitable for a wind 
generator application because it provides cogging 
and ripple torques lower than 15% and uses 
adequate amounts of active material, whilst 
providing the highest power factor. The authors are 
conducting further research into improving the 
FSST power factor and torque performance.  
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Table 4: Losses and Efficiencies 

  
core 
loss [W] 

copper 
loss [W] efficiency 

ISSM 69.58 55.96 97.78% 

FSSM 80.81 94.21 97.13% 

ISST 27.56 283.28 94.80% 

FSST 102.97 73.43 97.06% 
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Abstract—Power transformers are the crucial part of the 
power system network because they regulate the voltage 
either up or down on the electrical network for safe use by the 
consumers.  Their reliable operation on the network is very 
critical because it directly impacts that of the entire electrical 
network connected to it. One of the major challenges power 
utilities face is the failure of power transformers on the 
distribution network. In this research, the dominating causes 
of transformer failures on the Eskom distribution Limpopo 
network were identified. Different power transformer failure 
management strategies are discussed. The current 
methodologies used in Eskom distribution to prevent power 
transformer failures are evaluated. Different solutions to 
improve the current transformer failure management 
strategies are proposed. The defined methods are based on 
literature and existing research on power transformer failure 
management strategies.  
 

Keywords: Power system reliability, distribution network, power 
transformer failure 

1. INTRODUCTION 
Eskom is an electrical power - generation, transmission 

and distribution Company in South Africa, with growing 
demand and an ageing infrastructure. There has been 
increased pressure on electricity utilities to decrease outage 
time due to faults.  

The System Average Interruption Duration Index (SAIDI) 
and System Average Interruption Frequency Index SAIFI are 
used reliability indicators by electric power utilities. SAIDI is 
the average outage duration for each customer served, and is 
calculated as: 

rServedrofCustomeTotalNumbe
DurationsterruptionCustomerIn

SAIDI ∑=
 (1) 

The system average interruption frequency index is 
designed to give information about the average frequency of 
sustained interruptions per customer over a predefined area 
and is calculated as shown below: 

rServedrofCustomeTotalNumbe
FrequencyterruptionCustomerIn

SAIFI ∑=  (2) 

 

Plant performance report in the Limpopo network 
indicated the following number of transformer failures in the 
past four years:  

 
Figure 1: Number of Eskom distribution transformer failures from    
2012 up to 2015 [1] 

     From the figure above, it can be observed that in the year 
2012, there were eight transformers that failed. In 2013, the 
failure dropped down to seven failures; however in the year 
2014, there were a total of twelve power transformer failures 
that were recorded and in 2015, there were ten failures 
recorded. 

2. PROBLEM STATEMENT AND OBJECTIVE 

2.1 Problem statement 
     The problem identified when a power transformer fails on 
the distribution network includes the following:  
• Production loss for industries that consume huge 

amounts of power to run their machinery for bulk 
production. The machines will have to shut down until 
alternative source of electrical power is made available. 

• Loss in the utility budget. The utility will have to find 
new ways of supplying their customers with power. A 
new power transformer may have to be purchased or 
spare transformer to be transported to site for 
commissioning.  

• Loss of life for patient’s dependent on life support 
machines. 
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• Customer’s safety. Once the power supply is off, the 
houses become prone to robberies because the alarms 
switch off.  

In the past four years, there were a total of 37 transformers 
that failed on the Eskom distribution in Limpopo province. 
The total financial loss associated with the loss of all these 
transformers was R127.90 Million. The following bar-chart 
shows the cost of replacing the failed transformers each year 
from the year 2012 until 2015. 

 
Figure 2: Cost associated with replacement of failed transformers from 
the year 2012 until 2015 [8] 

 
From the above figure, it can be observed that failure of 

transformers is causing high financial loss for the utility. In 
2012, the utility spent R27.45Million on power transformer 
failures. In 2013, R26.82Million was spent. In 2014, 
R37.44Million was spent and in 2015 the utility spent 
R36.18Million. The other concerns for Limpopo operations 
were the following: 

 
• On networks with only one transformer installed in the 

substation, when that transformer fails; all the customers 
will be out of the electricity supply for the duration of 
that outage. In some cases back-feeding can be 
implemented to feed some or all customers affected. 
However, some substation feeders do not have that 
capability. 

• In the commercial sector, the operations stops which 
result in zero production and hence no business for the 
duration of that outage.  

Failure of transformers on the distribution network not 
only negatively impacts the reliability of the power system but 
also affect the power quality significantly.  

There is therefore a need to identify the causes for these 
failures and the methods currently being implemented to 
prevent failure of these transformers.  

2.2 Objective 
The primary objective of this research is to identify factors 

affecting the performance of the power transformers on the 
Eskom distribution network in Limpopo. The secondary 
objective of this study was to:  

• Analyse the performance of the  power transformer 
failures in Eskom distribution network in Limpopo 

• Determine ways in which Eskom distribution is currently 
preventing power transformer failures  

• Study the factors leading to power transformer failure on 
the distribution network 

• Recommend ways to mitigate the factors affecting the 
performance of power transformer failures in Eskom 
distribution in Limpopo. 

3. LITERATURE REVIEW ON 
TRANSFORMER FAILURE 

A power transformer, being one of the critical assets in the 
power system has remarkable effects considering maintenance 
and replacement from a reliability perspective. Its main 
function is to regulate the voltage either up or down on the 
electrical network for safe use by the consumers 

 
Oil-filled power transformers consist of steel tanks, 

dielectric cooling oil, bushings, core-steel insulation and 
pressboard. Some degradation processes may affect various 
components of this equipment. There is a wide range of events 
that could lead to transformer failures. These include design 
defects, voltage surges, lightning strikes, structural damage, 
maintenance errors and rapid unexpected deterioration of 
insulation.  

 
The following figure below shows the active part of a 

power transformer, consisting of the windings covered in 
cellulose insulation. 

         
Figure 3: Active part of a power transformer [2] 
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3.1 Factors leading to power transformer failure  
• Transformer overloading. When a power transformer 

is overloaded, its temperature can exceed 100 0C. 
Continuous overloading of a transformer results in a 
degree of risk and accelerated aging [3]. Overloading 
of a transformer causes generation of heat within the 
tank resulting in the burning of the winding insulation 
and ultimately causing the transformer to fail [4]. 
Under overloaded conditions, components such as 
load tap changer contacts and bushings connections 
may develop high temperature.  

• Thermal stress on transformer insulation. Most power 
transformers use kraft paper as insulation in the 
electrical windings of the core immersed in oil. When 
a transformer is in operation, the winding temperature 
can rise up to 85 0C. When electrical stress within the 
transformer increases, oil starts grabbing the 
properties of cellulose which leads to the acceleration 
of oil aging decomposition [5].  

• Humidity in oil. High moisture level in the 
transformer tank causes low dielectric strength, 
decreased insulation and in a worst case scenario it 
can lead to the transformer breakdown [3]. It also 
accelerates oil aging and affects the insulating 
properties of the oil. If this is not tracked, the life 
expectancy of the transformer is affected and hence 
reduces the expected return on investment.  

• Oil contamination can be in a form of metal, gases or 
liquid. The metal content in transformer oil may 
compromise the dielectric losses of the transformer 
insulating oils [3]. Contaminated oil has an effect 
such as corrosion on the transformer core insulating 
material; affecting the operation of the transformer. 
The core becomes in contact with oil and should 
there be any arc, fire will result. The breakdown of 
electrical insulating materials and related components 
inside a power transformer generates gases within the 
transformer.  

• Lack of proper maintenance. The main objective of 
the power transformer maintenance is to ensure that 
the power transformer health is managed over their 
lifecycle [5]. This ensures optimal reliability, 
availability and life of the power transformer. Should 
maintenance be inadequate, both the plant 
performance and life expectancy are affected. 

• Lightning strikes a power transformer, the lightning 
discharges resulting in phase-to-ground or phase-to-
phase overvoltage. The induced voltage propagates 
along the network. During storms, lightning can blow 
fuses installed on the power transformer. If the power 
transformer is not fitted with the surge arresting 
equipment, there is high chance of the lightning 
damaging the transformer. Lightning causes internal 
localized overvoltage. 

• Cooling system failure. As the power transformer 
operates, heat is generated within the transformer 
core. In the oil-filled power transformer, the oil acts 
as a coolant for the transformer core. The radiator, oil 
pumps and the cooling fans also form part of the 
cooling system to ensure that the transformer 
temperature does not rise above certain levels [1]. 
When the cooling system is not functioning properly, 
heat will build up within the transformer tank. This 
will affect the different transformer components such 
as the cellulose chains in the winding insulation 
paper, which will result in a decrease in the degree of 
polymerization [3]. Environmental effects such as 
corrosion, high humidity and sun radiation can affect 
the leakage in the oil/water pipes, which directly 
affects the transformer cooling system. Faulty 
thermostats will also show incorrect temperature 
causing the cooling system to operate in an 
undesirable manner. 

 
• Aging. After a transformer has been in operation for a 

certain number of years, the different components 
within the transformer begin to wear-out which 
increases the failure rate. When a transformer is in 
operation, it is continuously subjected to thermal, 
electrical, mechanical and chemical stresses [6]. 
Upon purchasing of a power transformer, the 
manufacturers specify the life expectancy of that 
transformer. Once the transformer has been in 
operation for that specified period, the utility usually 
makes efforts to put the spares in place to ensure that 
if the currently installed transformer fails, it can be 
quickly and easily replaced.  

 
3.2 Power transformer failure management strategies 

 
    Electrical transformers are filled with a combustible 
coolant (oil) and may therefore experience a breakage in 
electrical insulation which might result in an explosion or fire 
[2].  
• One of the methods to manage transformer failure is the 

pressure and vapour sensor whose main purpose is to 
prevent fires and explosions resulting from the 
transformer fault inside the transformer tank. The 
pressure and vapor sensors are coupled together to 
monitor the vapor and pressure content in the transformer 
tank [4]. An increase in pressure of the transformer tank 
may indicate that an insulation breakdown has occurred. 
The control unit controls the operation of the entire fire 
and explosion prevention process. It is equipped with a 
data processing means which receives the signal from 
various sensors and can emit control signals intended for 
valves and the injection of nitrogen at the base of the 
power transformer thus preventing the power transformer 
from exploding.  

• Dissolved gas analysis (DGA) method. The DGA 
method measures the concentration of the dissolved 
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gases within the sampled oil [6]. When a power 
transformer is in operation, there are certain gases that 
are generated into the insulating oil due to natural aging. 
Possible gases that can be injected include hydrogen, 
methane, ethane, ethylene, acetylene, carbon monoxide, 
carbon dioxide, nitrogen and oxygen. The DGA analysis 
results will give an indication of how much of each gas is 
there in the insulation oil. These results will be compared 
with the ones taken previously. Any sharp increase in 
any of the key gases is indicative of a potential problem 
within the transformer.                                                                                                                 

  
• On-line moisture analysis. Moisture in oil cooled power 

transformers and insulated power transformers has 
detrimental effects. High moisture level also causes low 
dielectric strength, decreased insulation and in a worst 
case scenario it can lead to the transformer breakdown 
[4]. It also accelerates oil aging and affects the insulating 
properties of the oil. An on-line moisture-in-oil probe 
will be inserted into the transformer to measure the 
moisture and temperature at the same time. This method 
enables one to track and monitor the moisture content. 
The online moisture analyser has to be placed in the 
cooling system and in such a way that the tip is in contact 
with the oil flowing transformer tank. 

            
• Depressurization Strategy is the fast direct-tank 

depressurization method that activates as soon as the 
high pressure peak of the pressure wave reaches it [7]. 
During fault conditions, there is high pressure that is 
built up within the transformer tank. The pressure that 
builds up is between the gas bubbles and the surrounding 
liquid oil that generates a dynamic pressure peak which 
propagates and interacts with the tank. The 
depressurization strategy is intended to prevent the 
pressure build up within the transformer tank. Since 
transformers always rupture because of the static 
pressure at their weakest point, this strategy is designed 
to be the weakest point in terms of inertia to break with 
the dynamic pressure peak before the tank explodes.  

    
3.3 Factors affecting power transformer failure on the Eskom 

distribution network in Limpopo 
 

On the Eskom Distribution LOU network, there are a total 
of 249 substations with a total of 378 substation power 
transformer of different MVA size and voltage level.  

 
From the substation transformers that failed, the causes of 
failure were as follows: 

• Transformers failing due to aging 
• Failure due to overloading 
• Failure due to poor maintenance 
• Failure due to poor security at substations in remote 

areas 
• Failure due to internal faults 

3.4 Eskom distribution power transformer failure prevention 
approach 

    Eskom distribution has put in place, various methodologies 
to avoid power transformer failure. These methods will be 
explained in sections below. 

• Maintenance Engineering Strategy  
 
    Maintenance Engineering Strategy refers to the 
engineering performed during the design process (logistic 
support analysis) to define the maintenance requirements of 
the System, Structure or Component that serves as primary 
input to the maintenance execution strategy [5].  
 
     Eskom maintenance engineering strategies includes the 
preventative, corrective, testing and inspection maintenance 
activities based on the outcome of FMEA and RCM analyses. 
The operating unit plant department will capture the asset 
operation, condition and performance information required in 
the asset performance management tool to develop asset 
specific execution strategies.  
 
     The process of monitoring is in place for the Zone 
manager to be accountable for the implementation of the 
maintenance engineering strategies. The maintenance 
engineering strategy ensures that the power transformer 
health is managed over their lifecycle to ensure optimal 
reliability, availability and life of the transformer.  
 
      Challenges faced by the Limpopo region with this method 
include the following: 
! In certain Limpopo areas such as Modimolle in 

Lephalale Zone, there are not enough resources at the 
customer network centres to manage the daily line faults, 
do the substation and pole-mounted transformer 
maintenance, customer queries, network maintenance 
etc. As a result, maintenance of the power transformers 
ends up being rescheduled for a later period. Faults that 
cause the utility to increase the SAIDI are prioritised 
over routine maintenance activities because there are 
penalties. 

! When there’s overload of work, the field services 
officers take short-cuts instead of performing the lengthy 
maintenance activities. 

• Degradation review and health index 
 

    Transformers mostly operate under many extreme 
conditions such as high oil temperature and overloading. 
There are conditions that affect the degradation process 
affecting various components of the transformer. Overloads 
cause above normal temperatures; through faults can cause 
displacement of coils and insulation; and lightning and 
switching surges cause internal localized over-voltages.  
 
    Moisture particles and acids degrade the transformer 
insulation. These conditions degrading the transformer 
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insulation eventually can lead to transformer failure. In order 
for Eskom distribution to avoid degradation of the 
transformer winding insulation, periodic dissolved gas in oil 
analysis, oil temperature monitoring, gas accumulation and 
core leakage current testing are performed on the distribution 
power transformers.  
 
   Components such as the Load Tap Changers (LTC) have 
moving parts that are subject to wear and stress. The LTC 
make or break high currents and undergo arcing that 
accompanies such operations. Excessive arcing causes 
overheating, contact burning, insulation oil contamination 
and short-circuit failure.  
 
   Eskom performs a special LTC maintenance to ensure 
reliable operation. Should the LTC fail, there will be severe 
consequences which include loss of customer supply, costs of 
replacement, safety of the persons entering the substation and 
environmental problems such as oil spill. While LTC 
reliability has improved over the years, they are still a major 
cause of transformer outages [5]. 
 
   In Eskom distribution, this method has shown improvement 
over the past 4 years. The degradation review and the health 
index method was performer correctly on 80% of the 
transformers. The other 20% were analysed after their date 
had passed. 
 
• Visual assessment 
     Power transformers have visible and accessible 
components that make visual inspection effective. Visual 
inspection can detect external contamination, corrosion, 
misalignment, evidence of overheating, oil leakages and 
cracks on bushings, tank, fans, radiator, pipes and fittings [6].  
   Visual inspections can also verify the condition of gaskets 
and seals. Power transformers have mechanical features such 
as the winding and oil temperature indicators which are 
accessible visually. In Eskom distribution, visual assessment 
on the power transformer is done by the substation owner.  
• Oil Analysis (DGA, Furan, moisture and metals) 
 
   DGA determines the quantities of various gases dissolved 
in oil. DGA often serves as a primary means to assess 
insulation and to identify faults such as insulation aging and 
overheating, arcing in oil and partial discharge damage.  
 
   In Eskom distribution, the oil samples are taken at the 
substation and will be submitted to a private company for 
assessment. Records on Eskom system showed that the 
transformer oil samples were taken from the substations on 
time.  
 
• Tan-delta Test 

 
   This test involves application of voltage to the bushing 
terminals and measuring the capacitance and loss angles 

using a bridge technique [6]. The aim of this test is to help 
detect deterioration of the bushing insulation and other 
internal components such as support insulators. The tan delta 
methodology has been successfully implemented in Eskom 
distribution 
 
• SCADA and online monitoring  control system 
 

A careful monitoring system is required to remotely 
control and monitor the electrical equipment on site via a 
remote terminal unit. This will ensure the visibility of the 
substation plant equipment for control.  There are appointed 
network controllers at the Network Management Centre who 
continuously monitor the network under normal and abnormal 
conditions remotely. 

4. DISCUSSION AND CONCLUSION 
The aim of the study was to identify the dominating factors 

causing the power transformer failures on the Eskom 
distribution network in Limpopo. These factors were found to 
be aging, overloading, poor maintenance, internal faults and 
poor security at substations in remote areas. 

The proposed methods to improve the performance of 
power transformers on the Eskom distribution network in 
Limpopo were:  

• Installation of the online monitoring system on the power 
transformers.  

   This method will assist management in monitoring the 
status of the oil in the transformer tank which will enable the 
network operations team to make any plan of action required.   
 
• Effective Maintenance Schedule  
   The maintenance schedule that is currently being 
implemented is effective, however due to shortage of 
resources and vast maintenance work that needs to be 
conducted on a daily basis, transformer maintenance 
sometimes gets rescheduled for a later period. This study 
provides improvement in this method. The different 
Customer Network Centres (CNC’s) must liaise with each 
other to make sure that they avail their staff member to help 
other CNC’s with maintenance. 
 
• Installation of backup transformers 
   For all the substations with single transformers, it is 
suggested that projects must be initiated to install a second 
transformer for reliability purposes. Alternatively all the 
medium-voltage feeders must be back-fed from other 
substation feeders. 
 
• Improve security measures at substations in remote areas  
    Eskom substations are always locked to avoid unauthorised 
access. Installation of the security cameras at substations 
located in remote areas is recommended. 
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• Plan for aging transformers 
 

   As the transformer age, the internal condition degrades 
resulting in the increase in the risk of failure. Paper insulation 
degrades due to heat that leads to polymerization of the 
cellulose chains. The paper covering the windings will start to 
become brittle over time. The tensile strength of the paper 
will drop to a level where it will not be able to withstand the 
transformer tank internal faults. It is therefore recommended 
that as soon as that time approaches, a plan must be put in 
place to ensure that a spare transformer is readily available to 
be installed.  
 
• Avoid overloading of the power transformer 

 
   Overloading of the power transformer cause high 
temperatures within the main tank which can cause the 
transformer to fail. In certain areas, Eskom distribution 
transformers overload during period when the overall system 
peaks. During this period, the cooling system must be 
improved at those particular substations. 
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Abstract: This research is focused on the behaviour of the power system inertia immediately following a disturbance. 

The aim is to develop an online (real-time) inertia model. The available historical data is extracted from the Eskom 

Energy Management System (EMS), Data Energy Centre (DEC) and Wide Area Monitoring System (WAMS). The 

model includes measured and estimated data from Eskom generators, Independent Power Producers (IPPs) and the 

interconnected Southern African Power Pool (SAPP). The composite frequency response characteristic of the system 

(sometimes referred to as the stiffness of the system) is also included. The results will be used to design an inertia 

model of the Eskom Power System using a Multivariate analysis method to determine the relationship between 

factors affecting Eskom inertia and estimate other missing and/or unmeasurable variables contributing to the inertial 

response. If successful, the model can be used for System Operator (SO) Situational Awareness (SA), real time 

inertia monitoring and to possibly be used in future to optimise the use of IDR (Instantaneous Demand Response), 

Under Frequency Load Shedding (UFLS) and automated load shedding. 

 

Key words – Inertia, Power system, System Operator (SO), Multivariate analysis, Detrended Fluctuation Analysis, 

Regression, Swing equation, Situational awareness (SA), Renewables, Spinning reserve, Frequency Stability. 

 

1. INTRODUCTION 
 

In recent years, large-scale deployment of Renewable 

Energy Sources (RES) generation, mostly in the form of 

wind turbines, concentrated solar power (CSP) and 

Photovoltaic (PV) units, has led to substantial 

generation shares of variable RES power injection in 

power systems worldwide. The National Development 

Plan (NDP) of South Africa has a long-term vision of 5 

million Solar Water Heaters (SWH) installations, 

8.4GW wind turbines, 1GW CSP and 8.4GW Solar PV 

by 2030 [1]. Currently, wind IPPs are delivering 1440 

MW to the grid followed by solar photovoltaic, 960 

MW and lastly CSP 200 MW. 

It was shown in [3] that the traditional assumption that 

grid inertia is sufficiently high with only small 

variations over time is thus not valid for power systems 

with high RES shares. This has implications for 

frequency dynamics and power system stability and 

operation. Frequency dynamics are faster in power 

systems with low rotational inertia, making frequency 

control and power system operation more challenging. 

The developments anticipated in power systems will 

have far reaching consequences. High shares of inverter-

connected power generation can have a significant 

impact on power system stability and power system 

operation [4]. 

Energy is stored in the rotating masses of the power 

system. This energy is often called inertial, stored, or 

rotational energy [2]. Inertia is defined as the property 

of an object that resists a change to the object’s current 

speed and direction. The power system has many 

sources of inertia. Any rotating equipment that is 

connected to the system is a source of stored rotational 

energy or inertial energy. The natural resistance of a 

generator to a change in speed helps to keep the power 

system frequency constant. In general, the larger the 
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generator, the larger the inertia and the more rotational 

energy that must be added or removed from the 

generator to change its speed of rotation [2,3].  

Inertia estimation using the Precise Method takes 

advantage of precise models of a specific generation 

technology and uses parameter estimation techniques to 

find the value of inertia (and other parameters) for a 

specific generation unit as was used by [8] and [4]. 

The post-mortem analysis of frequency measurements 

from a single location during a known disturbance to the 

system is classified as inertia estimation using the 

Swing Equation method. In [7] estimation of the power 

system inertia constant and the capacity of spinning-

reserve generators using measured frequency transients 

were used. 

This paper presents a power system estimated inertia 

model by equating the swing equation and precise 

methods from historic power system frequency 

disturbance events.  Multivariable analysis is used to 

determine the behaviour, contribution and relationship 

between independent and dependant parameters. The 

multiple regression model, is determined and will be 

used to design an online inertia model. 

 

2. RESEARCH QUESTIONS 
 

 

The following research questions will be considered: 

• By reducing the contribution of conventional 

synchronous generators to accommodate renewable 

energy power generation, what would be the resultant 

impact on network resilience (frequency stability)? 

• Are the primary frequency control schemes installed 

in South Africa’s power system adequately calibrated 

for mitigating fault events before a critical frequency 

drop can occur?  

• Can the use of Instantaneous Demand Response 

(IDR) and Under Frequency Load Shedding (UFLS) be 

linked to the online variable system inertia model to 

shed the required load at the time of an incident? 

• In what way does disturbance location, spinning 

reserve and load types affect the inertial response of the 

power system? 
 

3. AIM 
 
The aim is to investigate the factors contributing to the 

system inertia in South Africa’s power system using the 

multivariate analysis method and to develop a power 

system inertia model.  
 

4. SIGNIFICANCE OF THE STUDY  
 

• Eskom does not have a power system inertia model. 

This investigation will include IPPs (visibility) and 

power system damping (stiffness).  

• Model development for the Eskom On-line power 

system inertia will assist System Operator with 

Situational Awareness (SA), Incident Investigation 

Inertia forecast and research. 

• Possibly be used in future to optimise the use of 

IDR, UFLS and Automated Load Shedding. 
 

5. BACKGROUND THEORY 
 
Frequency Response can be classified into three 

different categories; Inertial Frequency Response, 

Primary Frequency Response and Secondary Frequency 

Response. Figure 1 below depicts three stages of 

Frequency deviation following an unbalance in active 

power.  

 
Figure 1: Frequency Response following a large disturbance 

and controller involvement 
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This paper focuses on the Inertial Frequency Response 
also known as Fast Primary Response indicated in 
figure 1 above. 
 
5.1. Demand Response 

Instantaneous Reserve from Demand Response (DR) is 

consumer load contracted to respond to a drop in 

frequency. The purpose of the Instantaneous Reserve is 

to arrest the frequency at acceptable limits following a 

contingency, i.e. generator trip.  
 

5.2. Inertia of a single machine 

The inertia constant H describes the normalised inertia 

of an individual turbine-generator. It is the ratio 

between the kinetic energy and its rated apparent power, 

given by:  
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Where  

J = moment of inertia of generator and turbine in 

78.:+ 

;<== rated mechanical angular velocity of the rotor in 

rad(mech)/s 

><== rated apparent power of the generator [VA] 

?= =	rotational frequency of the synchronous machine 
 

5.3. Inertia of a power system 

The inertia constants and rated apparent powers of 

individual synchronous machines (turbine-generators) 

can be used to calculate the total inertia of a power 

system: 
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)+*   

><=,) = rated apparent power of generator , [VA]  

!)= inertia constant of turbine-generator , [s] 
 

5.4. Estimation of the inertia constant using transients 

The behaviour of the frequency deviation following a 

loss of a large generator or load is approximately 

represented using equation 5.3 [2, 5]. In the equation, 

the idea of average system frequency is used, where 

inter-machine oscillations due to synchronising power 

and transmission performance are not considered and 

equivalent system inertia, generator and load are 

assumed. 

−∆/ = 0
12∆3345
16 + 8∆?   (3) 

Where: 

 ∆? is the change of the frequency (Hz), 

∆/ is the amount of generation loss (pu in system load 

base),  

M (2H) is the inertia constant of the system (s), 

?9 is the rated system frequency (Hz),  

and K is the power/frequency characteristic of the 

system (pu/Hz). The value of the power/frequency 

characteristic becomes large when the spinning reserve 

of the system is large. 
 

5.5. Composite regulating characteristics of the power 

system  

The composite frequency response characteristic of the 

system,	β, is sometimes referred to as the stiffness of the 

system [2], is expressed by: 
 

; = ∆<=
∆2((

= *
>?@

+ A			0B !C⁄      (4) 

Where: 

D = composite load-damping constant 

∆?<< = E∆<=
F* >?@⁄ GHI = steady-state frequency deviation 

∆PK		= load change 
 

The composite regulating characteristic of the system is 

equal to	1 ;⁄ . Motor loads are dependent on the power 

system frequency; if the frequency declines, the 

connected motor load magnitude will also decline and 

vice versa. A rule of thumb in [10], states that a 1% 

change in frequency will typically lead to a 2% change 

in the total system load. 
 

5.6. Multivariate Analysis (MVA) 

Multivariate analysis (MVA) is based on the 

statistical principle of multivariate statistics, which 
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involves observation and analysis of more than one 

statistical outcome variable at a time [6]. The least 

squares method aims to produce a straight line that 

minimizes the sum of the squared differences between 

the points and the line. That is the coefficients b9 and 

b*are calculated so that the sum of the squared 

deviations ∑ (yO − 	ŷO)+Q
O+* 	is minimized. The 

coefficients R*…,T$describe the relationship between 

each of the independent variables and the dependent 

variable in the sample.   
 
 

5.6.1. Assessing the model 

The least squares method produces the best straight line. 

However, there may in fact be no relationship or 

perhaps a nonlinear relationship between the two 

variables. If so the straight line model is likely to be 

inaccurate. To evaluate the model, two statistics and one 

test model procedure are presented. All these methods 

are based on the sum of squares of the error. 

The deviation between the actual data points and the 

line are called residuals, given by  

 eO = yO + yVO  (5) 

 

The residuals are observations of the error variable. 

Consequently, the minimized sum of squared deviations 

is called the sum of squares for error (SSE). 

SSE = ∑(yO − yVO)+ = (n − 1) 2s[+ −
\]^.
\].
5 (6) 

Where: 

 s[+ is the sample variance of the dependent variable. 

The standard deviation of the error variable, σ`, can be 

used to measure the suitability of using a linear model. 

Unfortunately, σ` is a population parameter and, like 

most parameters, is unknown. However, σ`	can be 

estimated from the data, which is based on SSE. The 

unbiased estimator of the variance of the error variable 

σ+̀ is  

s+̀ = aab
QE+   (7) 

The square root of s+̀	is called the standard error of 

estimate given by 

s` = caab
QE+   (8) 

The value of 5d is judged by comparing it to the values 

of the dependent variable y or more specifically the 

sample mean eV. However, because there is no 

predefined upper limit on 5d , it is often too difficult to 

assess the model in this way. In general, the standard 

error of estimate cannot be used as an absolute measure 

of the model’s validity. 
 

5.6.2. Coefficient of Determination  

The test of β* addresses only the question of whether 

there is enough evidence to infer that a linear 

relationship exists. In many cases, however, it is useful 

to measure the strength of that linear relationship, 

particularly in this paper/project when we want to 

compare several different models. The statistic that 

performs such function is called the coefficient of 

determination, denoted by   

R+ = \]^.
\].\.̂

   (9) 

R+ = 1 − aab
∑([gE[h).

   (10) 

The coefficient of determination is the square of the 

coefficient of correlation. 

 

∑(yO − yV)+ = ∑(yO − ŷO)+ + ∑(ŷO − yV)+ (11) 

 

Variation in y = SSE + SSR 

SSE measures the amount of variation in y that remains 

unexplained, and SSR measures the amount of variation 

in y that is explained by the variation in the independent 

variable x. by incorporating this analysis into the 

definition of R+ 

R+ = 1 − aab
∑([gE[h).

= ∑([gE[h).Eaab
∑([gE[h).

= b%ijkOQlm	nkoOkpOqQ
rkoOkpOqQ	OQ	[   

 

It follows that R+ measures the proportion of the 

variation in y that is explained by the variation in x. 

A large value of F indicates that most of the variation in 

y is explained by the regression equation and that the 
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model is valid. A small value of F indicates that most of 

the variation in y is unexplained. 

The relationships among s`, R+ and  F are summarised 

in Table 1 below.  

Table 1: Relationships among s`, R+ and  F 

SSE s` s+ F Assessment 

of Model 

0 0 1 ∞ Perfect 

Small Small Close to 1 Large Good 

Large Large Close to 0 Small Poor 

t(yO − yV) u∑(yO − yV)+
n − k − 2  

0 0 Useless 

 
 

6. MODEL DEVELOPMENT 
 
The Southern African Power Pool (SAPP) is made up of 

South Africa, Botswana, Lesotho, Mozambique, 

Namibia, Swaziland, Zambia and Zimbabwe, connected 

through an integrated grid. Approximately 90% of 

SAPP electricity generation is produced in South Africa. 

Figure 4 below depicts the overview of SAPP integrated 

network. 

 
Figure 2: Integrated SAPP network 

Cahora Bassa hydro power station in Mozambique 

dispatches power through parallel ac and dc 

interconnections and is controlled by the Grid Master 

Power Controller (GMPC) controls the generation [11]. 

The bulk dc power flows directly to South Africa while 

ac power is delivered to Zimbabwe that is also 

interconnected with the South African ac grid. 

It is believed that the following factors depicted in 

Figure 3 below contribute to the inertial response of the 

power system [2, 3, 5].  

 
Figure 3: Factors affecting Power System Inertia 

 

From eq. (3)      

We define e = xyz{ = +∗+∗&∗>5:
;5:2

= EF(∆<)∗16G
12∆3345

 

From eq. (1), ! = #$%&
'()

= *
+
,-().

'()
  

we define variable 

	}* = x~<�,Ä~Å = ∑ +∗&%∗'()
-().

Å
)     

 

Unknown generator inertia constant (H) will be 

estimated from reference [9]. The rest of the parameters 

are summarised in Figure 3 below. 

 
Figure 4: Model development showing known and unknown 

variables 

Frequency incident data was collected from Eskom 

EMS/DEC and WAMS/PMU over the period November 

2015-August 2016. The method of extracting data, 

storing and calculation of required parameters (power 
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system inertia, stiffness, etc.) was developed and it is 

fully automated. The data is correlated with system 

snapshots at the time of incidents, correlating the Eskom 

generator sentouts, load losses, spinning reserve, 

renewables, tieline, IPP outputs, contracted governor 

units output and IDR data. The Detrended Fluctuation 

Analysis (DFA) and Exponential Smoothing 

methods(7),  were used to filter out noise and determine 

the start and end times of the frequency disturbances.  
 

7. RESULTS AND VALIDATION OF INERTIA 
MODEL 

 

7.1. Impact of IDR and RoCoF 

It was observed from frequency incident data that the 

IDR acts like a very fast governor response and restricts 

the system frequency nadir (minimum frequency 

reached after a disturbance). It was also observed that 

all the 314 incidents with very small Rate of Change of 

Frequency (RoCoF) and/or high incident duration (dt), 

lead to errors. It was found that s+ is equal to 0.1729 

with a standard error of 1.9. This is a poor fit.  

 

7.2. Effects of Transient location and Centre of Inertia 

Table 2 below, depicts a summary of regression results 

of one of the unit trips in central area.  

Table 2: Disturbance in Central area

 

We found out that s+ is equal to 0.9999 with standard 

error of 0.0014. This statistics tells us that 99.99% of 

the variation in the Frequency deviation in North 

Eastern parts of Eskom network during transient is 

explained by the variation in frequency deviation 

reading at Koeberg PS (approx. 1500km away from 

Kendal) and Matimba PS (approx. 500km from 

Kendal). The value of the test statistics is t = 65.56 for 

Koeberg, and 36.27 for Matimba with p = 0. There is 

overwhelming evidence to infer that a linear 

relationship exists.  

In Table 3 below, column 1, 2, and 3 excludes IDR 

operated and small RoCoF incidents. In column (1), the 

statistic shows that 72.11% of the variation in the 

Central area of power system inertia during all the 37 

transient events is explained by the variation in Eskom 

synchronous generators, Stiffness, Spinning reserve, 

Load losses, Wind, PV, Zesa, BPC load and Apollo DC. 

The remaining 27.99% is unexplained. Similarly in 

column (2), the statistic shows that 89.92% of the 

variation in the Northern area of power system inertia 

during all the 13 transient events is explained by the 

same factors. Column (3), all incidents, the statistic 

shows that 69.13% of the variation in the Total area of 

power system inertia during all the 50 transient events.  

Table 3 below, depicts a summary of the Eskom inertia 

model factors regression results.  

 
 

Table 3: Summary of regression results 

 

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.9999
R Square 0.9999
Adjusted R Square 0.9999
Standard Error 0.0014
Observations 750

ANOVA
df SS MS F Significance F

Regression 2 14.59 7.29 3714393.36 0
Residual 747 0.0015 1.9639E-06
Total 749 14.5907

Coefficients Standard Error t Stat P-value
Intercept -0.0497 0.0184 -2.6997 0.00710
 W_KOEBG_01_400 0.6437 0.0098 65.5676 0
N_MATMB_01_400 0.3573 0.0098 36.2777 6.0E-167

(1) (2) (3) (4) (5)

NE area N area

All areas 
excl IDR 

& sfd
Multiple R 0.8492 0.9483 0.8314
R Square 0.7211 0.8992 0.6913
Adjusted R Square 0.6282 0.5967 0.6218
Standard Error 1.2409 1.3574 1.2574
Observations 37 13 50

t Stat P-value
Intercept -20.110 -22.886 -17.538 -2.8725 0.0065
Esk Sync. Gens 5.6729 6.4345 5.1262 3.6812 0.0007
Stiffness 4.8827 1.7144 3.0903 3.5731 0.0009
Spinning reserve 0.0004 0.0004 0.0004 5.1350 0.0000
Load losses -0.0002 -0.0008 -0.0003 -1.1926 0.2401
Wind -0.0032 -0.0007 -0.0016 -1.4915 0.1437
PV -0.0006 0.0007 -0.0002 -0.3851 0.7022
Zesa 0.0005 0.0021 0.0011 0.6853 0.4971
BPC load -0.0008 -0.0009 -0.0006 -0.9708 0.3375
Apollo DC -0.0006 0.0017 -0.0002 -0.4917 0.6256

df 9 9.0000 9
SS 107.5103 49.2997 141.6085
MS 11.9456 5.4777 15.7343
F 7.7578 2.9729 9.9521
Significance F 0.0000 0.200389 0.0000

df 27.0000 3.0000 40.0000
SS 41.5753 5.527655 63.2398
MS 1.5398 1.8426 1.5810
df 36 12 49
SS 149.09 54.83 204.85
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7.3. Discussion of results 

The above results illustrated how transient location 

affects the behavior of frequency, thus playing an 

important role in accuracy of the model. As noted in (5), 

the frequency is not the same throughout the whole 

system. During a disturbance a measurement location in 

the system plays a role due to a propagation of 

frequency wave. The average first order model is 

estimated by: 
y = −17.538 + 5.12}* + 3.09}+ + 40.4}â − 0.3}ä − 1.6}å + 1.1}ç

− 0.6}é − 0.2}è6 ∗ 1000 + 	ê								 
       

7.3.1. Intercept 

The intercepts for area 1, 2 and 3 

are	R9 = −20.1,−22.89	ëíì − 17.53, respectively. This is 

the average Eskom power system rotational mass (J) 

when all of the independent variables are 0. In this 

model, the intercept is meaningless and simply means a 

total power system blackout. It is misleading to interpret 

this value, particularly if 0 is outside the range of the 

values of the independent variables (6).  
 

7.3.2. Eskom AC System coefficients 

The coefficient R* = 6.31 specifies that for an 

additional moment of inertia x~<�,Ä~Å (pu/78.:+)	that is 

added by Eskom generators and turbines to the power 

system, the Eskom power system moment of inertia 

(xîï~)  increases by 6.3 percentage points assuming that 

the other independent variables in this model are held 

constant.  

Value of the test statistics: t = 4.61 p-value = 5.33E-05 

There is overwhelming evidence to infer that the Eskom 

generators and turbines and the Eskom power system 

moment of inertia are linearly related. Similarly, for an 

additional Stiffness and Spinning reserve (pu/Hz), there 

is an increase in Eskom power system moment of inertia 

(xîï~) and the relationship is linearly related.  

Notice the Generator load loss coefficient is also 

negative. In most cases, when  load losses are high, 

other generators in the system are picked up to their 

Maximum Capability Rating (MCR), which impacts 

negatively on spinning reserve and the composite 

frequency response characteristics of the system ;. 

 

7.3.3. RES coefficients 

The relationship between Eskom power system inertia 

and wind energy is described by	R+ = −0.0016. From 

this number is found that, in this model, for an 

additional 1000MW of wind energy in Eskom network, 

system inertia decreases by 1.6 percentage points.  

Value of the test statistics: t = -1.7 and p-value = 0.0862 

There is no evidence to infer the existence of a linear 

relationship between the wind energy and the Eskom 

power system moment of inertia are linearly related.  

Similarly, for an additional 1000MW of PV power 

output, there is a decrease in Eskom power system 

moment of inertia and the relationship is not linearly 

related. 

The wind and PV coefficients are both negative. This 

could mean that when the RES output was high during 

low load (night minimum or during the day), the system 

operator had to take off synchronous generators, thus 

reducing the kinetic energy of the system. 
 

7.3.4. International coefficients 

The coefficient Rç = 0.0005 specifies that for each 

additional 1000MW that is added by Zesa generators 

and turbines to the power system, the interconnected 

power system moment of inertia (xîï~)  increases by 0.5 

percentage points assuming that the other independent 

variables in this model are held constant.  

The coefficient Ré = −0.0008 specifies that for an 

additional 1000MW that is added by BPC load to the 

power system, the interconnected power system 

moment of inertia (xîï~) decreases by 0.8 percentage 

points assuming that the other independent variables in 

this model are held constant.  

The coefficient Rè = −0.0006 specifies that for an 

additional 1000MW that is added by Songo-Apollo DC 

line to the power system, the interconnected power 

system moment of inertia decreases by 0.6 percentage 
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points assuming that the other independent variables in 

this model are held constant. Values of the test statistics 

for international t and p-values, indicates that there is no 

evidence of a linear relationship between the above 

coefficient and the power system moment of inertia. 

However, it may also mean that there is a linear 

relationship between the variables, but because of a 

condition called multicollinearity.  

The relationship among s`, R+ and  F proves that the 

model is good (see table 1). The unmeasurable 

independent variables, i.e. customer motor loads, 

contribute to the model error margin.   
 

8. CONCLUSION 
 

In this paper, an inertia model of the Eskom power 

system using a Multivariate analysis method to 

determine the relationship between factors affecting the 

power system inertia is presented. It is based on the use 

of a swing equation to estimate the inertia from 

disturbances and equated with the known and unknown 

variables related to system inertia at the time of an 

incident using multivariate analysis (regression). 

Based on the above findings, the following conclusion 

may be made.   

• Reducing the contribution of conventional 

synchronous generators to accommodate renewable 

energy power generation reduces the system inertia. 

Thus it has a negative impact on frequency stability and 

predictability.  

• The primary frequency control schemes should be 

revised and calibrated correctly to mitigate fault events 

before a critical frequency drop can occur and to shed 

close-to-required load at the time of an incident. 

• Transient location affects the behavior of frequency, 

thus playing an important role in accuracy of the model. 

• The unmeasurable independent variables (customer 

motor loads), contribute to the model error margin.   

• An additional Stiffness and Spinning reserve 

(pu/Hz) to the power system, increases in Eskom power 

system moment of inertia (Jknl) and the relationship is 

linearly related.  
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PROBABILISTIC ANALYSIS OF UNCERTAINTY IN POWER 
SYSTEMS 
 
R. Herman and C.T. Gaunt 
 
Department Electrical Engineering, University of Cape Town, Rondebosch 7701, South Africa 
 
 
 
Abstract: This paper introduces various forms in which uncertainty manifests itself within electrical 
power systems. Some decision-making examples show how uncertainty can be modelled statistically. 
Parametric statistical models must be appropriately derived from valid statistical data, and then 
subjected to probabilistic analyses with the output presented as a unique result derived for a given 
level of confidence or, conversely, of risk. The paper draws attention to a general lack of 
understanding of appropriate statistical approaches, demonstrated by the wide use of ‘average’ 
parameter values and deterministic approaches to problem solving. It is proposed that more attention 
be given in the engineering degree curriculum to developing competencies in relevant statistics and 
probability. 
 
Key words: Uncertainty, probabilistic methods, power systems, statistical models. 
 
 
 

1. INTRODUCTION 
 

A range of problems commonly referred to professional 
engineers, including reliability studies, worst case design 
and risk assessment, require the application of statistical 
and probabilistic concepts. 
 
The ECSA qualification standards for engineering 
degrees in South Africa [1] define exit learning outcomes 
demonstrating the competency of engineering graduates. 
In the 2004 revision 2, the assessment criteria for ELO2, 
the application of scientific and engineering knowledge, 
included bringing “mathematical, numerical analysis and 
statistical knowledge and methods to bear on engineering 
problems” by, among others, “dealing with uncertainty 
and risk through the use of probability and statistics”.  
 
Revision 3 of 2012 removed the term ‘assessment 
criteria’ from the ELO definitions but does require 
“Conceptually-based mathematics, numerical analysis, 
statistics and formal aspects of computer and information 
science to support analysis and modelling applicable to 
the discipline” in ELO2, and “Risk assessment and 
management” in the range statement of ELO5 on 
engineering methods. 
 
In spite of these requirements, discussions with electrical 
engineering academics generally indicate very few 
statistical and probabilistic methods are taught within the 
context of electrical power engineering. This is 
unfortunate because there are so many opportunities for 
teaching based on local research and problems relevant in 
Africa. The paper presents some of the applications and 
discusses the benefits of probabilistic approaches to 
various power engineering problems. 
 

2. COPING WITH UNCERTAINTY 
 

Many forms of engineering analysis are deterministic or 
exact; given a set of inputs, the outputs can be calculated  

 
according to known equations and using the given 
parameters. However, in practice, both the inputs and 
the parameters are variables and not completely known.  
 
As a very simple example, the voltage drop along a 
conductor supplying a load current follows the Ohm’s 
Law equation, but the resistance varies with temperature 
and manufacturing tolerance, and the load might itself 
vary, so the calculated voltage drop will not be a single, 
exactly known value but will have a range of values. 
Even more uncertainty is introduced when variable 
single-phase loads are connected to a three-phase feeder. 
Under these conditions: what is the ‘right’ voltage drop, 
suitable for determining a design?  
 
One way of coping with uncertainty is to define a 
maximum value that will not be exceeded. The highest 
possible fault current on a system must be lower than the 
fault clearing capability of the circuit breaker protecting 
the circuit. This deterministic approach is adequate 
provided the maximum possible generating capacity is 
assumed for the source, all circuits in the supply network 
are in service, the conductor resistances are assumed to 
have their lowest practical value, and the fault type, 
resistance and location produce the highest current. 
However, these parameters are not suitable for 
determining the lowest current to which protection relays 
must be sensitive. In practice, fault currents will vary and 
the system must be designed and operated to 
accommodate the uncertainties. Protection system design 
is usually based on the highest and lowest currents 
expected, without allowing for values outside the 
identified ‘worst case’ limits. 
 
In other cases, the maximum and minimum limits might 
not be as easy to define, or the costs of designing to cope 
with the extremes of possible variability are too high.  
 

SAUPEC 2017 352



Some of the earliest work on specifying and selecting 
insulators to withstand lightning surges was done in 
South Africa when, a hundred years ago, the VFP was 
already building the first high voltage systems on the 
Witwatersrand. Lightning currents vary over a wide range 
from below 5 kA to above 100 kA, causing a wide range 
of impulse voltages across insulators. The impulse 
voltage withstand capability of the insulators also varies 
with manufacturing tolerances, pollution, air temperature 
and pressure, rain and the wave-shape of the impulse.  
 
Figure 1 illustrates that insulators are selected with a 
small overlap between the distributions of voltage stress 
and the insulators’ withstand capability. The design task 
is to select insulators with adequate strength without 
incurring uneconomic costs. 
 
In summary, uncertainty arises from the variability of 
manufacturing, natural conditions and the use of the 
systems. Uncertainty and its economic impacts must be 
managed for products and systems to function with 
acceptable risk of failure or violation of constraints. 
 

3. STATISTICAL MODELS 
 

The range of a varying parameter can often be described 
with a suitable probability distribution. Although most 
undergraduate engineering students are introduced to the 
normal or Gaussian distribution, some other distributions 
are interesting and useful in engineering analyses. 
 
Whereas the normal distribution has a range of minus 
infinity to plus infinity, the standard beta distribution has 
limits of 0 and 1. It has two shape parameters, a and b, 
and can be scaled with a scaling factor c. When a and b 
are unequal, the probability density function (pdf) is 
skewed to the left or right, and a=b=1 gives a uniform 
distribution. Some of the shapes taken by the standard 
beta distribution are illustrated in Figure 2. The mean is 
given by ca/(a+b) and the variance by 
c2ab/(a+b)2(a+b+1), which allow the shape parameters to 
be calculated from the mean, variance and maximum 
value of a data set of positive values.[2]. 
 
Some applications of the beta distribution are described 
in section 4.  
 
In some engineering applications, the maximum expected 
values are of the greatest interest. The maximum scaling 
factor c of the beta distribution is not applicable. An 
application of extreme value distributions is described in 
section 5.  
 
However, before considering the applications, it is useful 
to know how the probabilistic models can be 
manipulated. 
 
Monte Carlo (MC) simulation is a technique of selecting 
randomly from the probability distributions of all the 
variables in a system and calculating deterministically the  

 
Fig. 1: Insulator flash-over 
 

 
Fig. 2: Some shapes of the probability density function 
for the standard beta distribution (c=1) according to the 
shape parameters (a, b) 
 
result, then repeating the process many times to derive 
the distribution of all the results. In many cases, a 
probability density function can be fitted to the results. 
Most MC simulations assume the variables are 
independent of each other, but techniques exist to allow 
for correlation between the variables. 
 
MC simulation is relatively slow because the calculation 
of the system’s response must be made sufficiently often 
that a few more samples and calculations, often called 
‘runs’, do not disturb significantly the derived 
distribution.  
 
Analytical probabilistic approaches use the statistical 
moments of the distributions – derived values like the 
mean and variance – to derive a transform of the original 
probability distribution. This approach is fast, because the 
whole calculation only needs to be done once, without 
iteration, though the derivation of that relationship is 
more difficult and less general. 
 
Whether the probability distribution of the outputs is 
derived by MC simulation or analytical statistics, the 
likelihood of the outputs exceeding or being smaller than 
a defined value is associated with the statistical risk of the 
result being in the tail of the pdf, or confidence that it is 
in the main body of the distribution. 
 
The variety of statistical models and analytical and 
simulation approaches require that the user be aware of at 
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least a few of the alternatives and their characteristic 
advantages. The following discussion of some 
applications in power engineering illustrates these points. 
 

4. FEEDER VOLTAGE CALCULATIONS 
 
The sizing of feeder conductors essentially depends on 
two constraints: current-carrying capacity and voltage 
magnitude. Of the two, the latter is generally the most 
significant for LV distribution and long MV feeders.  
 
Voltage drop on passive feeders (without generators on 
the feeder) depends on the worst case loading conditions 
and the impedance of the conductors at the loaded-feeder 
operating temperature. Loads should be measured over a 
5-minute period – to satisfy the Nyquist criterion – since 
the voltage levels are assessed by measuring 10-minute 
samples, at least in South Africa.  
 
It is common practice to represent residential loads as 
equivalent currents and assume the power factor is close 
to unity during high load conditions, usually dominated 
by heating. In some cases, the loads are quoted as power 
(in kVA) but the voltages are calculated for the nominal 
currents, while in other cases the loads are described 
directly as currents. Practically, however, the loads 
fluctuate a great deal due to stochastic customer 
behaviour. Extensive load surveys in many communities 
in South Africa have contributed to a very large data base 
from which statistical parameters have been extracted [3]. 
 
The beta distribution with parameters a, b and c as 
described in section 3 has been used. Now, with the 
stochastic loads statistically modelled, probabilistic 
voltage calculations can proceed. Both approaches 
described above, MC simulation and direct analytical 
calculation using statistical moments, are in wide use. In 
both cases a level of confidence or level of risk must be 
specified. The Herman-Beta (HB) transform is a direct 
analytical method [4] and does not require iterations for 
convergence. An early version of this transform was 
prescribed in the national guide for distribution network 
design [5] and later the HB transform was revised to 
allow for distributed generation (DG) [6]. MC 
simulations have been used to demonstrate that the HB 
gives the same results, and are used in some countries as 
the main approach to feeder studies. 
 
In the case of feeders with DG, voltage rise is an 
important issue. Its calculation can be based on the low 
loads typical around midday in summer (unless there is 
high air-conditioning demand) when there is a maximum 
difference between the DG output and the passive load.  
 
The HB transform can be used as probabilistic calculation 
‘engine’ within a MC simulation loop to analyse the DG 
capacity of a feeder using real load data. Figure 3 
illustrates the result of 1000 runs using the embedded HB 
transform to calculate voltage rise on a residential feeder  

 
Fig. 3 Voltage as function of PV-EG penetration  
 
under light (midday) load and with photovoltaic 
embedded generation (PV-EG) [7]. 
 
The feeder is defined as having 100% load when that load 
condition (typically in winter) causes the lowest 
acceptable voltage (with an associated confidence level), 
so Figure 3 incorporates the passive feeder design. In this 
example, with 25 kW of PV-EG representing renewables 
penetration of 30%, the average (50% risk) highest 
voltage on the feeder is expected to be about 3% above 
the source voltage. Allowing only a 5% risk of voltages 
higher than calculated, the voltage rise on the feeder will 
be about 5% above the source, and acceptable provided 
the source voltage is not too far above the nominal value. 
The deliberate worst (extreme) case arrangement of the 
PV-DG modules would cause a voltage rise of about 
11.5% above source on the feeder with midday loads. 
 
A deterministic worst case design with a correction factor 
defined without the statistical analysis could take any risk 
contour through the cloud of possible results, and the 
implications would never be understood. By contrast,  the 
probabilistic analysis clearly defines the risk-linked 
voltage rise caused by the several coincident variabilities 
or uncertainties: the stochastic behaviour of the loads, 
stochastic variation of the PV-EG output, and random 
allocation of the PV-EG modules to phases and along the 
feeder, together with the selected risk level. 
 
The beta distribution used for load and DG modelling has 
the advantages of being on a positive, finite base and 
being suitable for calculating the statistical moments. 
 

5. EXTREME VALUE DISTRIBUTIONS 
 
A different group of probabilistic problems are not 
modelled well with the beta distribution and a different 
model with an open-ended tail is needed. 
 
For example, the threat of damage and disruption of 
electric power systems on Earth by processes initiated by 
events on the Sun is an example of high impact, low 
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frequency events that concern risk managers. The events 
disturb the normal magnetic fields at the Earth’s surface 
and induce slow transient currents in power systems, 
potentially causing power system instability, blackouts 
and transformer failure.  
 
The practical constraint is that an extreme geomagnetic 
disturbance has not been measured. Instead, it is 
necessary to extrapolate from measured, less serious 
events to estimate statistically the extreme conditions 
expected with an acceptable return period, such as 1 in 
100 years. Three types of extreme value distributions are 
potentially suitable for extrapolating from the available 
measurements. 
 
The same problem of extrapolating from available data 
towards extreme conditions occurs in specifying the 
highest wind speeds that overhead lines must withstand. 
 
There are three requirements for the modelling in these 
types of applications: the data must be selected in the 
correct way (such as peak-over-threshold or block 
maxima models), it is necessary to check the curve fit of 
the model to the data, and the model should be consistent 
with the known physical processes. 
 

6. APPLICATIONS IN RELIABILITY 
 
The reliability of power supply is often reported in terms 
of the mean (average) parameters of interruption duration 
and frequency. ‘System average interruption’ indices like 
SAIDI and SAIFI convey very little information about 
the customers suffering the worst quality supply. 
Decisions on expenditure to improve performance to 
meet acceptable levels of these indices are not related to 
the costs and benefits achieved. 
 
A long-running (over 10 years) research project at UCT 
has addressed the character of failure and reliability of 
power systems. The stage has been reached where it is 
now possible to integrate three different components into 
a single decision-making aid. It accommodates: 
x the failure rates of system components, particularly 

lines and transformers, as skewed probability 
distributions according to the season and time of day 
in a 16-cell matrix [8], 

x fast MC simulation modelling of the system 
reliability using a Time Dependant Probability 
Analysis approach that accommodates the failure 
rates [9], and 

x the costs of interruptions corresponding to the same 
season and time-of-day periods [10]. These costs 
will include costs incurred by customers, the utility 
and/or the community, according to the perspective 
of the analyst. 

 
The output of the integrated system is expressed as a 
financial impact index – the value at risk, or V@R. It is 
suitable for utilities and regulators assessing long-term 
alternative reliability plans on the basis of value for cost 

and, in a similar way, for system operators to make short-
term decisions based on data compatible with that used in 
planning. 
 
Since it reflects the statistical risk level in the results, the 
integrated probabilistic approach to reliability extends 
significantly the information conveyed by the binary 
result of (N-1) contingency analysis or simple indices of 
the mean reliability. 
 
The research indicates a need for utilities and regulators 
to have available real data pertaining to their systems to 
manage reliability in the public interest, particularly 
evidence based statistics of: 
x fault probability models that include the stresses on 

power systems and information available from 
condition monitoring, and 

x the costs of customer interruptions.  
 

7. DATA COLLECTION 
 
The foregoing sections serve to demonstrate how 
uncertainty in power systems can be modelled and how 
probabilistic methods adequately provide answers.  
 
All the examples illustrate the need for appropriate 
statistical data. These data must satisfy the following 
criteria: 
x The sample size must satisfy statistical norms. 
x The sample must be representative of the 

‘population’ measured. 
x The sample interval must be appropriate for the 

calculations that need to be performed. 
x The data must be statistically analysed to determine 

the parameters of a pdf with acceptable goodness of 
fit. 

 
There is a difference between data mining (machine 
testing of large data sets) and using statistics to test an 
hypothesis. The scientific approach requires an 
hypothesis to be formulated, suitable tests to be devised, 
data collected, and the analysis made.  
 

8. DISCUSSION 
 
It is evident from these examples that the applications of 
statistical methods in power systems engineering have a 
lot to do with ‘worst case’ design decisions, whether in 
actual design, mitigation of extreme events, or assessing 
the adequacy of the reliability of supply. 
 
None of the examples required the application of normal 
probability distributions, as are usually taught in 
engineering programmes. Instead, statistics of skewed 
probability on a finite positive range or the statistics of 
extreme events for which an upper limit is not defined 
appear to be more relevant, but these are omitted from 
most undergraduate degrees. Yet the applications are 
typical of the ‘everyday’ problems requiring engineering 
analysis in policies formulation, system planning, design, 
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operations, maintenance and even the collection and 
management of data, and are not limited only to 
engineering research. 
 
In our opinion, it would benefit the engineering 
profession and society if a better appreciation of the 
scope and requirements for applying relevant statistical 
techniques were incorporated in the universities’ 
curricula for electrical engineering students. This would 
be consistent with the Exit Learning Outcome 
requirements, specifically ELO2 and ELO5, for the 
accreditation of undergraduate engineering degrees in 
South Africa. 
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Abstract: Transformer windings experience mechanical forces due to short circuit and inrush 
currents. The force is dependent not only on the current  but also on the magnetic flux density. The 
magnetic flux density differs under short circuit and inrush currents. Amorphous metal distribution 
transformers and cold rolled grain oriented steel core transformers have different characteristics. Both 
transformers were simulated with the same desired flux density. The forces they experience under 
short-circuit and inrush current conditions were investigated to determine if there are any differences. 
Simulations were performed using finite element method magnetics and MathWorks® and the results 
are displayed. The main problem identified was the axial force experienced on the high voltage 
winding. 
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1. INTRODUCTION 
 

The windings and internal structures of the transformer 
are exposed to mechanical forces due to inrush currents 
and short-circuit currents. These forces are axial and 
radial forces and they are related to magnetic flux 
interactions and current. The forces, depending on 
magnitude, may lead to winding displacement and 
subsequent dielectric failure [1]. 
 
Amorphous core medium voltage transformers are known 
to be energy efficient. They have a lower flux density; 
hence they may have higher inrush currents compared to 
the cold rolled grain oriented (CRGO) steel core 
transformers [2], [3]. 
 
Winding arrangement and core shape affects leakage 
flux. Winding depth, length and size affects copper losses 
and mutual flux in transformers [4]. 
 
The investigation that follows tracks  the behaviour of 
mechanical forces during short-circuit and inrush currents 
for the two different core type transformers . 
 

2. ELECTROMAGNETIC FORCES 
 

2.1 Forces experienced by transformer windings 
 
Mechanical forces occur in the windings due to the 
interaction of the current in the windings and the 
magnetic flux distribution. The radial and axial forces are 
illustrated in Figure 1 and Figure 2. The following 
equations are used to calculate the forces  [1], [5]. 
 

Fr = Ba × J × V                                                         (1) 

 

Fa = Br × J × V                                                         (2) 

Where [1], [5]: 

Ba = axial flux (T) 

Br = radial flux (T) 

Fr = radial force (N) 
Fa = axial force (N) 

J = current density in the coil (A/m2) 

V = volume of the conductor (m3) 

 

 
 

Figure 1: Radial force 
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Figure 2: Axial force 
 
In Figure 2, the axial forces experienced per conductor 
are displayed. As can be seen, the first winding conductor 
exerts a force and the second winding conductor exerts a 
force with the addition of the force from the previous 
winding conductor. The total force is the sum of the 
electromagnetic force and the mechanical force.  
 
Failures due to radial forces are [6]: 
• Inner winding buckling. 
• Outer winding diameter increases. 
• Spiralling occurs when the end turn tips  in the 

helical type winding make a tangential shift. 
 
Failures due to axial forces are [6]: 
• The conductors tilt. 
• Axial bending occurs between the spacers. 
• The end turn tips of the helical type windings 

spiral. 
• Mechanical withstand of core clamps, spacers 

and yoke insulation decreases. 
 
Compressive stress results in the inner winding when the 
radial forces are inwards. Tensile stress results in the 
outer winding when the radial forces are outwards [6]. 
 

3. FEMM MODELS 
 
The transformer cores were simulated under short-circuit 
and inrush current conditions using finite element method 
magnetics (FEMM). The force is proportional to the 
square of the instantaneous current [6], and it is important 
to achieve the correct flux density distribution through 
the windings. 
 
FEMM is used to determine flux distributions  in the 
transformer core [7]. 
 
The voltage ratio and turns ratio were calculated based on 
the transformer parameters. The inrush currents were 
determined by Naidoo and Swanson in reference [3]. The 
boundary condition types for the models were set to zero 

so that FEMM confines the simulations to the working 
area, which are models only. Models were set-up to a 
certain depth. 
 
The FEMM models are confined to the core, windings 
and space between the windings of the transformers (also 
called air core). The spaces are defined as a material with 
a relative permeability of 1.  
 
The B-H Curve in Figure 3 illustrates the magnetic flux 
density (B) verses magnetic field intensity (H) for 
amorphous metal distribution transformers (AMDTs) and 
CRGO materials used for the models. Amorphous 
material (METGLAS® 2605SA1) is used for AMDT and 
M-5 is used for CRGO. The knee point for both the 
materials is clearly visible. Both models were designed 
for a flux density of 1.3 T for normal operation. 
 

 
 

Figure 3: B-H curve for AMDT and CRGO 
 
A cubic spline line is used by FEMM to interpolate 
between the entered B-H curve data points. The 
disadvantage is that this function is problematic for the 
sharp ‘knee’ point of the B-H curve. Hence, FEMM uses 
a three-point moving average filter to obtain a single-
valued curve. If there are still problems, then extra points 
by the ‘knee’ point can be added. Adding extra points by 
the ‘knee’ point is more beneficial since FEMM 
extrapolates the end of the entered B-H curve linearly if 
out of range flux density or field intensity levels are 
encountered making the material appear more permeable 
compared to reality at high flux densities [8], [9]. 
 
During short-circuit conditions; the B-H curve is a 
nonlinear curve since there is no additional flux in the 
core. 
 
When modelling and simulating the inrush current on 
FEMM, only the high voltage winding is simulated with 
current. 
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Flux distribution has an impact on the forces experienced 
by transformers. During short-circuit current conditions; 
current exists in both high voltage (HV) and low voltage 
(LV) windings. This causes the magnetic field intensity to 
be very high between both windings. The flux flowing in 
the core is the design flux and there is leakage flux 
between the HV and LV windings as seen in Figure 4. 
The solid black lines represent flux density. The black 
arrows are the direction of the flux density. 
 

 
 

Figure 4: Illustration of flux density in the core during 
short-circuit current conditions 

 
Short-circuit current results in [6]: 
• A mechanical force as a result of the interaction 

between the current and flux. 
• An increase in the temperature of the 

transformer if the short-circuit current is 
sustained for a few seconds or longer. This heat 
contributes to the losses of the transformer. 

 
During inrush current conditions, current only exists in 
the HV winding. This causes the magnetic field intensity 
to be slightly higher around the HV windings compared 
to the surroundings. The flux saturates in the core and 
thus is forced out of the core as seen in Figure 5. The 
solid black lines represent flux density. The black arrows 
are the direction of the flux density. 
 
The disadvantage of FEMM is that it does not simulate 
the saturation region well. FEMM is based on currents 
and not voltages. During inrush current conditions, the 
core saturates and FEMM does not allow for 
extrapolation correctly. The B-H curve used is a linear 
curve, it is not exactly correct but the model gives an 
acceptable distribution of the flux. The relative 
permeability was set to ensure that the flux in the core 
does exceed the saturation point for the inrush currents 
and to make sure that the correct magnetic flux is flowing 
through the windings. Relative permeability is calculated 
as [10]: 

μr = lc
μo

Bs
N1iin

                                                                         (3)  

Where [10]: 
Bs = saturation flux density (T) 
lc = length of the core (m) 
iin = inrush current (A) 
N1 = number of turns for the primary winding 
μo = permeability of space = 4π × 10−7 
μr = relative permeability 
 

 
 
Figure 5: Illustration of flux density in the core during 

inrush current conditions  
 

4. FORCES EXPERIENCED ON THE WINDINGS 
 
Code was written in MathWorks® (Matlab) to extract the 
data from the FEMM models. For the radial forces, the 
force for each layer of the winding was calculated. Axial 
forces were calculated for each sectional layer of the 
windings. 
 
Naidoo and Swanson in reference [3] determined a 
primary current up to 10 A could be experienced and 
AMDT experiences a higher inrush current compared to 
CRGO. Both AMDT and CRGO core materials’ were 
tested at the same design flux density with a primary 
current of 10 A. 
 
Figure 6 displays the magnetic flux density from the 
outside of the HV winding through to the opposite side of 
the HV winding. During short-circuit conditions; adding 
all the forces on each of the windings gives a net force of 
zero. CRGO has a higher axial magnetic flux density 
peak compared to AMDT during inrush currents even 
though the design flux density is the same.  
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Figure 6: Magnetic flux density through the centre of the 

windings and core 
 
The axial force is dependent on the radial magnetic flux 
density shown in Figure 7, which displays the magnetic 
flux density for the outer layer of the HV winding from 
top to bottom. The highest magnetic flux density is at the 
ends of the windings. At the centre of the windings, the 
magnetic flux density is 0 T and there would be no 
electromagnetic force. The radial magnetic flux density 
distributions are different between the inrush currents and 
short-circuit currents because the flux density in the core 
is saturated during inrush current conditions causing the 
additional flux to be pushed out. 
 

 
 

Figure 7: Radial magnetic flux density of the HV 
windings 

 
 

Figure 8: Average axial force of a layer of the HV 
winding 

 
Figure 8 displays the average axial force on each layer of 
the HV winding. It can be seen that the top and bottom 
ends of the HV winding have a force of 0 N, where the 
flux density is the highest. This is  because the axial force 
displayed is the cumulative force on each conductor. The 
axial force during inrush current conditions is about twice 
that of the axial force during short-circuit conditions. The 
axial force for CRGO during inrush currents is slightly 
higher than AMDT even though they have the same 
design flux density and primary current of 10A. 
 

 
 

Figure 9: Net radial forces experienced on the HV 
windings 
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In Figure 9, the radial forces experienced during inrush 
current conditions is much lower than the radial force 
experienced during short-circuit conditions. The radial 
force for CRGO during inrush currents is slightly higher 
than AMDT. During short-circuit conditions; current 
exist in both HV and LV windings unlike during inrush 
current conditions where current only exists in the HV 
winding. 
 

5. CONCLUSION 
 
Inrush currents occur during the start-up of the 
transformer. During inrush current conditions, the core 
saturates and the flux is forced to go through the air 
unlike during short-circuit conditions.  
 
The forces for inrush and short-circuit currents on AMDT 
and CRGO transformers were compared and it can be 
seen that for the same current, the axial force for inrush 
current conditions is higher than short-circuit conditions, 
but the radial force for short-circuit conditions is higher 
than inrush current conditions, while the difference in the 
core materials did not make a major difference. It should, 
however, be noted that the current may be higher on the 
AMDT. 
 
Hence, the transformers need to be tested at different 
primary currents to determine if a lower primary current 
will decrease the forces experienced. 
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Abstract:  Restructuring and unbundling the electricity industry brings about changes in the 
regulation in the sector and a need to allocate costs to the participants. Power losses become 
important, including how to charge participants for their contribution to grid losses.  Methods include 
the Pro Rata approach, marginal procedure allocation, and proportional sharing. Most other methods 
are either mathematically complex or time consuming and none can allocate losses with fairness and 
transparency. In this paper a Thévenin equivalent network measured from its point of common 
coupling is used in determining the I2R losses associated with a load or generation. The Thévenin 
parameters are derived using the change in phasor voltage and phasor current resulting from a change 
of load or generation at the PCC. This method is transparent, fair and quick. 
 
Key words: Thévenin parameters, Fairness and Transparency, Restructuring. 
 
 
 

1. INTRODUCTION 
 

The Electric power industry (EPI) worldwide is going 
through transformation with the aim of introducing 
competition, increasing efficiency and quality of service, 
and with customer price reduction through competition.  
Generally, transformation has unbundled vertically 
integrated utilities into different companies for 
generation, transmission and distribution, while in some 
countries the system operation company is separate from 
the transmission company.  Competition exists in the 
generation and distribution sectors, while transmission is 
an intermediary to transmit electricity and remains 
monopolistic in most countries.  
 
Markets in power systems take the form of a power pool 
and bilateral contracts. In the power pool, the generating 
utilities (or independent power producers) and customers 
bid for selling and buying power at the pool. The power 
pool conducts time-differentiated markets such as day 
before market, hour before market and real time market 
operation. The consumers’ meters measure actual 
consumption and the generators’ meters measure actual 
production including the network losses. Of course, the 
problem of “who pays for losses?” arises, and those 
payments are significant.  
 
Bilateral contracts are usually long-term agreements 
determined through negotiations between a buyer and a 
seller, with the seller usually arranging the transportation 
of the contracted power over the grid network [1].   On a 
bilateral exchange, the price is based on market forces 
other than under potential system security violations [2]. 
In order to improve efficiency, the knowledge of 
transmission losses is important information needed by 
the bilateral market in every proposed bilateral 
transaction. This information helps both buyer and seller 
to incorporate the level and cost of transmission losses 
into their negotiations. 

 
A key issue in the restructured environment is that the 
cost of transmission losses is satisfactorily allocated 
among all partners in spite of the non-linear nature of 
power flow. Regardless of market structure, a transparent 
and fair method of allocating delivery losses to all 
participants is needed in terms of the economic theory 
that goods and services should be charged on a basis of 
marginal cost. 
  
An appropriate model and algorithm for determining 
accurately the delivery losses must allow for many 
influencing factors including:  

x The location of generation and load connections. 
x Types of connected loads and network 

configuration. 
x Voltage levels and voltage instability. 
x Dynamic factors associated with the operational 

system of large ac networks (e.g.  power factor, 
harmonics and the control of active and reactive, 
or non-active, power). 

x The length of the lines - this is an almost linear 
relationship (e.g. doubling the line length would 
double the line loss). 

x The design of lines, size, material and type of 
cables; with the types of transformers and their 
loadings. 

 
In a deregulated environment, allocating losses is a 
difficult task since it is part of the generated energy. 
Moreover, following economic theory, the short-term 
marginal cost (SRMC) pricing of transmission service has 
failed to recover the total incurred network cost due to the 
unpredictability of the method used which is not 
economically marginal. Although, there is no perfect 
system, but the independent system operator (ISO) should 
adopt a safer path of specifying the energy capacity and 
energy bid price of all the generators in order to select the 
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cheapest generator to supply the consumer since the loss 
in electrical transmission is inevitable.  
 
Loss allocation has been used to solve many markets 
related problems around the world, such as the allocation 
of transmission charges in large interconnected networks 
of different countries [3], congestion management, the 
decision on generator scheduling, cost assignment to 
transmission line pricing and loss allocation to each route. 
However, the methods used which has failed to meet the 
economic marginal signal and also give undue subsidy to 
the participant in loss allocation are not yet satisfactory; 
due to the complicated facets of loss allocation such as 
nonlinearity of loads, path-dependency, and non-
uniqueness of the solution in most of the work done. The 
unfulfilled need justifies further research in this area of 
loss allocation in power system and energy billing. 
 

2. PROBLEM HIGHLIGHT. 
 
A review of various methods of loss allocation shows 
that, the proportional sharing principle, which bases its 
allocation on the Kirchhoff’s current law and allocates no 
losses to the transmission line, is simple and easy to 
understand, but does not provide efficient economic 
signals it also shows some levels of arbitrariness [4], [5]. 
Optimization approach is most suitable for large power 
systems [6], it is complex and has a long execution time.  
The Game theory based method, on the other hand, uses 
established game theoretic approach for determining 
allocations and bases its hypothesis on maximizing the 
benefit of each participant [7]. It makes a rational 
conclusion that requires a conflicting solution and it is 
applicable to limited large power systems. Equivalent 
Bilateral Exchange (EBE) takes into consideration 
different configurations of generator demand [8], but is a 
purely mathematical model which does not exist in 
reality.  
 
Chu et al. [9], proposed a Circuit-based loss allocation 
method, in which the network Z-bus matrix was used and 
the Y-bus matrix was modified without stating any 
assumptions. These methods are based on a solved power 
flow, and all its computations are based on the admittance 
matrix. The Z-bus technique can yield negative allocation 
to ‘reward’ those participants who contribute to reduce 
network losses due to their strategically well positioned 
locations within the system. Graph theory is widely used 
for allocation of transmission usage to load and 
generators, it is simple and easy to implement, but 
follows the proportional sharing principle [10]. The 
superposition theory is based on circuit theory which 
includes Kirchoff’s voltage law (KVL), Kirchoff’s 
current law (KCL) and superposition law. In this method, 
each generator in the system gives contribution despite 
that the line is not connected to a particular generator due 
to the superposition method [11]. 
 
Previous work also established that, Incremental 

 transmission loss (ITL) usually presents a result that is 
highly volatile and the loss allocation is imbalanced 
between the generator and the load while the Pro Rata 
(PR) method, which allocates 50 % each to the load and 
generator, is the simplest loss allocation method [12], but 
does not take into account the network and produces a 
different result from all other methods. The marginal 
procedure needs to be normalized by balancing positive 
and negative values after the allocation to avoid over 
recovery.  MW- mile is based on DC power with the 
consideration of real power only [5] while the postage 
stamp also known as rolled in method ignores the actual 
system operations sends wrong economic signals, and 
considers neither distance nor direction. In the method for 
transmission loss allocation proposed by Kazemi [13], the 
method allocates transmission system losses to the 
participants, and only takes into account, the ideal 
condition when the system is balanced neglecting the 
unbalance condition. Three different methods of 
allocation were proposed in [14] which are proportional, 
quadratic and geometric but it ended up without stating 
the best method, but says, ‘In the limit, there could be as 
many transactions as load buses, and the computational 
cost of allocating losses by this proposed method might 
become prohibitive for very large networks’. 
 
In the method suggested by Rau [15], it allows each 
generator to be individually connected to all loads and in 
this way makes it possible to allocate system loss. But in 
this method, the total losses may not equal to the real 
system loss and also it is too complicated for real power 
systems.  The loss allocation method proposed by 
Expósito et al. is based on the unbundling of branch 
flows. This method as presented in [16] is a modified 
incremental loss factor method which is applied on a 
nodal basis. In this, four approaches were proposed for 
splitting branch flows; proportional allocation, quadratic 
allocation, geometric allocation and fast geometric 
allocation which are not simple for implementation. 
Anderson and Yang [17] proposed a structure to 
determine the use of the transmission system. As a 
substitute for proportional sharing, a power flow 
comparison is used to determine the use of transmission 
lines. The power flow comparison method uses a load 
flow study to find a generator’s contribution by 
superimposing the generator on the base load. The 
difference obtained from the two load flows are attributed 
to the generator’s account. This method goes in sequence 
for each generator to calculate its effect on load flow 
studies. Loss allocation depends on the sequence of 
generator used. Results vary widely for different 
sequences. 
 

3.  METHODOLOGY 
3.1  3.1Theory  

 
The I2R losses associated with the electric power drawn 
at any PCC can be derived from the equivalent circuit of 
the network, as viewed from the PCC. See Fig 1 
 

SAUPEC 2017 363



 

 
Figure 1: An equivalent cct. with load at Pcc. 
 
The network can be replaced at any one time with its 
equivalent Thévenin circuit as shown by Malengret and 
Gaunt. [18] See Fig 2. 
 
                       NETWORK             PCC 
 
 
 
 
 
 
 
 
 
Figure 2: Equivalent Thévenin circuit [18]. 
 
The network equivalent Thévenin impedance Zth can be 
calculated from two set of consecutive voltage and 
current phasor measured at the PCC [19]. Zth can be 
derived from the following formulae: 
 

                                       (1) 
 

are the voltage and current phasor 
differences, where   and  
See Figure 3, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: V1 ∟α1 and V2 ∟α2 are the voltage phasor 
before and after the closure of the switch. 
 
Zth is obtained from two consecutive sets of voltage and 
current traces over two cycles. These traces can be 
obtained with a storage oscilloscope. The zero-time 
origin is taken at the moment of the load change. The 
load change is obtained by adding an external load with a 
switch to make and break the external load See Fig. 4, 

 

 
 
Figure 4: Time delay and phase difference of sinusoidal 
waveforms of voltage (a), current (b) with the change in 
voltage and current (c). 
           
It must be noted that, the voltage and the current before 
and after the load change must be taken in one continuous 
sweep to ensure that the voltage angles relationship 
relative to what it was before is kept as the magnitude 
alone is not sufficient. The same applies to the current 
before and after angle relationship.  This implies that the 
voltage and currents before and after cannot be recorded 
at separate times. In practice this signifies that a storage 
measuring device is needed to store the voltage and 
current traces with time for at least a cycle before and 
after the change in load. The network Thévenin voltage 
magnitude, frequency and phase angle are assumed to 
remain constant during the cycle before and after the load 
change. This is as illustrated in the waveform of figure 4   
where ∆v12(t) can be seen as the difference of what v1(t) 
would have been if the load had not changed and what 
v2(t) is after the load change. 
 
∆V12 in Fig 4 is the phasor voltage difference 
corresponding to the voltage trace ∆v12(t) above. ∆I12 is 
obtained in a similar way and can also be seen in Fig 4. 
 
∆V12 = V1– V2    ∆I12 = I1 – I2      (2) 
 
Thévenin impedance Zth=Rth+jXth can now be calculated 
using equation 1. 
 
Rth can be calculated as follows: 
 
Rth = (∆P12 / ∆S12) x | Zth|     (3) 
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Where ∆P12 = the average of ∆v12(t) x ∆i12(t) over a cycle 
T2 (after the switch closure) and where: 
 

                 (4) 
 
This approach avoids determining the phase angle of the 
waves as this is difficult to do in practice. The following 
section shows how the above method can be implemented 
in Simulink. 
 

3.2 Methodology implementation using Simulink. 

The change in voltage and current obtained with a change 
in load needs to be determined. The change in load is 
obtained by adding a second impedance in parallel with 
the original one by closing a switch. The voltage traces 
and currents are obtained before and after the closure of 
the switch. 
 
A Simulink transport delay block is used to delay the 
source voltage by 20 ms, so as to calculate the difference 
between the load voltage before and after switch closure. 
The switch is placed between the two loads as shown in 
figure 1 this gives the change in voltage and current for 
the closing and opening and time.   
 
 

 
Figure 5:  The Simulink derivation block diagram. 
 
From the figure 5 above subsystems 1 and 2 extract the 
change in instantaneous voltage ∆v(t) and current ∆i(t) 
respectively with respect to time as shown in figure 6 
while figure 7 shows the internal part of subsystem 3 and 
4 which determines the phasor difference of the change in 
voltage |∆V| magnitude and current |∆I| magnitude. The 
product of the instantaneous current and instantaneous 
voltage gives the change in instantaneous power in 
respect to time namely ∆p(t). Subsystem 5 is the product 
of the absolute voltage and current to achieve the change 
in apparent power ∆S. 
       
The amplitude value of ∆v12(t) is derived through 
Simulink from the voltage trace by using the following 
property of a sinusoidal voltage or current waveform. 
      
∆v12(t) 2 + ∆v12(t – T/4) 2 = 2 ∆V12 2    (5)                                                                   
  

∆I the RMS value of the current phasor difference is 
derived in a similar way as above. 
 
The Thévenin impedance magnitude can now be obtained 
using equation (4) 
 
The Thévenin Rth resistance is then derived using 
equation (3).   
 
The network power losses associated with current drawn 
at a PCC can be calculated as: 
 
Pth = Rth I 2 
 
The Thévenin resistance needs to be continually 
determined as its value will change with time. 
 
 

4. LABORATORY IMPLEMENTATION  
 
The proposed method was implemented in Matlab/ 
Simulink with a single phase distribution network of line 
resistances of 0.17, 0.55, 0.06 and 1.0 ohms with 
inductance of 0.4 mH, 0.5mH, 0.28 mH and 0.16 mH 
respectively to make up for the line impedance, a source 
voltage 60 V and a 12 Ω resistive load. The change in 
voltage and current was determined using a switch which 
toggles between 1 and 0, the procedure (set up) is shown 
in fig 1. 
 
The technique was implemented in the laboratory using a 
single phase Variac, Yokogawa power meter, a manual 
switch, with line resistances of various value as stated 
above are used as shown in figure 8 and 9. 
 
 

 
 
Figure 6: Simulink model for (∆V) and (∆I) in block 
Subsystem 1, 2, 3 and 4 in figure 5 to achieve Rth 
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Figure 7: Internal block of fig 6 to achieve, which 
determines Zth= Rth + j Xth 
 
 

 
 
Figure 8: The experimental setup. 
 
 

  
 
Figure 9: Reading from Yokogawa power meter 
 
 
 
 

 
 
 

5. SIMULATION RESULTS AND DISCUSION  
 
Table 1: Simulation result of the line parameters 
 
 
   R (Ω) XL (Ω) L mH Ω  ZTh Ω Angle (deg) 
 
  1 0.17 0.40 1.273  0.4343  67.33 
 
  2 0.55 0.50 1.592  0.7434  42.87 
 
  3 0.06 0.28 0.895  0.1065  55.88 
 
  4 1.00 0.16 0.500  0.1020  11.44 
 
 
The simulated network shown above gives satisfactory 
results in the determination of the Thévenin impedance, it 
gives a conform values with the mathematical calculation 
of the line impedance of the known values of the 
resistance with the inductance used. This method is 
highly in the degree of accuracy in the determination of 
the Thévenin parameters i.e Thévenin impedance (ZTh,), 
the Thévenin resistance (RTh) and the Thévenin 
inductance of a balanced and unbalanced system. The 
method has been verified through experimentation in the 
laboratory utilizing the same process in the simulation. 
This method is free of electromagnetic disturbance which 
may produce error in the solution. 
 

6. CONCLUSION 
 
This paper presents a novel method of determining the 
Thévenin parameters of a power network which can be 
used for accurate determination of power loss allocation 
on both the transmission and distribution networks. The 
method will be generally acceptable to all the players due 
to its simplicity, transparency and short execution time. 
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Abstract: In this paper important surge arrester parameters are discussed. A traction network model 
to investigate the impact of transient faults on the supply utility is proposed. The East Grid traction 
network case study is presented through simulations on Matlab Simulink Power system blockset 
(MSPB) by initiating fast transient phase to earth faults at different 88kV nodes (substations) in the 
network. The voltage profiles prior, during and post fault conditions are studied in order to assess the 
network behaviour under fault conditions and the impact this has on surge arrester (SA) performance. 
In the latter sections energy absorption calculations are presented and conclusions and 
recommendations made.   
 
Key words: Surge arrester(s), transient faults, surge arrester energy absorption  
 
 
 
1. INTRODUCTION 

 
Electric trains are part of an integrated transport 
system that drives economic growth in developing 
and developed countries. These trains transport 
thousands of tons of goods that are delivered at 
various strategic ports in the country and therefore 
a reliable power network is essential to ensure that 
these economic activities are carried out with little 
or no disturbances and KZN coal link line is no 
exception.  
 
However, network faults do occur and can have 
adverse impact on essential power system 
components such as surge arresters. Traction 
networks are dynamic by nature with poor power 
factors worsening to nearly 0.7 pf leading [1].  
 
Surge arresters are subject to steep fast transients 
(as shown in Figure 1) which render them 
vulnerable if protective levels are exceeded. As 
evident in Figure 1 the surge voltage rise time is 
fast and therefore the performance of a surge 
arrester in this zone is most important. The metal 
blocks inside the surge arrester heats up quickly in 
this zone. Inadequacies in the surge arrester design 
and poor environmental conditions, coupled with 
the severity of the surge will most certainly shatter 
the surge arrester in this zone [3]. 
 

  
Figure 1: A wave shape of a typical voltage surge 

 

Researchers have mainly focused on studying 
different surge arrester models and little research 
has been done to understand the interactive 
dynamic nature of transient faults and the impact 
thereof on the performance of surge arresters in 
traction network applications. The selection 
criterion for these applications has also been a 
challenge resulting in the newly published IEC 
60099 – 4: 2014 Standard. Whilst IEC 60099 – 4 
previous editions have been mainly generic and 
mostly misunderstood by utilities, the latest 
version provides some useful selection guidelines 
for different applications. It clarifies the surge 
arrester classification and voltage withstand tests 
which now take into account the whole surge 
arrester stack rather than individual stacks [1].  
 
However, the onus is on individual utilities to 
perform rigorous network studies before surge 
arresters are selected for specific applications [2]. 
The withstand capabilities of the surge arrester 
both internally (such as the presence of transient 
faults) and externally (such as the changing 
environment) need to be taken into consideration 
in the selection process. Fault analysis is crucial 
for the surge arrester performance and energy 
handling capabilities assessments particularly in 
an integrated network such as the East Grid 
traction network. 
 
In this paper the important surge arrester technical 
characteristic are discussed. The nature of the 
traction system is also presented. The remainder of 
the paper is outlined as follows: Brief discussions 
on Traction network models, Simulation 
methodology, and assessment of Surge arrester 
energy handling capabilities are presented in 
sections 2, 3 and 4 respectively. Section 5 
describes the simulation results, calculation of 
surge arrester energies and analysis of results. 
Relevant conclusions are drawn in section 6 while 
section 7 contains some recommendations. 
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2. TRACTION NETWORK MODELS 
 
A typical traction model can be described as a 3ϕ 
power line operating at 88 kV that supplies 
traction substations. These 3ϕ AC voltages are 
then transformed into 2ϕ lower voltages (25 kV 
AC with one phase supplying the traction load and 
the other used as current return path), rectified to 
feed catenaries, rails (to balance the system) and a 
pantograph to make contact with the train [2] as 
shown in Figure 2. 

 
Figure 2: The generic layout of a traction network 
 
 
2.1 Criterion for evaluation of traction surge 
arrester performance 
 
The following surge arrester technical 
characteristics are significant [4]: 
 

i. Continuous operating voltage (Uc),  
ii. Maximum continuous operating voltage 

(MCOV), 
iii. Rated voltage (Ur),  
iv. Discharge current (Id), 
v. Residual voltage (Ures),  

vi. Nominal discharge current (In) and 
vii. Energy absorption capability, E.  

 
Surge arrester’s discharge current is in order of 
milli-Amps (typically less than 1mA for most 
designs) under normal operating conditions [1]. 
IEC 60099 – 4: 2014 further notes that the 
discharge current can rise rapidly (in few micro 
seconds) under faulty conditions resulting in tens 
of kilo-Amps flowing through the metal block 
resistors, typically up to 20kA [5]. In order to 
protect the SA the nominal discharge current is 
rated at 10kA for line class and 20kA for station 
class surge arresters. The discharge current 
increase also increases the residual voltage and 
can ultimately destroy a surge arrester [3]. 
 
 Discharge current and residual voltage surge 
arrester’s parameters are difficult to model with 
simulation packages because of the metal block 

dimensioning that needs to be taken into account. 
Most manufacturers such as ABB and Siemens 
have well equipped laboratories to meet IEC 
60099-4 requirements with respect to these 
parameters. In this paper the first two parameters, 
namely continuous operating voltage and 
maximum continuous operating voltages are 
studied in order to assess surge arresters 
performance under different fault conditions or 
contingencies. Surge arresters are installed in 
MSPB at different traction feeders as shown in 
Figures 3 & 4. The surge arrester performance is 
then assessed based on the proposed model in 
Figure 4 with different network conditions (pre-
fault, during and post conditions).  
 
2.2 Modelling an East Grid KZN traction network 
 
Modelling a traction system is a complex 
endeavour. Clear demarcations must be drawn to 
model only network portions that answer research 
questions especially when modelling different 
voltages namely alternating current (AC) and 
direct current (DC) systems. Surge arrester failures 
that the East Grid Transmission business has 
experienced have been mainly on the supply side 
i.e.  88 kV feeder surge arresters, therefore the 
model must focus on the 88 kV system and avoid 
the difficulties of going to DC voltage levels (750 
V). It is for this reason that the East Grid traction 
network model in Figure 3 is proposed. 
 
 2.2 Brief description of the proposed East Grid 
traction network model 
 
The proposed model in Figure 3 is summarized as 
follows: 

• Traction substations are modelled 
individually as nodes or busbars with 
voltage sources connected to them.  

• The outgoing feeders from these 
substations are modelled as T sections of 
transmission lines connecting the traction 
88 kV busbar.  

• A phase to ground fault is initiated at 
various nodes where traction stations are 
fed.  

• A breaker is modelled as an amplitude 
varying signal to determine the breaker 
status depending on the location of a fault 
in the network.  

• The load is modelled as statistical loads 
with varying power factors ranging from 
0.7 – 1 pf leading.  
The model is drawn and simulated in 
MSPB.  

 
The proposed model is then applied to the East 
Grid traction network as shown in Figure 4. 
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Figure 3: East Grid traction network proposed 
model 
 
The East Grid traction network comprises of 
transmission Umfolozi, Bloedrivier, Normandie 
and Empangeni traction substations. These are 
marked as busbars 1, 3, 5 and 7 in Figure 4. 
Umfolozi, Bloedrivier and Normandie are main 
transmission stations whilst Empangeni substation 
is a Distribution substation. There has been no 
surge arresters failures recorded at Empangeni 
that, hence the surge arrester on the Umfolozi – 
Empangeni line is installed (in this proposed 7 bus 
model) at Umfolozi substation as shown in Figure 
4 in the Appendix.  
 
 

  
Figure 4: The KZN 88 kV traction network layout 
 
MSPB has a library which allows the building of 
the model with blocks. It also has useful functions 
such as work space to export data variables from 
the model to the Matlab command window and 
measuring devices (currents and voltages scopes). 
The East Grid traction network is modelled and 
drawn in MPSB as shown in Figure 5 in the 
Appendix. 
 
2.3 Model parameter 
 
The parameters of the proposed model in Figure 5 
are shown in tables 1 & 2. These parameters were 
extracted from the Eskom National and Regional 
master files used for planning network operating 
and planning purposes. These data parameters 
were verified against updated operating drawings 
and equipment nameplates. The data was then 
converted into a format suitable for MSPB. 
 

3. SIMULATION METHODOLOGY  
 
Traction substations (bus # 1, 3 & 5) are simulated 
as time varying sources with the rms voltage of 88 
kV. Two stack 88 kV surge arresters are then 

connected in parallel to the source. The current 
through the line and source voltage are then 
measured using scopes in MSPB sink (outputs) 
library measuring devices. 
 
Breakers are connected at traction substations (bus 
# 1, 3 & 5) to respond to different fault conditions. 
Each breaker status is controlled by a switch that 
toggles between zero (when a fault occurs) and 
one (when a fault is cleared). This is implemented 
by installing signal generators that condition the 
amplitude of the pulses to the breakers. The 
breaker status is thus logic ZERO (for a breaker in 
an opened position) and logic ONE (for a breaker 
in a closed position).  A fault is then created at 
each traction substation in a non-simultaneous 
manner.  
 
Table 1: Input parameters of the proposed model 

 
Table 2: Other parameters of the proposed model 

 
 
The fault at each traction substation feeder is 
initiated at 1.0 second and cleared at 1.04 seconds. 
This means the feeder protection setting is 40 ms 

P Q LOADS (MW) 
Bus # 1pf 0.85pf 0.7pf 
2 91.6, 0 77.9, 48.6 64.1, 65.0 
4 58.4, 0 49.6, 31.0 40.9, 41.5 
6 24.0, 0 20.4, 12.7 18.8, 17.0 
7 22.8, 0 19.4, 12.1 16.0, 16.2 

LINE LENGTHS 
Bus # Length(km) 
1 - 2  46.4 
2 - 3 46.4 
3 - 4 56.6 
4 - 5 56.6 
5 - 6 64.7 
1 - 7 64.7 

SUBSTATION SOURCE VOLTAGES 
Bus # 1, 3, 5 & 7 
Voltage  88 kV 
Frequency 50 Hz 
CONDUCTOR 
R/km X/km 
0.1932 0.3065 
CIRCUIT BREAKER 
Resistance 1e-6 
Capacitance Inf 
FAULT 
START TIME  1s 
END TIME  1.04 s 
DURATION  40 ms 
LOCATIONS 1, 3, 5 & 7 

Breaker 

Traction 
load 

Substation 

Surge arrester 

Fault 

88 kV busbar 

88 kV 
busbar 
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(2 cycles) as per Eskom’s Transmission feeder 
protection practice [6].  
 
The Eskom practice on traction substations does 
not allow for three times breaker re-closing. This 
is a risk control measure to avert reclosing onto 
the fault and thus damaging further equipment. 
This equipment may be expensive such as 
transformers. In Eskom Distribution the practice is 
to switch ON auto-reclose (ARC) on feeder 
protection panels in order to restore the feeder 
after non-severe incidents such as smoke from 
cane burns and vegetation interference [6]. This 
safe guards power supply and improves line 
performance. Lastly surge arrester energy 
capabilities are important to assess the 
performance of an installed surge arrester [5].  The 
energy absorption capabilities are calculated for 
pre-fault, during and post fault conditions. The 
summary of the simulations carried out in MSPB 
is shown in Figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Flowchart of the simulation method and 
sequence in MSPB 
 

4. ASSESSMENT OF SURGE ARRESTER 
ENERGY HANDLING CAPABILITIES 

 
The energy handling capability of a surge arrester 
is calculated from the following expression in [1]. 
 
E = 	$ U&t(I&t(dt+

+,                         (1) 
Where: 
 
U(t) = is a time varying residual voltage of an 
arrester in Volts 

I(t) = is the discharge current through the arrester 
in kA. 
 
The discharge current is very small and can only 
marginally increase with the length of the surge 
arrester housing or the environmental interaction 
such as salt deposits, smoke, mist and wildlife 
interactions [1]. 
The energy stored in the surge arrester is the 
power stored in the arrester integrated over a 
specific time t. This energy is stored in the arrester 
until the voltage surge dissipates and the surge 
arrester cools down [1]. The energy handling 
capability equation (1) is useful but cumbersome 
to compute for transient conditions. The integral 
limits in equation (1) are taken over the simulation 
times 0.98 to 1.04 seconds. These limits are 0.98 – 
1.0 seconds (pre-fault condition), 1.0 – 1.04 
seconds (fault condition) and 1.04 – 1.06 seconds 
(post-fault condition).   
 
5. SIMULATIONS RESULTS, CALCULATION 

OF SURGE ARRESTER ENERGIES AND 
ANALYSIS OF RESULTS 

 
The following results are discussed for a phase to 
earth fault at busbar # 3 (Bloedrivier substation) as 
per models in Figures 4 and 5.The breaker at 
Bloedrivier trips at 1.0 second to clear the fault 
while other breakers remain closed as shown in 
Figure 7 in the Appendix. 
 
The steady state voltage profiles in Figure 8 show 
Empangeni & Umfolozi substations voltages 
peaking at about 86 kV. The voltages at 
Bloedrivier and Normandie peak at 84.5 kV and 
85.5 kV respectively. The Bloedrivier surge 
arrester clamps the voltage to 81 kV (with a time 
delay of about 0.06 seconds) during the fault 
condition and thereafter (at 1.04 second) returns 
instantaneously to its original state (pre-fault 
condition). 
 
Only the Bloedrivier SA arrester operates for a 
fault at Bloedrivier substation as seen in Figure 9. 
The surge arresters in other substations do not 
operate although the voltage may be above the 
nominal voltage. The pre-fault condition (steady 
state) shows the voltage above nominal voltage at 
Empangeni substation. The surge arrester at 
Empangeni does not start conducting. This means 
the SA absorbs high energy prior to any fault in 
the network but does not operate and therefore 
rendering it vulnerable.  
 
A fast transient fault occurring elsewhere in the 
network impacts on other busbar voltage profiles 
as seen in Figure 9. This   has a direct impact on 
the other SAs energy handling capability. These   
lead to poor SA performance. The energy 

Load all input parameters into the MSPB model 
and run steady state simulations (without faults) 

Set simulation time to 1.5 seconds; plot ALL 
busbar voltages over time range of 0.98 – 1.06 
seconds and log data 

Initiate faults at busbars # 1, 3 & 5 sequentially, 
run transient simulations, plot ALL busbar and 
surge arrester voltages over time range of 0.98 – 
1.06 seconds and log data 
 

Compare transient to steady state voltages and 
calculate pre-fault, during and post fault surge 
arrester energy absorption in kJ/Uc and assess 
these against the limits in IEC 6009- 4 
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absorbed by the Bloedrivier SA increases 
drastically during the fault condition and continues 
to increase even after the fault is cleared after 1.04 
seconds as shown in Figure 10. This means this 
surge arrester must take a longer time to release 
that energy through its housing. If the fault is 
recursive this SA will exceed its rated energy 
handling capability and implode. 
 
The energy stored by the surge arrester is 
continuous i.e. the energy in the SA is stored 
irrespective of whether the network is in a steady 
state or in a contingency. This is evident in Figure 
10 over the period 0.98 – 1.0 seconds as the 
energy stored by this SA is about 15.5kJ (before 
the fault). This energy increases by 2kJ within 
40ms.  It therefore, follows that a fault on the 
Bloedrivier – Normandie 88kV line severely 
stresses SAs installed on this feeder.   
 
 

 
 
Figure 10: The energy handling capability of the 
Bloedrivier SA for different fault conditions 
 
 

6. CONCLUSIONS 
 

The following conclusions can be drawn from the 
above findings and results analysis. 

 
• A transient phase to earth fault occurring 

elsewhere in the network at 88 kV SA 
starts operating at well above 92 kV.  
A fault in the network may increase  

• The energy absorbed by a SA increases 
(as seen in Figure 10) exponentially with 
the voltage and current across the surge 
arrester terminals. 

• The energy handling capability of the SA 
increases for all network conditions. 

• A surge arrester does not always operate 
instantaneously when a fault occurs 
(there is a dead time band as shown in 
Figure 10). 

• The selection process of a SA must be 
undertaken with caution to ensure 

conformity to energy handling capability 
for all possible network conditions. The 
network fault studies must be undertaken 
to ensure that a proper SA is selected. 

• Transient faults and circuit breaker 
operations result in damped oscillations 
and these may increase the energy 
absorption durations (this aspect must be 
investigated further) 

• Metal oxide SA may heat up due to 
higher energy absorption and may result 
in the SA exploding. 

• The current feeder protection scheme 
may be inadequate for traction networks 
as only earth fault protection is 
employed. 

• The switching over-voltages (from 
temporal over-voltages due to breakers 
clearing faults elsewhere in the network) 
may go through the network undetected 
and thus rendering other SAs vulnerable. 
 

7. RECOMMENDATIONS 
 

The following recommendations are made based 
on the above conclusions. 
 

• A clear selection guide must be devised 
by ensuring the switching and system 
overvoltages do not exceed the clamping 
capabilities of metal oxide surge 
arresters. 

• Caution must be exercised in assessing 
SAs energy absorption capabilities. 

•  Transient fault studies must be done and 
results used as part of the SA selection 
process. 

• Feeder protection schemes (which 
currently utilize earth fault and 
impedance protection) in traction 
networks must be reviewed to include 
over voltage protection.  

•  SAs with porcelain housing must not be 
installed in traction networks as they 
absorb excessive heat under normal and 
transient conditions. 

• The energy handling capabilities must 
take into account the dead time zone in 
the SA as these further increases the SA’s 
stored energy. 

• Manufacturers must prove that a specific 
SA can withstand transient fault 
oscillations. 
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6. APPENDIX 
 

 
Figure 5: East Grid traction modelled in MSPB 

 
 

 
 
 

 
 

Figure 8: The pre-fault, during fault and post fault voltage profiles 
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A COMPARISON OF AC, DC, AND HYBRID AC/DC INCLINED-PLANE TESTS 
ON SILICONE RUBBER COATED INSULATORS 
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Abstract: The inclined-plane test is employed to evaluate the performance of silicone rubber 
coatings, in terms of surface resistance to tracking and erosion, under hybrid AC/DC 
excitation. Hybrid excitation is achieved by superposition of AC and DC voltages on the 
same electrode, and a total of five AC to DC ratios were applied. Protection measures using 
capacitances and an inductance were implemented ensuring that DC currents do not 
circulate in the AC transformer leading to possible saturation. The inclined-plane test is 
carried out in accordance with the IEC 60587 standard. The results indicate that for hybrid 
ratios where the DC component is greater than 10%, the damage in terms of carbonaceous 
path formation and loss of hydrophobicity is greater than the case of pure AC. The leakage 
current exhibits an increasing trend as the DC component in hybrid voltages is decreased 
and correlation between the leakage current values and extent of damage could not be 
established. However, the samples tested with hybrid voltages where the DC component is 
greater than 10% spend more than 40% of the testing time in zero leakage current states 
indicating intense evaporation and dry band arcing. The corresponding damage is more 
severe in these samples.  

Key words: Erosion, Hybrid Excitation, Hydrophobicity, Inclined-Plane Test, Leakage 
Current, Tracking. 

1. INTRODUCTION 

Hybrid AC/DC transmission lines offer an attractive 
method of increasing the power transmission capacity of 
existing lines, which are predominantly AC. Such lines 
are constructed with AC and DC lines sharing the same 
right of way and tower structures. The implication is that 
the insulation is exposed to hybrid electric field stresses 
[1]. Hence, the objective of this study is to investigate the 
performance of silicone rubber (SiR) coatings in terms of 
tracking and erosion under hybrid AC/DC field stresses.  

Silicone Rubber coatings are applied to ceramic, 
porcelain, and glass insulators to make the insulating 
surface less prone to tracking and erosion degradation [2]. 
The superior performance of SiR in terms of surface 
resistance to tracking and erosion is largely attributed to 
its hydrophobic nature. However, when SiR is exposed to 
surface discharges over prolonged periods it tends to lose 
its hydrophobicity thereby making the insulation surface 
more vulnerable to tracking damage. Electrical tracking 
occurs when moisture is deposited on the insulation 
surface in continuous liquid channels resulting in the flow 
of leakage current (LC) [3]. The heat generated by the 
leakage current lead to evaporation of the liquid resulting 
in the formation of dry bands. The consequence is dry 
band arcing (DBA) which leads to the cumulative 
formation of a conductive carbonaceous path.   

2. LITERATURE REVIEW 

The IEC 60587 standard prescribes the procedures, 
materials, and setup to be used for carrying out the 

inclined-plane test (IPT) under AC excitation [4]. With 
extensive testing under AC conditions, the agreement in 
literature is that the greatest damage of surface insulation 
occurs when testing at 4.5 kVrms [5-8]. In addition, the 
existence of the 3rd and in some cases the 5th harmonic in 
the leakage current spectrum has been correlated to the 
greatest damage and erosion of insulation samples. Other 
researchers [6, 9, 10] have associated surface tracking 
activities with certain leakage current waveform shapes, 
in particular, the waveform tends to have a time-lag, 
distortion, and a “knee-like” shape during arcing.  

Currently, no standard exists for the IPT under DC 
excitation, thus the approach has been to use the IEC AC 
standard and simply change the AC source to DC. Some 
researchers have used the RMS AC voltages in the 
standard for the DC voltages [5, 11], while in [12] it is 
recommended that 67% and 87% of the RMS AC 
voltages to be utilised for positive DC and negative DC 
respectively. In [13], the recommendation is that 90% of 
the standardised AC voltages be used for DC.  

In general, the damage associated with DC excitation is 
more severe than the case of pure AC [5, 11-13]. 
Furthermore, positive DC is more intense and aggressive 
than negative DC. The highest leakage current 
magnitudes and the shortest time to track have been 
observed under positive DC. Intense erosion and rusting 
of the top electrode due to electrolysis was also observed 
for positive DC compared to negative DC. The reduced 
performance under DC excitation is associated with the 
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absence of zero crossings in the DC voltage and longer 
duration of the arcs [13]. 

Based on literature, it is hypothesised that depending on 
the magnitude of the DC component, the severity of 
tracking and erosion under hybrid IPT will be comparable 
to the case of pure DC excitation and greater than the case 
of AC excitation.  
 

3. TEST SETUP AND METHOD 

3.1. Testing Setup and Protection Measures 

Hybrid AC/DC electric field stresses can be generated by 
superimposing AC and DC voltages, placing a field-
coupling electrode such as a rod close to the tests sample, 
and applying AC and DC voltages on separate sample 
electrodes simultaneously [2]. The IEC 60587 standard 
prescribes that the bottom electrode be grounded as such 
only the field-coupling and superimposed AC/DC 
methods are viable. It is difficult to reproduce the field-
distribution every time samples are changed after each 
inclined plane test trial in the field-coupling method. 
Therefore, the superimposed AC/DC method is employed 
to emulate the hybrid AC/DC field stresses as shown in 
figure 1.  

It is necessary to protect the AC transformer from 
possible saturation due to high DC currents in the test 
setup. Capacitor, CAC is employed to block the DC current 
into the transformer. However, Wagner and Knauel [2] 
reported that the leakage current in hybrid excitations will 
have an AC as well as a DC component and it is 
necessary during the inclined plane test to measure the 
leakage current. The inductor L provides a path for the 
DC current when the DUT is not conducting and as well 
as for the DC LC. Capacitor CDC ensures that AC currents 
do not flow into the DC generator. The hybrid voltage 
ratios tested are given in table 1. 

 

Figure 1: Hybrid test setup for IPT. 

 
 
 

Table 1: AC to DC ratios tested. 
Testing 
Ratio 

VAC(RMS):VDC(PEAK) (kV) AC : DC(%) 

1 1.01 : 4.39 5 : 95  
2 2.25 : 3.90 25:75 
3 3.90 : 2.25 75:25 
4 4.27 : 1.42 90:10 
5 4.39 : 1.01 95 : 5 

 

The samples are mounted on a Perspex stand at an 
inclination angle of 45º as prescribed by the standard [4]. 
The required flow rate of 0.60 ml/min is achieved by 
using an intravenous drip system as shown in figure 2.  

 

Figure 2: Insulation samples mounted on Perspex with IV 
drip system. 

3.2. Experimental Method and Materials 

The samples were ceramic tiles with dimensions 
120u50u6 mm. The tiles were coated with room 
temperature vulcanising (RTV) silicone rubber with 
Alumina Trihydrate (ATH) filler. Prior to testing, the 
samples were washed with isopropanol, rinsed in distilled 
water, and dried. The contaminant was a solution of 
distilled water, ammonium chloride, and Triton-X100 
with a conductivity of 2.5 mS/cm. 

The constant tracking voltage method [4] is employed in 
the test. All the samples were tested at 4.5 kV rms since it 
is reported that greatest damage is observed under this 
voltage for both AC and DC [5, 11-13]. Only positive DC 
was considered for the same reason. Pure AC and DC 
tests are conducted as control experiments and to enable 
comparisons to be made. The samples were tested in pairs 
instead of 5 samples in parallel since the available voltage 
sources cannot satisfy the 100 mA per sample current 
requirement as stipulated in the IEC 60578 standard [4]. 
Even when testing in pairs the requirement is not fulfilled 
however testing one sample at a time would take longer 
and project was time limited to eight weeks. The samples 
were considered to have failed if the LC exceeds 60 mA 
for a period of 3 sec or the carbonaceous tracking path is 
longer than 25 mm. Hydrophobicity is accessed in 
accordance with the procedure and classification in [14].  
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4. EXPERIMENTAL RESULTS AND 
OBSERVATIONS 

4.1. Inclined-Plane Test under AC and DC 

Table 2: Observations for IPT under pure AC and DC 

Test Visual Observations 

AC 

Highly mobile discharges that are intense, audible and 
having a flame orange in colour during the early 
stages. Consequently discolouration occurs and forms 
two almost parallel paths. Localised bright discharges 
during the 3rd hour with the associated protrusions. 
Some protrusions are ruptured and not burned, while 
others remain intact until test is stopped. The localised 
arcs initiate tracking but the path does not progress 
beyond 5 mm for all samples. 

DC 

Initially the discharges are scattered with a hissing 
sounds and violet colour. After a few minutes, the 
discharges become concentrated at the bottom 
electrode. Insulation darkening and discolouration 
forms an almost straight path between the electrodes. 
Arc roots (bright hotspot discharges) appear within 1st 
hour accompanied by large protrusions. The 
protrusions are ruptured and burned. Consequently the 
carbonaceous tracking progressed to 25 mm within 4 
hours of ageing for all samples.  

 

Visual Observations: In general, the damage in AC 
samples was much less than in the case of pure DC as 
expected. The AC samples passed the test in accordance 
with the “25 mm” tracking criterion [4], while the DC 
samples appeared to have failed the test. After washing, 
the AC samples are largely still hydrophobic and had 
minimum tracking and coating erosion (figure 3). On the 
other end, the DC samples were severely damaged and a 
continuous water layer was formed on the tracking path 
indicating the tracking area was hydrophilic as shown in 
figure 4. In addition, coating erosion also appeared in 
areas between the tracking path and the top electrode. 
Table 2 gives the discharge behaviour in AC and DC 
excitation. Protrusions are defined as air-filled coating 
“bumps” on the insulations surface. 

 

Figure 3: AC sample (a) before ageing, (b) after ageing 
and washing, and (c) after ageing for 6 hours under IPT. 

 

Figure 4: DC sample (a) tracking marks after 1 Hour, (b) 
damage and (c) hydrophobicity loss after 6 hours under 

IPT. 

 

Figure 5: Average leakage current of AC and DC samples 
during IPT. 

 
Figure 6: Percentage time spent in arcing for AC DC 

samples during IPT. 

Leakage Current: The hourly average leakage current 
obtained under AC and DC excitation is presented in 
figure 5. The DC leakage current is minimum during the 
early stages and increases as the test progresses. Kaaiye 
[5] obtained a similar DC LC trend when testing silicone 
rubber under DC IPT. The trend coincides with the 
decreasing trend of the percentage time the samples spend 
in a conductive state (figure 6). Bruce et. al. [13] defines 
the degree of intermittency as the percentage time the 
samples spent in a non-conductive state, i.e. when the 
leakage current is below 1 mA. On average, the degree of 
intermittency of the DC samples is 45%. The rationale 
here is closely tied to the visual observations. During the 
early stages of the test, frequent and faint arcing occurs 
with little dry band arcing resulting in faint tracking 
marks on the insulation surface. The surface losses 
hydrophobicity gradually as the marks become darker 
resulting in continuous and filamentary contaminant flow. 
Consequently, the discharges become concentrated along 
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the flow path and localised arcing initiates. At this point 
the arcs become less frequent but more intense and lasts 
for longer periods. The result is that the surface resistance 
of the insulation decreases as the tracking path progresses, 

hence the gradual increase in leakage current. A 
maximum current of 55 mA was obtained indicating that 
the samples were also close to failure in terms of the 
“current criteria” [5]. 

Table 3: Summary of the visual observations during inclined plane test under hybrid AC/DC excitation 
 

Hybrid 
Ratio 

Visual Observations 

1 Initially the discharges are mobile or scattered, violet and follow contaminant flow. Localised arcing within the 1st hour 
with large protrusions on the insulation surface. Protrusions are ruptured and burned. The carbonaceous path forms in 2nd 
hour. Long air-bound and flame-like arcs bridge the track. Yellow brown discolouration. Wide racking path. Tracking 
seems dependant on the burning of the coating to extend the carbonaceous path. Intense electrode rusting and erosion. All 
samples failed the test, two samples failed after 3 hours of ageing. 

2 Discharges are highly dispersed until the 4th hour. Localised long arcs during the 4th hour accompanied by protrusions. 
Protrusions are ruptured, burned and fall off. Less wide track than in Ratio 1. Electrode rusting and erosion. Two samples 
failed.  

3 Mobile and faint violet discharges in the 1st hour. Occasional localised arcs in the 2nd hour or ageing with protrusions 
during the 3rd hour. Protrusions ruptured but not burned. Tracking independent of burning of coating, rather progresses 
from points of localised arcing in a filamentary manner. Discharges appear as bright spots and filamentary glow in the 
carbonaceous path. 

4 Short-lived mobile and faint discharges in the 1st hour, preceded by localised stable arcs. Continuous contaminant flow 
during arcing. Tracking progresses slowly, similar to that in Ratio 3. Small protrusions in the 4th hours which are ruptured, 
but not burned. Occasional bright discharges at the end of the carbonaceous tracking path. All samples passed.  

5 Behaviour largely similar to the Ratio 4. However, the protrusions are relatively smaller and remained intact until the test 
stopped. Localised arcing commenced in the 2nd hour. None of the samples failed.  

 

 
Figure 7: Comparison of localised arcs for the hybrid (AC:DC) ratios considered. 

 
Figure 8: Comparison of damage and loss of hydrophobicity for the hybrid (AC:DC) ratios, AC, and DC excitations.
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4.2. Inclined-Plane Test under Hybrid AC/DC 

Visual Observations: The greatest damage is portrayed by 
samples tested under hybrid ratio 1. This is expected since 
the DC component is largest under this ratio, and DC 
voltages are associated with greater insulation damage 
under IPT [5]. After cleaning the samples tested under 
ratio 1 also appear to be hydrophilic particularly in the 
tracking path area as in the case of pure DC. It appears 
that as the DC component is decreased sample damage 
subsides. A visual comparison of the surface damage and 
hydrophobicity is given in figure 8. Additionally, the 
samples tested under ratios with more than 10% DC 
component tend to have yellowish marks in the vicinity of 
the tracking path similar to the case of pure DC but more 
intense. This could be the result of different by products 
released during the tracking process under DC and AC. 

Similar to the case of pure DC, the tracking path is wider 
for samples tested under hybrid ratios 1 and 2 while for 
ratios 3 and 4, the path is filamentary. The damage in 
hybrid ratio 5 samples is largely concentrated on the 
ground electrode as in the case of pure AC. Ratio 5 
samples also tend to retain hydrophobicity except where 
there is carbonaceous marks and coating erosion. The 
greatest erosion also appears in samples tested with 
hybrid voltages with the greatest DC component. Table 3 
gives further surface activity for IPT under hybrid 
excitation. Figure 11 gives an illustration of the arcs 
obtained under the various hybrid excitations. The 
localised arcs under hybrid excitation ratios (AC:DC) 
5:95 and 25:75 % appear as intense air-bound arcs, while 
those under ratios with lower DC components are surface-
bound and filamentary in nature. 

Leakage Current: The hourly average leakage current 
shows an increasing trend for the hybrid ratios 1, 3, and 4 
as shown in figure 9.The trend is in agreement with the 
observations, in that, the low values of leakage current 
during the initial hours of testing corresponds to moments 
when faint and scattered arcing occurred. While the high 
values correspond to intense, localised, and bright 
discharges. All the samples that exhibit this trend are 
more damaged as expected. However, no correlation can 
be established with hourly average leakage current values. 
Thus peak current were extracted as shown in figure 10. 
The peak leakage current trend correlates to the various 
stages of tracking as illustrated. In addition, higher peak 
currents were obtained in samples showing greater 
damage. 

 
Figure 9: Hourly average leakage current for IPT under 

hybrid excitation. 

 
Figure 10: Average peak leakage current of samples 

tested under hybrid ratio (AC:DC) considered. 

5. FURTHER ANALYSIS AND DISCUSSION 

The main differences observed in the tracking processes 
in the hybrid ratios employed is the appearance of 
protrusions and the burning thereof, as well as the 
increase in leakage current as the DC component in the 
hybrid voltages decreases. As noted, the protrusions are 
ruptured and burned during testing under hybrid ratios 1 
and 2. Due to the absence of voltage/current zeros in DC 
voltages, the arcs don’t extinguish once initiated unlike 
the case of AC where they extinguish every 20 ms [7]. 
The implication is that the DC arcs last longer thereby 
heating the contaminant further than capable under AC. In 
addition, it is reported in [5] that there exists a “thin 
vapour film” between the arc tunnel and the insulation 
surface which the heat generated by the arc must breach 
in order to produce heat on the insulation surface. It 
appears that the heat generated by the DC and hybrid ratio  
1 and 2 arcs breaches vapour film. Consequently, the 
surface temperature increases, and the coating is 
separated from the base ceramic forming air filled 
protrusions. The arcs observed under DC as well as 
hybrid ratios 1 and 2 are long and air bound. Such arcs are 
associated with higher energy since their inception 
depends on ionisation processes and avalanche 
breakdown mechanisms [2]. The peak leakage current 
values in the ranges of 20 mA are associated with greater 
damage [5] as observed in hybrid ratio 1 samples. Hence, 
the arcs tend to not only rupture the protrusions but also 
burn it. The burned coating extends the carbonaceous path 
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track. Thus samples tested under ratios 1 and 2, and DC 
appeared to be more damaged than those under AC and 
hybrid voltages with higher AC components. 

The carbonaceous material has an impeding effect on the 
contaminant flow. Consequently, the contaminant has to 
percolate the material in order to reach the vicinity of the 
ground electrode and re-establish arcing extinguished by 
evaporation. Thus, dead times (periods where the leakage 
current is zero) can be correlated to the extent of 
carbonaceous path formation as postulated in [8]. The 
dead times as a percentage of the hourly testing time 
indicate that samples tested under DC and hybrid ratio 1 
spend higher periods non-arcing towards the end of the 
test as shown in figure 7. The trend correlates to the 
severity of damage in the samples. 

Even though greater damage in terms carbonaceous track 
formation, coating erosion, and loss of hydrophobicity 
was observed in samples tested under hybrid voltages 
having more than 10 % DC component, the hybrid circuit 
employed might have resulted in low LC values in hybrid 
ratio (AC:DC) 5:95 % due to potential differences 
between the AC and DC sources.  However, the 
protection measures implemented ensured that the AC 
transformer did not saturate and the DC generator was 
protected, however the hybrid circuit resulted in 
questionable leakage current values.  It is recommended 
that the hybrid field stresses be generated by simultaneous 
application of AC and DC voltages on separate 
electrodes. In this way, neither of the circuits sees the 
other as a load as discussed. 

 
Figure 11: Average percentage the samples spend in dead 

times under considered excitations. 

6. CONCLUSION 

The inclined-plane test is performed under hybrid AC/DC 
excitation. The damage on insulation surface for hybrid 
ratios where the DC component is more 10% is greater 
when compared to the case of pure DC. Hence, it can be 
concluded that if the DC component is more than 10% the 
insulation can be designed using DC principles. However, 
further testing is required since the leakage current values 
obtained particularly for hybrid ratio 1 could not be 

correlated to the severity of damage. Superposition of AC 
and DC voltages on the same electrode may lead to less 
leakage current flowing in the samples in cases where the 
DC component is much higher than the AC RMS voltage.  

REFERENCES 

[1] J. Knauel, et al. “Behaviour of insulators under hybrid 
electrical AC/DC field stress”, CIGRE session 45: 24th to 
29th August 2014, Paris. 

[2] S.M. Braini. ‘Coatings for Outdoor High Voltage 
Insulators”, PhD Thesis, School of Engineering, Cardiff 
University, 2013. 

[3] E. Kuffel, W.S. Zaengl, J. Kuffel. High Voltage 
Engineering: Fundamentals, Newnes, USA, second 
edition, chapter 6, pp. 367-385, 2000. 

[4] IEC-60587. “Electrical Insulating Materials Used under 
Severe Ambient Conditions –Test Methods for Evaluating 
Resistance to tracking and Erosion”, Third Edition, 2007-
05. 

[5] S.F. Kaaiye, C. Nyamupangendengu, I.R. Jandrel. “A 
Comparative Study of AC and DC Inclined Plane Tests on 
Silicon Micro-Composite Insulators”, The 19th 
International Symposium on High Voltage Engineering, 
Pilsen, Czech Republic, August 2015. 

[6] R. Ghumen. “A Study of the Erosion Mechanisms of 
Silicone Rubber Housing Composites”, PhD Thesis, ECE, 
Univ. of Waterloo, Waterloo, Canada, 2014.  

[7] L. Zhang. “Electrical Tracking over Solid Insulating 
Materials for Aerospace Applications”, PhD Thesis, School 
of Electrical and Electronic Engineering, Univ. of 
Manchester, UK, 2011.  

[8] G. Heger. “A Comparative Study of Insulator Materials 
Exposed to High Voltage AC and DC Surface Discharges”, 
Masters’ Thesis, Department of Electrical and Electronic 
Engineering, Stellenbosch University, 2009. 

[9] Suwarno, S.K. Ardianto. “Study on Leakage Current 
Characteristics of Epoxy Resin for Outdoor Insulators”, 
Proceedings of the 6th WSEAS International Conference on 
Power Systems, Lisbon, Portugal, pp. 201-206, September 
2006. 

[10] D. Pylarinos, K. Siderakis, E. Pyrgioti. “Measuring and 
Analysing Leakage Current for Outdoor Insulators and 
Specimens”, Rev. Advanced Materials Sci., vol. 29, no. 1, 
pp. 31-53, 2011 

[11] H. Xu, B. Du, Z. Li, Y. Ling. “Tracking and Erosion 
Resistance of Silicone Rubber/BN Nanocomposites under 
DC voltages”, 2013 IEEE International Conference on 
Solid Dielectrics, Bologna, Italy, 2013. 

[12] E.A. Cherney, et al. “DC Inclined-Plane Tracking and 
Erosion Test of Insulating Materials”, IEEE Transactions 
on Dielectrics and Electrical Insulation, Vol. 22, Issue 1, 
pp. 211-217, 2015. 

[13] G.P. Bruce, S.M. Rowland, A. Krivda. “DC inclined plane 
testing of silicone rubber formulations”, IEEE Annual 
Report Conference on Electrical Insulation and Dielectric 
Phenomena, 2008, pp.196-199. 

[14] IEC 1523. “IEEE Guide for the Application, Maintenance, 
and Evaluation of Room Temperature Vulcanizing (RTV) 
Silicone Rubber Coatings for Outdoor Ceramic Insulators”, 
IEEE, 2003 

SAUPEC 2017 379



VARIABLE FREQUENCY TESTING OF GLASS AND PORCELAIN 
CAP-AND-PIN INSULATORS. 
 
H.F. Mnisi*, C. Nkala** and J. M. Van Coller*** 
School of Electrical and Information Engineering, University of the Witwatersrand, Johannesburg, 
South Africa 
 
*  501465@students.wits.ac.za 
** 548053@students.wits.ac.za 
*** john.vancoller@wits.ac.za 

 
Abstract: This paper presents an investigation into the variable frequency behaviour of the impedance 
of glass and porcelain cap-and-pin insulators. The variable frequency impedance behaviour was studied 
by measuring the insulator tan-delta, capacitance and resistance using two methods: a Dielectric 
Response Analyser (DIRANA) and a generator+amplifier circuit. The investigation was undertaken 
using insulators under clean, wet-cement and wet salt-polluted conditions in the frequency range of 
0.001 Hz – 1 MHz. At low frequencies the capacitance is at its highest for both insulators. The resistance 
of the insulator remains almost constant throughout the frequency range. A Nyquist plot is drawn to 
deduce the equivalent circuit model. The Nyquist plot reveals that the glass and porcelain insulators 
can be modelled by a parallel R-C circuit in series with a resistor.  
 
Key words: PLC frequencies, Tan-delta, Capacitance, Resistance, Equivalent circuit. 
 
 

1. INTRODUCTION 
 

Glass and porcelain cap-and-pin insulators are widely used 
in distribution and transmission systems due to their low 
cost, good mechanical and good electrical properties [1]. 
Ideally insulators have characteristics similar to those of a 
capacitor, in practice, the surfaces of insulators become 
contaminated with pollution such as sea salt and industrial 
pollution [2]. The surfaces of the cap-and-pin insulators 
become conductive when the dry pollution becomes wet 
due to precipitation or humidity and allows the flow of 
leakage current which implies that the insulators lose their 
dielectric properties [2]. Dielectric losses of insulators can 
be presented by a series or parallel resistance [3]. Under 
pollution conditions and at 50 Hz frequency, the insulators 
are modelled as a parallel R-C circuit [2].  
 
Power line insulators get exposed to Power Line Carrier 
(PLC) signals [4]. PLC is used for real time commu-
nication and protection of power system equipment [5]. 
The range of frequencies of PLC is typically between 30 
kHz and 500 kHz [5]. The impedance behaviour of the 
insulators at these frequencies is required in order to 
calculate the attenuation of the PLC signals during 
propagation along the line. Furthermore, knowledge of the 
impedance behaviour of the insulators is important for 
examining and developing new PLC techniques [5]. 
 
The purpose of this paper is to investigate the variable 
frequency behaviour of the impedance of glass and 
porcelain cap-and-pin insulators in the frequency range of 
0.001 Hz -1 MHz.  In addition, the equivalent circuit model 
of the insulators under the 0.001 Hz -1 MHz frequency 
range is deduced.  

 

 
2. VARIABLE FREQUENCY BEHAVIOUR OF THE 

IMPEDANCE OF INSULATORS  
 

 
When an insulator is excited by an ac signal, it undergoes 
polarization whereby charges reorientate inside the 
material; positive charges are displaced in the direction of 
the electric field and negative charges are displaced in the 
direction opposite to the electric field [6-8]. Polarization 
can be due to charge transport at the macroscopic level of 
the insulation material or due to charge injection into the 
insulation material [9]. The impedance behaviour of 
insulators at different frequencies is governed by distinct 
polarization mechanisms occurring at different 
frequencies. Each mechanism has its own characteristic 
operational frequency. The main polarization mechanisms 
are electronic, atomic, orientational (dipolar), hopping and 
space-charge polarization [6,8-9]. These polarization 
mechanisms therefore result in insulators displaying 
different impedance behaviour for different frequencies.  

 
2.1 Dielectric measurement parameters 
 
The parameters used for studying the impedance behaviour 
of insulators are discussed in this section.  

Tan-delta: The tan-delta is used to quantify the quality of 
insulation material [2,8]. The magnitude of the tan-delta is 
affected by temperature, frequency, humidity and voltage 
[10]. Ideally an insulator has impedance behaviour similar 
to that of an ideal capacitor with a 90° phase shift between 
the current and voltage. In practice, insulators are exposed 
to environmental and electrical stresses which affect the 
dielectric properties of the insulation [2]. Therefore, the 
insulators are modelled with a capacitor and a resistor 
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where the resistor presents the dielectric losses and the 
capacitor represents the capacitive elements of the 
insulating material [3].  

The tan-delta describes the phase angle between the 
current and voltage when the insulator is modelled with an 
R-C circuit. The tan-delta is determined using equation 1, 
where Zr and Zi are the real and imaginary impedance of 
the insulator respectively [11]. When an insulator is 
modelled as a parallel R-C model (model used at 50 Hz), 
the tan-delta behaviour with frequency is described by 
equation 2 [3,8]. When a series R-C model is used, the tan-
delta is described by equation 3 [3]. 

 

𝑡𝑎𝑛𝛿 = | 
𝑍𝑟

𝑍𝑖
|                                                                        (1) 

𝑡𝑎𝑛𝛿 =
1

𝜔𝑅𝐶                                                                        (2) 

𝑡𝑎𝑛𝛿 =  𝜔𝑅𝐶                                                                         (3) 

Capacitance: The capacitance of an insulator is another 
quantity used to study the behaviour of the impedance of 
an insulating material. It is a complex quantity that is 
dependent on the frequency of the applied voltage as 
shown by equation 4 where C’(ω) represents the geometric 
capacitance and C’’(ω) represents the loss component [11]. 

C(ω) = C′(ω) − iC′′(ω)                                                     (4) 

Resistance: The dielectric resistance of an insulation 
material is expected to be infinite to resist the flow of 
current. The presence of impurities in an insulation 
material decreases the resistance of the material and allows 
leakage current to flow [8]. 

 
This paper focuses on the variable frequency behaviour of 
the impedance of cap-and-pin glass and porcelain 
insulators in the frequency range of 0.001 Hz – 1MHz. The 
impedance behaviour is studied using the tan-delta, 
capacitance and resistance 
 

3. EXPERIMENTAL METHODOLOGY 
 

The variable frequency impedance behaviour of glass and 
porcelain is investigated by measuring the tan-delta, 
capacitance and resistance of the insulators under clean, 
wet-cement and salt-polluted conditions. The investigation 
is undertaken by jointly using a DIRANA test equipment 
and a generator+amplifier circuit.   

 
 
3.1 Test insulators 
 
The test insulators used for the investigation are glass and 
porcelain cap-and-pin insulators. The technical 
specifications of the insulator are summarised in Table 1. 

 
Table 1: Specifications of glass and porcelain cap-and-pin 
insulators 

 Glass insulator Porcelain 
insulator 

Voltage 
rating [kV] 

11 11 

Rated 
strength [kN] 

120 70 

Creepage 
distance 
[mm] 

310 320 

Shed 
diameter 
[mm] 

255 254 

Height [mm] 146 146 
 
 
3.2 Sample preparation 
 
The experiment was undertaken by considering three 
conditions of the insulators: clean, wet-cement and salt-
polluted conditions.  

3.2.1 Clean test 

The insulators used in this investigation were old 
insulators and have been previously used in service. For 
the clean tests, both the glass and porcelain insulators were 
carefully cleaned using isopropyl alcohol to remove all 
traces of grease and dirt. After cleaning, natural drying was 
employed. It is assumed that during the clean test, the 
insulators were completely free of dirt and the effect of 
humidity was ignored. 
 
3.2.2 Wet-cement test 

 
The two insulators under test were immersed in clean 
water for an hour to ensure that the cement inside the cap 
part of the insulator got wet. This test was done to 
investigate the effect of water in the cement. 
 

3.2.3 Wet salt- pollution test 

The artificial pollution mixture used was composed of 10g 
Sodium Chloride (NaCl) and 50 ml distilled water. The 
pollution mixture corresponds to an Equivalent Salt 
Deposit Density (ESDD) of 0,05 mg/cm2 [12]. The 
pollution mixture was applied to the top surface of the 
insulators using the spraying method. The surface of 
insulators was lined with a single layer of tissue paper to 
allow for proper application of the pollution mixture. 

 

3.3 Experimental set-up 

The variable frequency impedance tests were done in the 
High Voltage laboratory at Wits University. The 
investigation was undertaken by measuring the tan-delta, 
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capacitance and resistance of the insulators by jointly 
using two circuit set-ups: DIRANA and 
generator+amplifier set-up. The DIRANA is capable of 
performing measurements for frequencies in the range of 
0.001 Hz - 5 kHz. The generator+amplifier circuit was 
employed to cover the remaining frequencies (6 kHz – 
1MHz). In all three condition considered, insulators were 
excited by 100Vp. 

3.3.1 DIRANA circuit set-up 

The DIRANA uses Frequency Domain Spectroscopy 
(FDS) and polarization and depolarization current (PDC) 
methods for the analysis of the dielectric response of any 
insulation material. The DIRANA can automatically 
measure the tan-delta, capacitance, impedance, 
permittivity and power factor. The circuit set-up of the 
DIRANA used in this experiment is shown in Figure 1. 
 

 
Figure 1: DIRANA circuit set-up 
 

3.3.2 Generator + amplifier circuit set-up 

The generator+amplifier circuit set-up used for the 
investigation is shown in Figure 2. The circuit consisted of 
a signal generator, Krohn-hite 7602M power amplifier, a 
RIGOL DS1064B digital oscilloscope and a 22 MΩ shunt 
resistor. The a.c. voltage source in the circuit diagram 
presents the amplifier+generator. 

 

Figure 2: Generator + amplifier circuit set up 
 
A dielectric spectroscopy technique was employed in this 
circuit set-up to compute the tan-delta, capacitance and 
resistance. With the dielectric spectroscopy technique, the 
excitation voltage and current are measured and Ohm’s 

law is used to compute the complex impedance of the 
insulator under test [13].   
 
 

4. RESULTS AND ANALYSIS 
 
The variable frequency impedance behaviour in terms of 
tan-delta, capacitance and resistance is presented in this 
section. 
 
4.1 Resistance 
 
Figures 3 and 4 present the resistance of glass and 
porcelain respectively from 0.001 Hz to 1 MHz. The 
results show that the resistance does not vary with 
frequency for all three considered conditions.  
 
Wet-cement: When the cement of the insulator is wet, the 
surface resistance of the insulator is decreased with respect 
to the clean condition. This behaviour is expected since 
water molecules contains ions which form a conductive 
path for the flow of leakage current which decreases the 
resistance of the insulator.  
 
Wet salt-polluted: The presence of the pollution layer on 
the surface of the insulator decreases the surface resistance 
of the insulator as observed in Figure 3 and 4. This 
behaviour is expected since the salt ions in the pollution 
mixture increase the conductivity of the insulator which 
subsequently decreases the resistance. 
 
 

 
Figure 3: Resistance vs Frequency for Glass 
 

0 1 2 3 4 5 6 7 8 9 10

x 105

104

105

106

107

108

109

1010

1011

1012
Graph of resistance versus frequency for glass insulator

Frequency (Hz)

R
es

is
ta

nc
e 

( :
)

 

 
clean insulator
wet cement
polluted insulator

SAUPEC 2017 382



 
Figure 4 : Resistance vs Frequency for Porcelain 
 
4.2 Capacitance 
 
The frequency behaviour of the capacitance of the glass 
and porcelain insulators is shown in Figure 5 and 6 
respectively. The capacitance decreases with an increase 
in frequency. This behaviour is expected since the 
capacitance is dependent on the dielectric constant as 
shown in equation 5 for a parallel plate capacitor [14]. The 
dielectric constant is high at low frequencies and reduces 
with increasing frequency due to electronic, ionic, dipolar 
and space charge polarisation [14]. 
 
𝐶 =  

𝜀𝑜𝜀𝑟

𝑑 𝐴                                                                             (5) 
 
Wet-cement: When the cement of the glass and porcelain 
insulators is wet, the capacitance is increased with respect 
to the clean condition as observed in Figure 5 and 6 
respectively. This behaviour is accounted for by the large 
relative permittivity of water which subsequently results in 
increased capacitance [15].  
 
Wet salt-polluted: The presence of pollution on the surface 
of the insulator, increases the capacitance as observed in 
Figure 5 and 6.  
 

 
Figure 5: Capacitance vs Frequency for Glass 
 

 
Figure 6: Capacitance vs Frequency for Porcelain 
                                                   
4.3 Tan-delta 
 
The frequency behaviour of the tan-delta for the glass and 
porcelain insulators is shown in Figure 7 and 8 
respectively. At low frequencies, the tan-delta decreases 
with increasing frequency. This behaviour is expected 
from equation 2. At high frequencies, tan-delta shows a 
slight increase with increasing frequency, this behaviour is 
expected from equation 3.  
 
Wet-cement: It is observed from Figure 7 and 8 that when 
the cement of the insulator is wet, the tan-delta values are 
increased with respect to the clean condition.  
 
Wet salt-polluted: When the insulators are salt-polluted, 
the tan-delta values are increased.  
 

 
Figure 7: Tan delta vs Frequency for Glass 
 

5. EQUIVALENT CIRCUIT 
 
The equivalent circuit model of the glass and porcelain 
insulators in the frequency range of 1 mHz- 1 MHz is 
deduced using the Nyquist plot. A Nyquist plot is a plot of 
imaginary impedance versus real impedance as a function 
of frequency. From the Nyquist plot, an equivalent circuit 
is deduced: a semi-circle starting at the origin presents a 
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parallel R-C network, in practice, a portion of the semi-
circle is normally obtained due to discrepancies of results 
[16]. If the semi-circle does not start at the origin, a series 
resistor is also present [16]. 
 

 
Figure 8: Tan delta vs Frequency for Porcelain 
 
 
The equivalent circuit of the glass and porcelain insulators 
under clean, wet-cement and wet salt-polluted conditions 
is shown in Figure 9. It is observed from Figure 9 that 
under the three conditions, the Nyquist plot of the insulator 
has a similar behaviour. In all three conditions of the glass 
insulator, the Nyquist plots do not start at the origin. 
 

 
Figure 9: Nyquist plot of glass insulator 
 
The Nyquist plot of the porcelain insulator under clean and 
wet-cement is given in Figure 10. Figure 11 shows the 
Nyquist plot under wet salt-polluted condition, the plots in 
Figure 11 do not start at the origin. In Figure 10, half a 
portion of the semi-circle is observed. In Figure 11, the 
semi-circle is almost complete, it is observed that the plot 
also does not begin at the origin. 
 
The equivalent circuit model of the glass and porcelain 
insulators is therefore deduced from the Nyquist plots. The 
resulting model is shown in Figure 12. Rs represents the 
equivalent series resistance, Rp represents the dielectric 
polarization resistance and losses as a result of the leakage 
current [17-18]. Cp represents the capacitive behaviour of 
the insulator [3]. 

 

 
Figure 10: Nyquist plot of clean and wet porcelain 
insulator 
 

 
Figure 11:  Nyquist plot of wet salt-polluted porcelain 
insulator 
 

 
Figure 12: Equivalent circuit model of cap-and-pin 
insulators from 0.001 Hz to 1 MHz. 
 
The equivalent circuit model obtained implies that the 
insulators behave differently at different frequencies. The 
impedance of a capacitor varies with changes in frequency; 
at low frequencies the capacitive reactance is high and the 
magnitude of the capacitive reactance decreases with an 
increase in frequency as discussed in Section 4.2. At low 
frequencies where the magnitude of the capacitive 
reactance is high, the parallel R-C circuit dominates. At 
high frequencies, the capacitor acts as a short circuit and 
cancels the effect of the parallel resistor from the circuit, 
hence the circuit becomes a series circuit [17]. This 
therefore implies that for PLC applications the capacitive 
reactance of the insulators decreases resulting in more 
leakage current and this degrades the quality of insulation. 
 

6. CONCLUSION 
 
The variable frequency behaviour of the impedance of 
glass and porcelain cap-and-pin insulators was 
investigated in the frequency range of 0.001 Hz to 1 MHz 
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under clean, wet-cement and wet salt-polluted conditions. 
An equivalent circuit of the insulators under varying 
frequencies was determined – a resistor in series with a 
parallel connection of a capacitor and a resistor. 
 
 

REFERENCES 
 
 
[1] F. Pratomosiwi and Suwarno. “Electrical Equivalent 

circuit of ceramics insulators with RTV Silicon 
Rubber Coated and computer simulation of leakage 
current”, International Conference on Electrical 
Engineering and Informatics, pp. 575- 581, Selangor, 
Malaysia, August 2009. 
 

[2] N. Bashir, H. Ahmad and M. S Suddin. “Aging studies 
on Transmission line glass insulators using dielectric 
dissipation factor test”, IPEC 2010 Conference 
Proceedings, pp. 1062-1066, October 2010. 

 
[3] C. Kocatepe, C. F. Kumru, R. Ayaz, O. Arikan and H. 

Akca. “The influence of voltage and frequency 
variations on insulation quality of high voltage cable”, 
Euro Conference, pp 964-968, Zagreb, Croatia, July 
2013. 

 
[4] K. V. Jagani and J. A’jmera. “Perfomance analysis of 

Power line channel using digital modulation 
techniques”, International Journal of Innovative 
Research in Computer and Communication 
Engineering, Vol. 3, Issue 2, pp. 1109-1113, February 
2015. 

 
[5] R. Sun and B. Bowman. “A case study of power line 

carrier communication using dynamic simulation”, 
IEEE Power & Energy Society General Meeting, pp. 
1-5, July 2015. 
 

[6] S. Singha and M. J. Thomas. “Permittivity and tan 
delta characteristics of epoxy nanocomposite in the 
frequency range of 1 MHz -1 GHz”, IEEE 
Transactions on Dielectrics and Electrical Insulation, 
Vol. 15, Issue 1, pp. 2-11, February 2008. 

 
[7] K. C. Kao. “Dielectric phenomena in solids: With 

emphasis on physical concept of electronic 
processes”, Elseviers academic press. 

 
[8] T. Liu. Dielectric spectroscopy of very low loss model 

power cables”, Thesis submitted at the University of 
Leicester, pp. February 2010. 

 
[9] P. Dash. “Dynamics of space charge polarization and 

electrical conduction in low alkali 

Boroaluminosilicate Glasses. Thesis submitted at the 
Pennsylvania State University, August 2013. 
 

[10] E. Onal. “A study for examining dissipation factors of 
various insulation and test transformers in the wide 
range of frequency”, Electronic Research Journal, 
Vol. 121, No. 5, pp. 27-32, 2012. 

 
[11] J. H. Yew, M. K Pradhan and T. K Saha. “Effect of 

moisture and temperature on the frequency domain 
spectroscopy analysis of power transformer 
insulation”, Power and Energy Society General 
Meeeting –Conversion and Delivery of Electrical 
Energy in the 21st century, pp. 1-8, 2008. 

 
[12] N. Dhagat and A. Pachori. “Comparison of 

breakdown voltage of ceramic and non-ceramic 
insulator b the effect of different levels of salt 
contamination”, International Journal of Electrical 
and Electronics Research, Vol 3, Issue 2, pp. 645-650. 
April-June 2015. 

 
[13] E. Da Silva and S. M. Rowland. “Dielectric 

impedance as a diagnostic tool for MV composite 
insulators”, Proceedings of the 16th international 
symposium on High Voltage Engineering, pp. 1-5, 
Johannesburg South Africa, 2009. 

 
[14] S. K. Tripathy, T.N.V. Prabhakara Rao, “ Study of 

Electrical Properties of Nano Capacitance Fabricated 
by Thermal Evaporation Method for application in 
Storage Devices”, 
https://www.ijsr.net/archive/v5i6/NOV164222.pdf, 
Last accessed 2 November 2016. 

 
[15] A. A. Suleiman, N. A Muhamad, N. Bashir, N. S. 

Murad, Y. Z. Arief and B. T. Phung. “Effect of 
moisture on breakdown voltage and structure of palm 
based insulation oils”, IEEE Transactions on 
Dielectric and Electrical Insulation, Vol. 21, No. 5, 
pp. 2119 – 2125, October 2014. 

 
[16] A. Schwake, H. Geuking and K. Camman. “ 

Application of a new graphical fitting approach for 
data analysis in Electrochemical Impedance 
Spectroscopy”, Journal of Electroanalysis, Vol. 10, 
No. 15, Munster, Germany, July 1998. 

 
[17] Gamry Instruments, Inc, “Application Note, Basics of 

Electrochemical Impedance Spectroscopy,” Gamry 
Instruments, Inc, Warminster PA, 2010. 

 
[18] R.Gallay, “Tangent Delta”, Garmanage, 

https://www.garmanage.com/atelier/index.cgi?path=
public/Energy_storage/Capacitors/Tangent_delta, 
Last accessed 3 November 2016.

 
 

 

SAUPEC 2017 385



A PROPOSED MATHEMATICAL MODEL OF METAL OXIDE 
VARISTOR DEGRADATION. 
 
M.M. Mashaba* and K.J. Nixon**  
 
School of Electrical and Information Engineering, University of the Witwatersrand, Johannesburg, 
South Africa 
* Mathews.Mashaba@students.wits.ac.za 
** Ken.Nixon@wits.ac.za 
 
 
Abstract: Lightning and switching surges propagate through incoming and outgoing (power and 
signal) cables to reach electrical and electronic equipment, and subsequently may cause catastrophic 
damage and operational malfunction. Surge Protective Devices composed of Metal Oxide Varistors are 
commonly used to protect the equipment against surges, however, over time the MOVs degrade 
depending on the severity and frequency of surges. Measuring the physical parameters of the MOV to 
deduce its condition is not always practical, and thus preventative maintenance mechanisms are sought. 
The purpose of this paper is to propose a mathematical model that characterises the degradation of a 
MOV 14K201 with respect to an 8/20 µs lightning impulse current injected. The proposed model can 
accurately predict the degradation with a maximum error that is below ±0.2% relative to the pulse rating 
curves. Further work is recommended in order to refine and improve the model. 
 
Key words: Degradation, lightning surges, metal oxide varistor, proposed mathematical degradation 
model. 
 
 
 

1. INTRODUCTION 
 

Lightning and switching surges propagate through 
incoming and outgoing power and signal cables to reach 
electrical and electronic equipment, and subsequently may 
cause damage and operational malfunction. Surge 
Protective Devices (SPDs) are employed to protect the 
electrical and electronic equipment against the 
catastrophic and harmful effects of surges. Most SPDs, 
especially the ones used in low-voltages, are commonly 
composed of Metal Oxide Varistors (MOVs) [1-3]. MOVs 
are bipolar ceramic semiconductor devices with a non-
linear voltage-current characteristics; their resistance 
decreases with an increase in voltage magnitude [1, 2].  A 
MOV acts as an open circuit during normal operating 
voltage and conducts current during voltage transients or 
when voltage is elevated above the rated Maximum 
Continuous Operating Voltage (MCOV).  
 
Depending on the level of surge exposure the MOV does 
not always show visual failure which therefore makes 
visual inspection challenging and inaccurate. Therefore, to 
ensure that the MOV always offers acceptable protection, 
preventative maintenance mechanisms are sought.  
 
Numerous studies have been undertaken to determine the 
degradation of a MOV. Most of these studies utilise 
methods and diagnostic techniques which focus on 
observing the degradation of the MOV’s microstructure 
and how the change in microstructure actually affects the 
electrical performance of the MOV with respect to its 
specification [1, 3]. However, not much attention has been 
focused on quantifying the electrical degradation of the 
MOV relative to lightning impulses. 
 

 
The pulse (life span) rating curves of a MOV estimate its 
life span when it has been exposed multiple times to surges 
of the same magnitude. However, in reality, a lightning 
event (flash) consists of multiple current surges (strokes) 
of different magnitudes, with the first stroke 
approximately three times larger than the subsequent 
strokes [4, 5]. Furthermore, the sequence of occurrence of 
lightning events and switching surges does not always 
follow the same pattern. 
 
This paper proposes a mathematical model that defines the 
relationship between the 8/20 µs lightning impulse current 
injected and the degree of degradation of the MOV 
14K201. The type 14K201 MOV is chosen mainly because 
of the availability and the frequency of it being used on the 
low voltage equipment/systems. 
 

2. MOV DEGRADATION AND FAILURE  
 

This section discusses the factors that contribute to the 
degradation of a MOV, and the mechanisms by which a 
MOV frequently fails. Furthermore, the methods that are 
commonly used to determine the degradation/failure of the 
MOV are discussed. 
 
2.1 MOV Failure 
 
MOVs are subjected to different types of failure which 
include long-term degradation, electrical puncture, 
thermal cracking, thermal runaway, etc. mainly caused by 
the limited capacity of the MOV to absorb energy. A surge 
in excess of the rated surge current or voltage may cause 
short circuits which can lead to a rupture with expulsion of 
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the material. The significant failure mechanisms of a MOV 
are briefly described below [4, 6-7]: 

x Puncture – occurs in the centre of varistor which 
results from non-uniform distribution of heat and 
current density that is caused by the higher 
temperature and larger current grown alternately 
at the centre. This phenomenon may be caused by 
long-duration over-voltages. 

x Cracking – occurs due to higher thermal tensile 
stresses on the varistor which are caused by very 
large impulse currents during lightning surges.  

x Thermal runaway – occurs due to continuous 
operating voltage following lightning surge 
current, because of the inability of the varistor to 
sufficiently cool temperature down, and 
consequently the temperature of the varistor is 
increased by leakage current caused by 
degradation of the varistor. As a result, this 
causes a notable disorder on the microstructure of 
the varistor. 

x Repeated conduction of currents – are 
associated with momentary system over-voltages 
(swells), which lead to an increase in leakage 
current. The conduction is limited to a highly 
thermally activated low current region where the 
performance of the varistor is determined by the 
parameters of the potential barriers. This results 
in the movement of ions and the deformation of 
potential barriers. 

x Mechanical degradation – leads to the 
corresponding increase in the forward voltage 
drop which results in electrical degradation. This 
degradation leads to local thermal runaway and 
total failure. 

x Misalignment – results in a very small insulation 
path, where moisture or ion concentration may 
lead to high leakage. Large and unstable leakage 
currents may occur as a result of the oxide 
passivation being bridged by effects such as 
purple plague.  

2.2 MOV Degradation 
 
It is known that MOVs experience degradation due to 
single and multiple current impulses. The MOVs degrade 
when they are exposed to a few large surges, or many 
smaller surges [2]. However, many MOVs show no signs 
of degradation when they are operated below rated voltage. 
Hence, the degradation of MOVs is dependent on their 
composition and fabrication. Furthermore, the degradation 
depends on their application or use. 
 
From the degradation tests conducted in [1] it was found 
that a MOV starts to degrade at 8/20 µs surge current that 
is 1.5 times the rated MOV surge current. Degraded MOVs 
were found to have smaller grain size and changed 
diffraction peak position compared to new samples. 
 
In high current conditions, especially above the rated surge 
current of a MOV, the zinc oxide junctions begin to 

degrade, and as a result it lowers the MCOV of the MOV. 
As the degradation continues, the MCOV is lowered to a 
level that the MOV conducts continuously, shorting or 
fragmenting within several seconds [2]. 
 
The life span of a MOV is generally determined by the 
magnitude of the internal current and its increase in 
temperature and voltage with time. The end of life is 
generally reached when measured nominal voltage of the 
varistor (Vn) has changed by more than ±10%. Arrhenius 
expression defines the failure of the varistor (or life span) 
as the time to reach thermal runaway [2]. Equation 1 shows 
the Arrhenius rate expression which is used to describe the 
degradation of the MOV to reach thermal runaway [2]. 
However, the Arrhenius expression does not consider the 
energy of the surge applied nor the history of surge 
exposure of the MOV. The environment (such as lightning 
surges, switching transients, temporary overvoltages, etc.) 
in which the MOV is exposed to is the primary factor that 
contribute to the degradation of a MOV. Thermal runaway 
is primarily caused by large surge currents and/or long 
duration voltages which change the physical and/or 
chemical properties of the MOV. As a result, the leakage 
current and temperature of the MOV increase and cause 
the MOV to reach thermal runaway. 
 

𝑡 =  𝑡0𝑒
(𝐸𝑎−𝑓(𝑉))

𝑅𝑇                                                    (1) 

 
Where:  

t   = time to thermal runaway [s] 
t0  = constant time [s] 
Ea  = activation energy [J] 
f(V)  = applied energy [J] 
R  = material constant [J/K] 
T  = temperature in Kelvin [K] 

 
Since the MOV does not conduct at normal operating 
voltages (i.e. voltages below MCOV), it is then regarded 
as an insulator. Most diagnostic techniques refer to the 
MOV as an insulating material when assessing its degree 
of degradation. There are several recommended methods 
for diagnosing and monitoring electrical equipment 
insulation systems (such as rotating machines, power 
transformers, cables, MOV, etc.) and the common and 
widely used methods are the Time Domain Spectroscopy 
(TDS) method and Frequency Domain Spectroscopy 
(FDS) method [8]. 
 
Time Domain Spectroscopy (TDS): TDS is based on the 
measurements of polarisation (also referred to as 
absorption) and depolarisation (also referred to as 
resorption) currents. These currents are used to determine 
the dielectric response function (which describes the 
behaviour) and the DC conductivity of the insulation. 
 
Frequency Domain Spectroscopy (FDS): FDS is based on 
the measurements of complex permittivity components of 
the insulation. These components such as capacitance of 
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insulation at different frequencies are used to determine 
the loss factor as the insulation degrades. 
 
The aging of MOV involves changes in the physical and/or 
chemical structure of the insulation material, which 
subsequently change the dielectric response [9]. The 
degree of aging of the MOV depends on the nature of 
MOV, and the nature and duration of the stresses applied. 
There are various types of stresses which cause aging or 
degradation in the MOV such as electrical, mechanical, 
thermal, or environmental. 
 
The quantification of electrical degradation of the MOV 
aims to allow reasonable estimates of service life 
expectancy of the MOV and to assess its reliability in 
operating conditions after being subjected to stresses. The 
commonly used non-destructive electrical degradation 
diagnostic parameters and techniques of a MOV include 
reference voltage; leakage current; return voltage 
characteristics; decay voltage measurement; and 
Polarisation/Depolarisation current measurement. 
 

3. CHARACTERISING THE DEGRADATION OF 
THE MOV 

 
The pulse rating curves of the MOV provides the estimated 
life span of the MOV through an estimate of the number of 
strikes the MOV can withstand when subjected to surge 
currents of same magnitudes and different shapes (i.e. 
impulse width). Figure 1 shows the pulse rating curves of 
the MOVs 14K820 – 14K471 with the number of strikes 
the MOVs can withstand highlighted.  The model in this 
study is to be developed to characterise the degradation of 
the MOV when subjected to lightning impulse current with 
a current waveform rated at 8/20 µs as defined by the 
International standards (IEC 60-2, ANSI/IEEE Std 4-1978, 
and ANSI C62.1-1984) [10]. Therefore, from the pulse 
rating curves only the number of strikes of the surge 
currents at 20 µs is extracted to produce the estimated life 
span of the MOV when the MOV is subjected to 8/20 µs 
lightning impulse current. In order to match the estimated 
number of strikes, a ratio of the surge currents is computed 
instead of using the magnitude of the 8/20 µs lightning 
impulse current. The choice of using a computed ratio 
instead of the magnitude of lightning impulse is because 
the proposed model should be as generic as possible in 
order to be applicable on a variety of MOVs. Using the 
magnitude of the surge currents may limit the model to 
only work on few MOVs types of similar range of 
magnitudes of surge currents; however, the MOV have 
different ratings of surge current. Therefore, the surge 
current ratio is decided upon to normalise the model to 
accommodate a variety of MOVs of different surge current 
ratings. Equation 2 shows the expression used to compute 
the ratio for each lightning impulse current. The 
information about the number of strikes and the surge 
current ratio is then used to compute a degradation curve 
of a particular MOV. Figure 2 shows the plotted 
degradation curve of MOVs 14K820 – 14K471.  
 

𝑅𝑖𝑚𝑝 = 𝐼𝑚𝑎𝑥
𝐼𝑛

                                              (2)     

                                
Where:  

𝑅𝑖𝑚𝑝  = ratio of surge currents 
Imax  = is the maximum withstand surge current (8/20 
µs) of respective MOV 
In  = is the surge current (8/20 µs) for which the 
degree of degradation is required  

 

 
Figure 1: Pulse rating curves of MOVs FNR 14K820 – 

FNR 14K471 [11] 

 

 
Figure 2: Degradation curve of MOVs FNR 14K820 – 

FNR 14K471 

Comparing the varistor degradation curve in Figure 2 and 
the generic varistor VI curve [2] (by extracting the normal 
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varistor operation region and the upturn region) it can be 
seen that both curves have similar exponential shapes. This 
implies that the mathematical models of the varistor’s VI 
curve can be used to describe the degradation curve of the 
MOV. The next section discusses the varistor model’s 
interpolation formula that is suitable for the describing the 
degradation curve of the MOV in order to develop a 
degradation model. 
 
3.1 Determining a suitable varistor model to describe the 

degradation characteristics of the MOV  

There are several existing mathematical and electrical 
models [12-13] which characterise the behaviour of the 
MOV when subjected to lightning surges. These models 
mainly describe the V-I characteristics of the MOV, 
although the Arrhenius expression does describe the 
degradation of the MOV, it does not consider the lightning 
impulse current and it is dependent on the measurement of 
the temperature of the MOV. Since one of the main 
objectives this study aims to achieve is to minimise the 
dependency on measuring physical parameters of the 
MOV before determining the operation status of the MOV 
the Arrhenius expression is therefore excluded from being 
contextualised in developing the model.  

                                                                       
The Durbak and simplified varistor models [12-13] 
describe the VI characteristics of a real varistor. The 
interpolation formula (33) of the simplified varistor model 
describes the VI characteristics of any varistor with its 
parameters given by the manufacturer, and the curve fitting 
formula (34) of the Durbak model defines the VI 
characteristics of only the two varistors given in the model 
as specified in the IEEE document [12]. The curve fitting 
formula of the Durbak model is limited to the two 
varistors’ VI curves given in [12] and the interpolation 
formula of the simplified varistor model is a generic 
formula of VI characteristics of the varistor; therefore, the 
mathematical degradation model to be proposed is based 
on the interpolation formula given in [13].    
 
 

4. A PROPOSED MATHEMATICAL MODEL FOR 
THE DEGRADATION OF THE MOV 

 
Since the interpolation of the simplified varistor model is 
found suitable to describe the degradation characteristics 
of the MOV, the proposed model is contextualised from 
the interpolation formula given in [13]. Comparing the 
generic MOV VI curve in [2] and the degradation curve in 
Figure 2 it can be seen that the curves have similar shapes, 
with voltage and number of strikes being outputs and the 
currents and surge current ratio being inputs. Therefore, 
the initial degradation model is proposed by converting the 
interpolation in the manner that ‘u’ and ‘i' in interpolation 
formula is replaced with 𝑁𝑠𝑤 and 𝑅𝑖𝑚𝑝 respectively, to 
get the proposed initial degradation mathematical model 
given in equation 3. 
 

log (𝑁𝑠𝑤) = 𝑏1 + 𝑏2 log(𝑅𝑖𝑚𝑝) + 𝑏3𝑒− log(𝑅𝑖𝑚𝑝) +
𝑏4𝑒log(𝑅𝑖𝑚𝑝)                      (3) 

 
Where: 

𝑁𝑠𝑤  = number of strikes   
𝑅𝑖𝑚𝑝 = ratio of surge currents   
𝑏1, 𝑏2, 𝑏3, & 𝑏4 = parameters obtained by fitting the 
degradation curve 

 
Since the number of strikes the MOV can withstand gives 
an indication about the actual degradation of the MOV 
caused by the applied impulse current, the 𝑁𝑠𝑤 from 
equation 3 is then made a subject of the formula which 
results in equation 4.  
 

𝑁𝑠𝑤 = 10
(𝑏1+𝑏2 log(𝑅𝑖𝑚𝑝)+𝑏3𝑒− log(𝑅𝑖𝑚𝑝)+𝑏4𝑒log(𝑅𝑖𝑚𝑝))

                                      
(4) 

 
Equation 4 provides an estimated number of strikes of 
particular magnitude of 8/20 µs current waveform the 
MOV can withstand. This information can be used to 
estimate the life span or degradation of the MOV when 
subjected to a particular lightning impulse current.  
 
The mathematical model is mainly proposed for MOVs 
5K820 – 40K471, however, the emphasis is on MOV 
14K201 because it is frequently used in the low voltage 
equipment. The model is tested by inputting the different 
surge current ratios as per the pulse rating curves and then 
comparing the output (i.e. number of strikes 𝑁𝑠𝑤) of the 
model with the number of strikes as per the pulse rating 
curves. 
 
From the pulse rating curves, the number of strikes before 
failure ranges between 1 and 1000000 as highlighted in 
Figure 1. The proposed initial model was then found to 
accurately characterise 4 impulses, but not all impulses in 
relation to their number of strikes: it can accurately model 
the number of strikes either for 1 – 100 strikes or for 1000 
– 1000000 strikes with maximum percentage error of 
below 1% relative to the pulse rating curves. However, the 
proposed initial model cannot model the degradation of the 
MOV using number of strikes for the whole range (i.e. for 
1 – 1000000 number of strikes). Table 1 shows the 
parameters of the model for relevant number of strikes 
with maximum percentage error of below 1%.   
 
 

Table 1: Parameters for MOVs FNR 14K820-14K471 
using initial degradation model defined by eq. 4 

Parameters For 1 – 100 
number of 
strikes 

For 1000 - 1000000 
number for strikes 

b1 -16.0921 -56.7103 
b2 3.5961 51.7103 
b3 10.5267 76.4057 
b4 5.5654 -6.9457 
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The model is intended to show the degradation of the MOV 
for whole range of number of strikes and lightning impulse 
current. Since the initial model only shows for either lower 
half (i.e. for 1 - 100 number of strikes) or upper half (i.e. 
for 1000 – 1000000 number of strikes) of the range of 
number of strikes it therefore requires modifications.  
 
In order to accommodate all ranges of the number of 
strikes with the knowledge that the initial model can 
accurately model either halves of the range accurately; the 
initial model is extended by duplicating it for all ranges, 
which results in equation 5 (modified initial degradation 
model). The first expression of the model in equation 5 
account for 1-100 number of strikes and the other 
expression of the model account for 1000-1000000.  
 

𝑁𝑠𝑤 = 10
(𝑏1+𝑏2 log(𝑅𝑖𝑚𝑝)+𝑏3𝑒− log(𝑅𝑖𝑚𝑝)+𝑏4𝑒log(𝑅𝑖𝑚𝑝))

+

10
(𝑏5+𝑏6 log(𝑅𝑖𝑚𝑝)+𝑏7𝑒− log(𝑅𝑖𝑚𝑝)+𝑏8𝑒log(𝑅𝑖𝑚𝑝))

                 
(5) 

 
The modified initial model given by equation 5 was tested 
on all MOVs (5K820 – 40K471) and it was found to 
accurately model most MOVs, but not all. On the other few 
MOVs, the model given by equation 5 was found to 
accurately describe the degradation for 1- 10000 number 
of strikes. However, the remaining 100000-1000000 
number of strikes were modelled with a maximum error of 
30%. Therefore, additional parameters were added to 
improve the accuracy of the model and to ensure that it can 
model all MOVs accurately. The additional parameters 
were added based on the percentage error and degradation 
curve derived from the modified model. Furthermore, the 
addition of parameters was contextualised from the 
manner in which the standard VI model in linear form [2] 
was extended and converted into the interpolation formula 
of the simplified varistor model.   
 
During the addition of parameters into the model, it was 
clear that the more parameters are added the more accurate 
the model becomes. Therefore, the final proposed 
degradation model of the MOVs is given in equation 6. 
Table 2 shows the parameters of the proposed final 
degradation model for MOVs 14K820 – 14K471, and 
Table 3 shows the accuracy of the model for MOVs 
14K820 – 14K471 with maximum error of less than ±0.2% 
relative to the pulse rating curves.  
 
𝑁𝑠𝑤

= 10
(

𝑏1+𝑏2 log(𝑅𝑖𝑚𝑝)+𝑏3𝑒− log(𝑅𝑖𝑚𝑝)+𝑏4𝑒log(𝑅𝑖𝑚𝑝)

+𝑏5𝑒− 2log(𝑅𝑖𝑚𝑝)+𝑏6𝑒2 log(𝑅𝑖𝑚𝑝)
)

+ 10
(

𝑏7+𝑏8 log(𝑅𝑖𝑚𝑝)+𝑏9𝑒− log(𝑅𝑖𝑚𝑝)+𝑏10𝑒log(𝑅𝑖𝑚𝑝)

+𝑏11𝑒− 2log(𝑅𝑖𝑚𝑝)+𝑏12𝑒2 log(𝑅𝑖𝑚𝑝)
)

 
      

     (6) 
 
 
 

Table 2: Parameters of the proposed degradation model 
for MOVs FNR 14K820 – FNR 14K471 

Parameters Values 
b1 4.9785 
b2  31.3929 
b3 -17.0759 
b4 -12.2490 
b5 -15.5494 
b6 0.5740 
b7 -40.5783 
b8 -40.7520 
b9 21.7298 
b10 39.7058 
b11 -16.8345 
b12 -4.0222 

 
 
Table 3: Accuracy of the proposed model when compared 
to specified degradation model for MOVs FNR 14K820 – 

FNR 14K471 

Impulse 
(A) Ratio 

Number 
of strikes 
before 
failure 
as per 
pulse 
rating 
curves 

Number 
of strikes 
before 
failure as 
per the 
proposed 
model 

Error 
(%) 

4500 1 1 1.0014 -0.14 
2500 1.8 2 1.9975 0.13 
1000 4.5 10 10.0008 -0.01 

600 7.5 100 100.0088 -0.01 
250 18 1000 1000.3 -0.03 
150 30 10000 9997 0.03 

80 56.25 100000 99923 0.08 
45 100 1000000 998440 0.16 

 
From these results it can be concluded that the proposed 
model best describes the degradation of the MOVs using 
the number of strikes specified in the pulse rating curves. 
Although, the number of strikes denote the degree of 
degradation the impulse causes on the MOV, the proposed 
final degradation model does not describe the actual 
percentage of degradation of the MOV caused by a 
particular impulse current. Therefore, the proposed final 
degradation model is to be modified and computed to 
estimate the percentage of degradation.  
  
Computation: If the number of strikes is equal to one as 
per the pulse rating curve it implies that the particular surge 
will completely degrade the MOV (i.e. 100% degradation). 
Also, if the number of strikes is greater than one as per the 
pulse rating curve, it implies that the MOV is unlikely to 
fail immediately if subjected to the respective type of 
impulse; for example, if the number of strikes is equal to 
two, this implies that a strike/impulse of this type causes a 
50% degradation. Since the model in equation 6 outputs 
the number of strikes for a particular impulse current 
magnitude, the percentage of degradation of a MOV is 
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given by a proposed degradation model described in 
equation 7, where 𝑁𝑠𝑤is as given in equation 6.  
 

𝐷𝑖𝑚𝑝 =  1
𝑁𝑠𝑤

× 100%                  (7)    
Where: 
 
𝐷𝑖𝑚𝑝 = percentage degradation caused by a lightning 
impulse current                                        
 

5. FUTURE RECOMMENDATIONS 
 
The proposed mathematical model accurately describe the 
percentage of degradation of the MOV FNR 14K820-
14K471 (14K201is included). However, the model has 
many parameters which make the model somewhat 
complicated. Therefore, for future work it is recommended 
to possibly refine the model to consist of less parameters 
while remain accurate. 
 
The mathematical model was computed based on the pulse 
rating curves. It is therefore recommended to test the 
proposed model against the experimental test results of the 
MOV to observe the discrepancy and thus, to include a 
correction factor.  
 

6. CONCLUSION 
 
A mathematical model has been proposed to model the 
degradation of the MOV 14K201 with respect to the 8/20 
µs lightning impulse current injected. The proposed model 
can accurately model the degradation with a maximum 
error that is below ±0.2% relative to the pulse rating 
curves. Further work is recommended to refine the 
proposed model to reduce the number of parameters, and 
to test the proposed model against experimental test 
results. 
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Abstract: A novel technique is proposed to evaluate power line corona in a corona cage or on a test 
line.  The energy and the integrated charge transfer per half cycle due to corona are evaluated.  
Standard bridge techniques are applied with the addition of a zero crossing circuit to discharge the 
integrating capacitor to evaluate the individual charge contributions for each half cycle.  The non-
symmetrical charge accumulation in the positive and negative half-cycles creates a DC offset which 
makes the application of standard bridge techniques problematic.  The area within the charge voltage 
curve obtained is determined using numeric methods in Matlab. 
 
Key words: Power line corona, corona loss, integrated charge transfer, capacitance bridge, dielectric 
loss analyser, zero crossing reset. 
 
 

1. INTRODUCTION 
 

Corona cages and test lines have been in use for a long 
time to evaluate the performance of various power line 
conductor arrangements.  Various test and evaluation 
methods have been applied including visual, audible and 
electrical detection.  Electrical detection techniques 
include partial discharge detection, Radio interference 
voltage (RIV) which uses a noise meter to evaluate the 
quasi-peak value as well as bridge detection methods. 
 
With the exception of bridge techniques, most of these 
methods rely on a selective narrow band circuit in the 
range of 100 kHz up to 1 MHz for RIV.  The power 
frequency components are normally supressed and the 
measuring system is calibrated with a charge injection 
device.  It should be noted that this calibration is only 
valid for a specific wave shape and since the corona pulse 
shape is dependent on the circuit parameters, inaccuracies 
can occur.  Integrated quantities like charge per cycle and 
power are normally derived from these narrow band 
(shaped) pulses together with the instantaneous or 
average value of the applied voltage.  Since charge 
integration occurs on the test line due to its own 
capacitance, these integrated pulses create a low 
frequency component which may not be detected by the 
narrow band filtering circuits (especially if many of these 
pulses occur in close proximity).  It should be noted that 
positive streamer discharges are the major cause for radio 
and audible noise interference for which these methods 
have been primarily developed. 
 
A number of bridge type test systems based on the 
method according to Schering, have been applied on test 
lines [1] to evaluate corona losses under changing 
weather conditions. Rawlinson et al. [2] has proposed a 
special self-balancing bridge and null detector to record 
the power loss component.  These methods require 
constant adjustment and rely on a long test line to provide 
a stable average corona current.  When very short test 

lines or test cages are used however, the sporadic positive 
corona pulses momentarily changes the power factor of 
the bridge. These bridges have a pure resistance in the 
lower part of the sample arm creating a greater response 
to higher frequency components like harmonics and 
discharge pulses.  This makes it difficult to obtain 
balance as the balance condition is only valid for the test 
frequency. 
 
Manley [3] had proposed the use of a charge integration 
bridge to evaluate plasma discharge energy in complex 
insulation in order to discriminate between solid and 
gaseous dielectric losses.  This bridge was modified by 
Dakin & Malinaric [6] to provide a more sensitive 
measurement of the gaseous discharges. The measuring 
circuit proposed here is based on this bridge since the 
additional capacitance in the lower arm of the bridge 
provides an integration of the individual pulses.  
 

2. STATE OF THE ART – BRIDGE CIRCUITS 
 
A brief discussion of the various bridge circuits is given 
to illustrate the usefulness and limitations of each 
method. 
 
2.1 Schering bridge 
 
The Schering bridge shown in figure 1 is mainly used for 
determining the dielectric properties of a test sample or 
component. The capacitance and the loss factor due to 
conduction and polarisation losses of the test sample is 
evaluated by comparison to known values of calibrated 
components using balance equations. Many variations of 
the basic bridge exist for instance the transformer ratio 
arm bridge or current comparator as given in method A of 
ASTM D3382-2001.  This has been the main focus with 
condition monitoring of power system apparatus until the 
advent of partial discharge detection techniques [8] which 
could discriminate between many smaller discharges and 
few larger discharges. 
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Figure 1: Basic Schering bridge circuit*. 
 
*(https://en.wikipedia.org/wiki/Schering_Bridge, Copyright under 
license CC BY-SA 3.0, Philippe Mertens) 
 
2.2 Capacitance bridges – Charge-Voltage trace 
 
A capacitance bridge for the measurement of plasma 
energy was proposed by Manley [3] and used by various 
authors [4, 5, 7] to study plasma reactors.  A simplified 
circuit model is shown in figure 2. 

 
Figure 2: Capacitance bridge by Manley. 

 
The horizontal deflection of a x-y trace is derived from a 
voltage divider or attenuating probe connected across the 
source.  The vertical deflection is derived from the 
voltage drop across a capacitance placed in series with 
the sample which yields a voltage Vy due to the current i, 
which comprise of the discharge as well as the capacitive 
displacement currents. 

∫ ⋅= dti
C

V
m

y
1      (1) 

Additional balancing components allows for the closure 
of the trace to yield a straight line at voltages below 
discharge inception.  Since this voltage is proportional to 
the charge, the slope of the straight line yields the sample 
capacitance.   

sampleC
dV
dQ =      (2) 

As soon as discharges occur, the trace opens as shown in 
figure 3 and the power loss can be derived from the 
rhomboid area.  The slopes of the sides of the rhomboid 
coincide with the higher charge gradient or capacitance of 
the sample during discharging.  The gaseous part of the 
insulation is effectively short circuited leaving only the 
high permittivity solid areas.  This method is still used in  

 
Figure 3: QV trace display - Manley 

 
many plasma experiments to determine reactor circuit 
coefficients [7] and the energy dissipated in plasma 
reactors i.e. ozone generators.  It should be noted that a 
simple dielectric (gas only) will not affect a significant 
change in the slope of the trace sides, making it 
impossible to obtain a rhomboid trace.  The sensitivity of 
the circuit is limited to the maximum vertical deflection 
which includes the integrated charge contributed by the 
sample capacitance. 
 
Dakin & Malinaric [6] had proposed a new bridge that 
could eliminate the sample capacitance completely giving 
a much greater sensitivity as shown in figure 4.  The 
vertical deflection is now derived from the voltage 
difference across the bridge points as shown in figure 5. 
 

 
Figure 4: Capacitance bridge by Dakin & Malinaric. 

 

 
 

Figure 5: QV trace display - Dakin & Malinaric. 
 
Due to the configuration of the circuit, a low loss film 
type capacitor can be used in the standard arm as the 
corona losses are far more significant.  Furthermore, it is 
not a precision bridge intended for measuring capacitance 
and hence the exact component values barring the 
integrating capacitor need not be known exactly. 
The bridge is brought to a balance using a resistance in 
parallel with the integrating capacitor in the lower part of 
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the sample arm or in series with the standard arm as in a 
Wien bridge. This technique is especially useful in 
evaluating for instance machine stator bar resin 
impregnation percentage and total losses. 
 

3. TEST ARRANGEMENT 
 
3.1 Initial tests using the Dielectric Loss Analyser 
 
A commercial Dielectric loss analyser, DLA, from ERA 
(Robinson) designed for testing stator bars have been 
evaluated for testing power line corona in a small corona 
cage.  Some of the components had to be modified to 
allow for much higher test voltages up to 150 kV as 
opposed to 20 kV. This was done to evaluate the 
usefulness of this method as balancing decades and an x-
y loop trace display formed an integral part of the device.  
 
The arrangement as in Figure 4 was used with the sample 
consisting of a small corona cage.  Due to the nature of 
corona in air, an elliptic loop trace was obtained on the 
display rather than a straight sided rhomboid.  The DLA 
is intended for testing solid insulation esp. stator bars.  
For solid insulation the occurrence of void discharges 
coincides with the highest rate of change of voltage close 
to the zero crossings.  This provides a steep and steady 
rise in the integrated charge which yields a nearly straight 
sided rhomboid.  Since corona discharges occur 
increasingly at the voltage peeks a different trace is 
obtained and a simple evaluation of the rhomboid height 
and width could no longer be used to evaluate the energy 
per cycle.  These results led to the further adoption of this 
technique using a modern oscilloscope for digital data 
sampling and external resistance and capacitance decade 
boxes. 
 
One limitation of this method is the fact that power line 
corona manifests differently in the positive and the 
negative half cycle causing the trace to drift as the charge 
contributions are not balanced.  Figure 6 shows a x-y loop 
trace obtained using this method showing the negative 
charge offset of roughly 520 nC  One possible way to 
address the problem was to increase the resistance 
shunting the integrating capacitor in the lower part of the 
sample arm which reduced the discharge time constant 
and introduced further measurement errors. 
 
3.2 Charge cancelling circuit 
 
In order to evaluate the charge contribution of each half 
cycle and eliminate the gradual DC offset, a discharge 
circuit was designed.  Figure 6 shows a block diagram of 
the zero detector circuit with charge cancelling means 
and the associated bridge connections.  This circuit 
discharges the accumulated charge on C4 when the 
voltage at the bridge points goes through zero. 
 
A large capacitor in series with the standard arm C1 and 
C3 provided a scaled representation of the supply voltage.   

Since the test cage C2 has negligible losses below corona 
discharge inception, it was evident that the bridge arm 
centre point voltage, at B, would be in phase with the 
supply voltage at balance.  For this reason the 
compensation resistor could not be placed in series with 
C3 as proposed (see figure 4) as this would distort the 
phase of the zero crossing detection circuit.  When 
connected in shunt with C3 however, the loss resistance 
of the standard capacitor is compensated separately and 
the current in the capacitive section is now in phase with 
the test voltage. 
 

 
Figure 6: Test arrangement with discharge circuit. 

 
The charge cancelling circuit senses the voltage of the 
test supply using a capacitive attenuator essentially 
forming part of C3.  This voltage is buffered using a high 
impedance amplifier and squared off.  Using two mono-
stable multi-vibrators as edge detectors, a short output 
pulse is generated at each state transition. These pulses 
are fed to an insulated gate driver, forward biasing two 
back to back FET’s which are connected across the 
capacitor C4.  This effectively short-circuits the 
integrating capacitor in the specimen arm at the zero 
crossing of the supply voltage.  A slight unbalance is 
created, however if the discharging pulse time is kept 
small, the offset error is minimal. 
 
3.3 Computation of energy 
 
Since a bridge technique is used, the voltage across the 
bridge points A and B correspond to the charge 
contribution of only the corona current when the bridge is 
balanced.  The displacement of charge in the cage creates 
a current in the sample arm and consequently a rise in 
potential across C4 which corresponds to the original 
charge Q. 
 

ABcoronacorona VCdtiQ 4== ∫     (3) 
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The average power dissipated by the sample is, 

∫ ⋅=
T

idtu
T

P 1      (4) 

where P is the average power, T is the wave period, and u 
and i is the instantaneous voltage and current 
respectively. 
 
If u and i are known, the integral (4) may be solved 
numerically.  The instantaneous values for the voltage u 
are recorded together with the resultant charge Q.  The 
instantaneous current value i may be obtained by solving 
the derivative (5) for the vector Q over each interval. 

dt
dQti =)(      (5) 

In the Matlab environment, this is the gradient of the data 
vector Q e.g.  i = gradient(Q, dt); 
 
The integral (4) may be obtained numerically by 
evaluating the scalar dot product of the vectors u and i as 
given in (6) to find the average Power and the Energy per 
cycle. 

)...(11
2211

1
nn

n

i
ii iuiuiu

n
iu

n
vu +++==⋅ ∑

=

  (6) 

Similarly, W=VQ and therefore the energy may be 
determined by finding the area integral: 

∫=
T

dt
dt
dQtuW )(      (7) 

In the Matlab environment this can be obtained using the 
command W = polyarea(V,Q); with V and Q the voltage 
and charge vectors respectively. The energy per cycle is 
then: 

cycles

total
cycle n

WW =      (8) 

where Wcycle represents the energy per cycle, Wtotal 
represents the total area product or energy and ncycle 
represents the number of cycles. 
 
Both of these integration methods yielded the same result 
up to four significant digits. 
 

4. TEST RESULTS 
 

4.1 Circuit components and connections 
 
Initial trials were conducted to evaluate the performance 
of the test circuit.  See figure 6.  A 1 nF film type 
capacitor C1 was used as a standard capacitor with the 
corona cage C2 used as a specimen or test sample.  The 
outer conductor of the test cage was connected to the HV 
terminal at point U and the centre conductor of the cage 
was connected to the low potential side of the bridge at 

point B.  Capacitor decade C3 and resistor decade R3 is 
used to balance the bridge.  C4 was of a fixed value of 
100 nF.  A Tektronix differential probe having a 5 MΩ 
resistance to ground was connected between bridge points 
A and B to act as a null detector and measuring device. 
 
4.2 Initial calibration 
 
Calibration was performed on the x-axis using an external 
reference voltage divider to find the horizontal scaling 
factor or sensitivity.  A Thyratron pulse generator with a 
peak to peak voltage of 105.8 V was connected to point B 
via a 100 pF coupling capacitor.  This provided a 
calibration pulse of 10.6 nC.  A 106 mV pulse was 
observed on the oscilloscope which almost exactly 
corresponded to the expected voltage across C4.  A 
further calibration was performed using a 10 MΩ resistor 
in shunt with the cage.  At 10 kV this should yield a loss 
of 10 W.  The measured power dissipation was however 
only 9.6 W which is probably caused by inaccuracies due 
to the 5 MΩ resistors of the differential probe, shunting 
each of the lower bridge arms.  A transformer coupled 
detector between A and B should solve this problem. 
 
4.3 Initial trial test results 
 
A test voltage free of harmonics was applied to the test 
system and raised to a value slightly lower than corona 
inception.  Capacitor decade C3 and resistor decade R3 
was used to balance the bridge to obtain a straight 
horizontal line.  Corona inception occurred at 87 kV, 
which opened the line into an ellipsoid.  The voltage was 
raised slightly to obtain a fairly constant vertical 
deflection at 91 kV.  Figure 7 shows the trace obtained 
with the charge cancelling circuit switched off.  The trace 
as well as the equivalent energy per cycle of 93.8 mJ 
(given on graph) was generated using Matlab. 
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Figure 7: Full QV trace without charge cancellation. 

 
The Matlab script was evaluated to calculate the energy 
displaced in both the positive and the negative half 
cycles.  These results are given graphically in Figure 8 & 
9 which yielded an average 45.9 mJ/cycle for the positive 
half and 47.9 mJ/cycle for the negative half.  As can be 
seen these values total to 93.8 mJ/cycle as computed for 
the full trace.  Furthermore, it should be noted that the 
negative cycle energy is greater than the positive cycle 
energy.  This creates an offset of about 5.2 V or 520 nC.  
Since the cage is geometrically inverted, a negative test  
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Figure 8: Positive half QV trace without charge 

cancellation. 
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Figure 9: Negative half QV trace without charge 

cancellation. 
 
voltage creates a positive potential on the centre 
conductor or test line.  The negative cycle charge 
therefore corresponds to the positive corona charge 
contribution and vice versa. 
 
At the same test voltage, the charge cancelling circuit was 
switched on and the trace of Figure 10 was obtained with 
figure 11 & 12 showing the positive and negative cycle 
energy. 
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Figure 10: Full QV trace with charge cancellation. 

 
It is clear from these results that the pattern is now 
centred on the 0 V line and that similar energy values are 
obtained.  These results are at low corona activity and 
therefore the distortion at the zero crossings can clearly 
be seen.  The symmetry of these distortions effectively 
cancels their effect on the trace area or energy 
computation.  As before, the positive and negative corona 
charge contribution can be assessed.  
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Figure 11: Positive half QV trace with charge 

cancellation. 
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Figure 12: Negative half QV trace without charge 

cancellation. 
 
At inception, an energy value of 15 mJ was detected with 
the positive and negative contributions about equal.  The 
energy measured is related to the work done on the 
charge which has been created in the discharge zone.  At 
higher voltages the positive space charge zone is 
enlarged.  Due to the low mobility of the positive space 
charge and the fact that the field is reducing outward, it is 
clear that a net outward flow of positive charge can be 
expected.  Should the conductor be at positive polarity, 
the positive charges will be accelerated outward by a 
force equivalent to the E-field magnitude.  When the 
conductor polarity swings to a negative value, the charge 
is now further away and the force exerted on it less due to 
its new position in the field.  The negative charges, due to 
their higher mobility are swept away much faster and do 
not accumulate in the same manner as they are almost 
entirely neutralised during each half cycle. 
 

5. CONCLUSIONS 
 
A Test circuit was constructed to evaluate the charge 
contribution and the associated work done by the field in 
a small corona cage. 
 
The use of partial discharge measurement techniques 
using selective filters and pulse counting to compute the 
total charge and energy cannot yield accurate results as 
the charge magnitude can only be resolved accurately for 
a specific pulse shape (as used by calibrators).  It is clear 
that the amplifier and filter response will only resolve 
part of the pulse energy. 
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Furthermore, any integration which occur within the 
system and manifest as an in phase distortion of the 
power frequency current (as with negative Trichel pulses) 
will be excluded due to their low frequency content. 
 
The work done by the field can be related to the amount 
of charge created by the corona and can be determined by 
evaluating the area enclosed by the trace obtained from 
the applied voltage and its associated charge 
accumulation W=VQ. The charge cancellation circuit 
effectively removes the DC offset or charge offset due to 
the net outward movement of the positive space charge. 
 
A 96% accuracy was obtained when using a dummy 
resistor as a test load to simulate corona loss.  A fast 
pulse injected at the bridge point B was accurately 
resolved confirming that the output voltage at bridge 
points A and B are time dependent, possibly related to the 
impedance to ground of each of the differential probe 
leads.  Further refinements are required especially with 
regard to the detection across the bridge points 
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Abstract: This paper investigates the level of conservativeness within the current Eskom Standard 
regarding electrical clearances in substations.  This research forms part of the study to investigate the 
feasibility of increasing the nominal voltages of substations.  Voltage levels that are assessed include 
275 kV, 400 kV and 500 kV. It was found that the Eskom standard phase-earth clearance is relatively 
conservative if the assumption is made that the gap factors are within the range of 1.4 and 1.9.  With 
gap factors of 1.45 and 1.57 for phase-earth and phase-phase respectively, it is clear that the phase-
earth clearance is quite conservative but as the voltage level increases from 275 kV to 500 kV the 
clearance requirements becomes larger as per the Gallet-Leroy equation results.  It is recommended 
that clearance calculations should be based on detailed insulation coordination studies to 
increase the optimisation of the clearances for the aim to uprate nominal voltages in 
substations. 
 
Key words: Insulation coordination, electrical clearance, gap factor, voltage uprating, substation, 
switching impulse. 
 
 
 

1. INTRODUCTION 
 

Eskom greatly needs to strengthen the 275 kV network in 
and around the Johannesburg area.  Due to new servitude 
non-availability, it is almost impossible to build new 
transmission lines and to build new transmission 
substations.  The need arises to consider the uprating of 
the nominal voltage of existing transmission substations.  
The feasibility of uprating existing 400 kV substations to 
500 kV is investigated.  The power transfer capability 
would be improved significantly by doing so.  Insulation 
co-ordination will be a critical issue in the study. 
 

2. BACKGROUND 
 
The standard clearances for Air-Insulated-Substations 
(AIS) currently used by Eskom are based on the old 
Electrical Engineering Directive (EED) 14/1/5-1.  This 
document was based on the British Standards of the time.  
All the clearances were based on lightning impulse 
withstand values.  However we know from the literature 
that for nominal voltages above 132 kV, the highest 
transient over-voltages are those of switching surges. [1]   
In addition to this, metal oxide surge arresters were not 
yet available when the recommended clearances were 
determined.  All these clearance values were based on 
gapped silicon-carbide arresters.  Modern metal oxide 
varistor (MOV) arresters clamp the over-voltages to 
below 1.8 p.u [2] compared with the gapped type 
arresters where the clamping voltage could be is as high 
as 2.6 p.u. 
 

Voltage uprating involves increasing the nominal voltage.  
Voltage sensitive equipment (e.g. transformers) will have 
to be replaced but the aim would be to retain the existing 
infrastructure in the substation.  New withstand voltage 
levels will have to be selected. 
 
Determining the level of conservativeness within the 
current standard forms part of the process to determine 
the feasibility of nominal voltage uprating. 
 
When uprating EHV substations, switching impulse 
voltage withstand levels should be chosen not only to 
allow for a more compact design, but to ensure adequate 
safety margins to limit the probability of insulation 
failure during transient overvoltage events, especially for 
non-recoverable insulation.  When a lower insulation 
withstand voltage level is chosen, the trade-off between 
the reliability of the system and cost should be carefully 
evaluated. 
 
The IEEE Substations Committee published the first 
reports on minimum electrical clearances based on 
switching surge phenomena. [3]. The electrical clearances 
listed within this document were published for operating 
voltages exceeding 242 kV.  In 1965 and 1972 the 
committees published updated clearances based on 
switching surge withstand voltage requirements. [4] 
 
In 1975, Georges Gallet [5] et al. published the well-
known and generally accepted expression describing the 
positive switching impulse withstand voltage strength of 
air insulation. The concept of gap factor, Kg was also 
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introduced during this time and was valid for air gap 
lengths of between 1 m and at least 30 m.   
 
With the Gallet-Leroy equation, the clearance could be 
determined as a function of the critical flashover voltage 
(CFO) and gap factor.  The CFO is the statistical 
flashover voltage of the air gap with a flashover 
probability of 50 % (also influenced by air density).  The 
CFO and switching impulse withstand voltage level 
(SIWL) are statistically interrelated. 
 

3. PROPOSED IDEA 
 
The Eskom Standard on electrical clearances is based on 
the EED. The calculation is based on the BIL and an 
overvoltage factor of 2.6 p.u determined by the clamping 
voltage of silicon carbide arresters.  It has been shown 
that the desired electrical clearance is a function of the 
electrode configuration and the CFO voltage (which is a 
function of the air density).  In addition to this, MOV 
surge arresters are capable of limiting switching over-
voltages to 1.8 p.u. 
 
It is then anticipated that the existing standard is to some 
extent rather conservative, notwithstanding that there will 
be a reduction in reliability that will have to be accepted. 
 

4. DISCUSSION AND RESULTS 
 
Evaluation of the Eskom Standard 
As mentioned before, in South Africa, electrical 
clearances are based mainly on the required BIL. These 
withstand voltage levels were standardized in October 
1970 when the Electrical Engineering Directive was 
approved as the reference guide for insulation levels and 
clearance distances for all voltage levels. 
 
Table 1: Standard equipment BIL and BSL 

 
Standardised electrical clearances are calculated as a 
function of the BIL and the calculation within the EED is 
very simplistic and poorly defined.  The following table 
contains the standard clearances adopted within Eskom 
substation design. 
 
Table 2: Eskom Standard clearances 
Nominal 
Voltage (kV) 

Phase-to-Earth 
(mm) 

Phase-to-
Phase (mm) 

275 2350 2950 
400 3200 4000 
500 3500 4400 

 
Gallet-Leroy Approach 
 

The lightning impulse voltage withstand capability and 
the switching impulse voltage withstand capability are 
usually expressed as probability functions (probability of 
flashover versus peak transient overvoltage).  When the 
standard lightning impulse or switching impulse 
waveforms with peak voltage equal to the BIL or BSL are 
applied, the probability of a flashover is 10%.  [6] 
 
The probability of insulation flashover versus insulation 
overvoltage stress characteristic is represented by a 
cumulative Gaussian distribution.  The mean of the 
distribution is defined by the critical flashover voltage 
(CFO).  When the critical flashover voltage is applied to 
the insulation, a 50% probability of a flashover is 
realised.  Aiming then for a 10% probability of a 
flashover, results in the definition that the BIL and BSL 
are 1.28 standard deviations below the CFO.  The 
statistical BSL or SIWL can be best described using the 
following equation [6]: 

              fSIWL CFO 1 1.28
CFO

s§ ·
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                   (4.1) 

Where the coefficient of variation for substations is: 

                             f 0,07
CFO

s
                             (4.2) 

              
The relationship between the CFO and gap length, S is 
given by [5]: 
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In order to determine how conservative the standard 
clearances are, the CFO for all three voltage levels is 
calculated according to the Gallet-Leroy equation.  The 
CFO values are converted to SIWL values to compare 
with the standard SIWL values specified by Eskom. 
 
Standard SIWL (BSL) values are obtained from Table 1.  
The gap geometry (electrode configuration) contributes 
significantly to the results.  The gap factor has a range 
between 1 (rod-plane gap) and 1.9, (a gap with a nearly 
uniform field). [6] 
 
The gap factor Kg could be defined by the ratio between 
the positive flashover voltage for the actual gap geometry 
and the positive flashover voltage for a rod-plane gap.  
Gap factors are determined experimentally where the air 
gap spacing is kept constant and the gap geometry is 
changed.  It is also known that the gap factor increases 
slightly with the number of sub-conductors according to 
the following expression: 
                 � �

bundle single
K K 0.01 N 2 � �             (4.4) 

This equation applies where the number of sub-
conductors is between 2 and 8 and the sub-conductor 
spacing is between 40 cm and 50 cm. 
 

Nominal 
Voltage (kV) 

Maximum 
Voltage 

(kV) 
BIL 
(kV) 

BSL 
(kV) 

275 300 1050 850 
400 420 1425 1050 
500 550 1550 1175 
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Addressing the field distribution of HV electrode shapes 
has a significant impact on the gap factor.  Grading rings 
and hardware designs could potentially increase the gap 
factor to effectively reduce the required clearances 
between live apparatus/conductors to the earthed 
structure. [7] 
 
Phase-earth gap factors 
 
Recommended gap factors that could be used for actual 
phase-earth electrode geometries are given in the 
following table. 
Table 3: Typical phase-earth gap factors [7] 
Configuration α =0.5 α =0.33 
Ring-Ring 1.8 1.7 
Crossed conductors 1.65 1.53 
Rod-rod or conductor-
conductor (along the span) 

1.62 1.52 

Supported busbars (fittings) 1.5 1.4 
Asymmetrical geometries 1.45 1.36 
With reference to the typical phase-phase gap factors, a 
gap factor of 1.57 is chosen for the Gallet-Leroy equation 
calculations.  The phase-phase configuration could be 
envisioned as “along the span” and therefore the value is 
somewhat higher when compared to the phase-earth 
value. 
 
275 kV 
 
For the 275 kV clearances, Figure 1 shows that the 
calculated SIWL for the phase-to-earth clearance is 1019 
kV and for phase-to-phase is 1309 kV. 
The ratio of phase-to-earth/phase-to-phase is 1.29. 

 
Figure 1: 275 kV Equivalent SIWL (based on standard 
clearances) 
 
From a typical surge arrester manufacturer buyer’s guide, 
the Maximum Residual Voltage (MRV) for a Umax of 290 
kV (Arrester rated voltage is 228 kV) with current wave 
30/60 µs, 2000 A arrester is 453 kV. 
 
The arrester protective margin between 1019 kV and 453 
kV is 125 % (25 % required minimum) and will decrease 
when a lower SIWL is selected. 

 
Figure 2: 275 kV Arrester protective margin (based on 
standard clearances) 
 
From this calculation the conclusion can be drawn that 
when referring to phase-to-earth withstand levels, the 
recoverable air gap is better protected than the non-
recoverable insulation.  
 
For phase to phase the air gap is also better protected. 
 
Phase- to- Earth SIWL 1019 kV > 850 kV. 
Phase- to- Phase SIWL 1309 kV > 1275 kV 
 
400 kV 
 
For the 400 kV clearances, Figure 3 shows that the 
calculated SIWL for phase-to-earth clearances is 1282 kV 
and for phase-to-phase is 1620 kV. 
 
The ratio of phase-to-earth/phase-to-phase is 1.263. 
 

 
Figure 3: 400 kV Equivalent SIWL (based on standard 
clearances) 
 
The MRV for a Umax of 420 kV (Arrester rated voltage is 
312 kV) with current wave 30/60 µs 2000 A arrester is 
647 kV.   
 
The arrester protective margin between 1282 kV and 647 
kV is 98 % (25 % required minimum). 
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Figure 4: 400 kV Arrester protective margin (based on 
standard clearances) 
 
From this calculation the conclusion can be drawn that 
when referring to phase-to-earth withstand levels, the 
recoverable air gap is better protected than the non-
recoverable insulation.  
 
For phase-to-phase the air gap and standard values are 
very similar. 
Phase-to-Earth SIWL 1282 kV > 1050 kV. 
Phase-to-Phase SIWL 1620 kV > 1680 kV 
 
500 kV 
 
For the 500 kV clearances, Figure 5 shows that the 
calculated SIWL for the phase-to-earth clearances is 1366 
kV and for phase-to-phase is 1718 kV. 
 
The ratio of phase to earth/phase to phase is 1.258. 

 
Figure 5: 500 kV Equivalent SIWL (based on standard 
clearances) 
 
The MRV for a Umax of 550 kV (Arrester rated voltage is 
396 kV) with current wave 30/60 µs 2000 A arrester is 
810 kV.   
 
The arrester protective margin between 1366 kV and 810 
kV is 68.6 % (25 % required minimum). 

 
Figure 6: 500 kV Arrester protective margin (based on 
standard clearances) 
 
From this calculation the conclusion can be drawn that 
when referring to phase-to-earth withstand levels, the 
recoverable air gap is better protected than the non-
recoverable insulation.  
 
For phase-to-phase clearances the SIWL from the 
standard value is higher than that of the calculated SIWL 
for the specific gap of 4.4m. 
 
Phase-to-Earth SIWL 1366 kV > 1175 kV. 
Phase-to-Phase SIWL 1718 kV < 1880 kV 
 
Clearance calculation gap factor sensitivity  
 
The gap factor essentially describes the gap electrode 
configuration.  The electrode configuration and the 
physical orientation have a significant impact on the 
strength of the air gap. 
 
The following figures describe the sensitivity of the 
clearance as a function of the gap factor.  The gap factor 
usually has a value between 1 and 1.9 where 1 is a worst 
case scenario of rod-plane geometry. [6] 

 
Figure 6: Clearance as a function of Gap Factor for SIWL 
850 kV (Standard SIWL for 275 kV) 
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Figure 7: Clearance as a function of Gap Factor for SIWL 
1050 kV (Standard SIWL for 400 kV) 
 

 
Figure 8: Clearance as a function of Gap Factor for SIWL 
1175 kV (Standard SIWL for 500 kV) 
 
Figure 6, 7 and 8 clearly show that for smaller gap factors 
ranging between 1 and 1.4 the required clearance 
increases dramatically.  Table 5 summarizes the 
clearances and it is clear that when the gap factor is not 
optimized, the calculated clearance can be significantly 
larger than that of the current Eskom standard clearances. 
 
Table 5: Summary of Clearances 
Nominal Voltage (kV) 275 kV 400 kV 500 kV 
Eskom Standard 
Phase-Earth, Phase-
Phase Clearance (m) 

2.35 m, 
2.95 m 

3.2 m, 
 4 m 

3.5 m, 
4.4 m 

Clearance (m) as per 
Standard SIWL* 

2.2 m, 
3.5 m 

2.9m, 
4.7 m 

3.2 m, 
 6 m 

Clearance (m) with 
conservative gap 
factors ** 

3.1 m, 
4.5 m 

4.2 m, 
6.3 m 

4.8 m, 
8.4 m 

*The Gallet-Leroy equation results using the standard SIWL and gap 
factors of 1.45 and 1.57 for phase-earth and phase-phase respectively. 
**Conservative gap factors refers to phase-earth Kg = 1.1 and phase-
phase Kg = 1.3. 
 

5. CONCLUSIONS 
 
Current clearances are based on the BIL and not 
calculated with reference to the CFO (which itself is a 
function of gap factor and air density). None of the 
standard Eskom electrical clearances are referenced to 

recommended clearances published by the IEC or IEEE.  
The Eskom standard phase-earth clearance is relatively 
conservative if the assumption is made that the gap 
factors are within the range of 1.4 and 1.9.  With gap 
factors of 1.45 and 1.57 for phase-earth and phase-phase 
respectively, it is clear that the phase-earth clearance is 
quite conservative but as the voltage level increases from 
275 kV to 500 kV the clearance requirements becomes 
larger as per the Gallet-Leroy equation results.   
 
The ratios of phase-earth clearances and phase-phase 
clearances is in the range of 1.3 where according to IEC 
[6] the ratio should be of the order of 1.5  to 1.6.  
Therefore, if the standard phase-phase clearance is 
compared with that of the Gallet-Leroy equation result, it 
may appear that the standard clearances are not so 
conservative after all.  There is however work that could 
be done to maximize the field grading between 
electrodes.  This would assist with maximizing the 
probability of the air gaps being able to withstand the 
transient overvoltages.  The gap factor between 
electrodes will be crucial to increase the withstand 
capability of the air gaps. 
 
The calculation results yields results that are not 
optimised for specific systems.  Clearance calculations 
should be based on detailed insulation coordination 
studies to increase the optimisation of the clearances.  For 
voltage uprating, detailed studies are very important and 
the clearance calculation will be based on a SIWL that is 
optimised for a pre-determined risk factor. 
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Abstract: Distribution isolators are a critical component to an electric grid and premature failure results 
in undesirable outages and costly replacements. The purpose of this paper was to investigate a condition 
where substation line isolators were developing hotspots well in advance of its intended service life. 
The equipment was found to be manufactured according to specification, with all the required type tests 
however the hotspots developed with extended usage and time. The isolators were first modelled in 
COMSOL Multiphysics to confirm the potential cause and then tested in a laboratory to confirm the 
condition. After simulations confirmed that the reduction of current in affected areas would reduce the 
likelihood of hotspots, a novel method was simulated and tested. The tests confirmed that by the 
addition of alternate current paths, the high current densities experienced in affected parts of the isolator 
were reduced. 
 
 
 

1. INTRODUCTION 
 

Electrical power equipment is required to continuously 
carry large currents. When the equipment is new the 
contact between various adjoining components of the 
equipment is good and presents no problem. However 
when the equipment is aged, the effective contact between 
components may worsen resulting in localised points of 
high resistance. This in turn leads to the creation of 
hotspots. Figure 1 illustrates an isolator in service with a 
hotspot on the hinged joint of an isolator where the 
temperature is shown to exceeds 200 °C. This could result 
in damage to the equipment, thereby affecting operability, 
or it could result in failure resulting in an unplanned 
outage. 
 

 
Figure 1: Measured hotspots on an the isolator [Source: 

Eskom Distribution – KZN OU] 
 

The following paper investigates this phenomenon and 
confirms it firstly via finite element modelling and then in 
laboratory studies. The unit that was tested was identified 
during a regular infra-red scan of the substation and 
replaced to mitigate against a future unplanned outage. 
 

 
This is not an isolated occurrence and the option of merely 
replacing these isolators prior to the completion of its 25 
year service is undesirable to the utility. Alternate 
recommendations were therefore also being considered. 
 
 

2. ISOLATORS  
 
Isolators are mechanical switches that isolate or disconnect 
a specific part of a circuit or high voltage line from the rest 
of the electrical power system. Isolators are generally used 
at an off load condition [1]. Isolators provide a visible 
break in electrical system which is needed in order to 
follow high voltage regulations. When opened the isolated 
system would allow technicians to conduct safe 
maintenance.  
 

As isolators are mechanical switches they are required to 
have moving components. It was found that the majority 
of hot spots were located at these points as the hinge tended 
to loosen with time thereby not forming an effective 
connection. 
 
The isolators are in full compliance with applicable 
specifications and the supplier is presently addressing the 
latent defect that has been identified. However, a re- design 
to prevent this from occurring would not be able to 
effectively address the large installed base and is seen as a 
solution going forward. 
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Figure 2: Concentration zone of Hotspots within the 
isolator 

 

 
3. HOT SPOT 

 
Hot spots are a result of electrical or insulation failure that 
may be caused by an increase in localized resistance due 
to air gaps or material degradation and an increase in 
temperature due to heating. These occurrences lead to 
energy dissipation. Hot spots can cause harm to electrical 
equipment and some of their key aspects are as  
follows [2]:  
 

• Hot spots are signs of wear on equipment and is 
an indication of impending failure  

• Sources of energy losses  
 
The thermal scanning of isolators in Eskom substations are 
required annually and the frequency of inspection could be 
made shorter based on the condition of the equipment [3]. 
 
 

4. CURRENT DENSITY AND HEAT FLOW 
 

Current is the rate of flow of electrically charged particles 
through a conductive medium with respect to time [3]. 
 

! = 	$%$&  

 

(1) 

The electrical current density (J) is defined as amperes per 
square meter. The current carried in the conductor is 
proportional to the applied electric field and inversely 
proportional to resistivity. 
 

' = (
) =

!
* 

 

(2) 

 

Where: 
E = Electric field 
) = Resistivity of material  
! = Current 
A= Cross sectional area of surface  

 
The power dissipated in a hotspot is given by the general 
equation: 

+ = !,- (3) 
Where: 
 
P= Power 
I=Current  
R= Resistance 
 
 
A more complex model would also represent how 
resistance varies with heat and the impact that that could 
have on the intensity of the hotspot. 
 
Resistivity of a material is defined as the amount of 
resistance present in a piece of material. Resistivity ) is 
dependent on temperature [4]. 
 

) = )˳[1 + 2 3 − 3˳ ] (4) 

 

Where: 
2 = Temperature coefficient  
T = Internal temperature of material 
3˳ = External temperature 
)˳	 = Original resistance 
 

Heat transfer involves transfer of heat energy within a 
stationary material. The rate of heat transfer is dependent 
on the change in temperature of the material and the 
thermal conductivity of the material. According to the law 
of heat conduction or Fourier’s law, the time rate of heat 
transfer through a material is proportional to the negative 
gradient in the temperature and to the area. This means that 
Q is dependent on temperature [3]. 
 

 

% = −6* $3
$7  

(5) 

Where: 

Q = Heat flow 

K = Thermal conductivity of a body 

A = Cross sectional area normal to the direction of heat 
flow 
89
8:= Thermal gradient 

 

The above physical relationships are implemented using 
COMSOL Multiphysics to get a clearer understanding of 
how they all interact within the isolator. 
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5. COMSOL SIMULATION 
 
 
The isolator was modelled using COMSOL Model builder 
which is a finite element software programme. The isolator 
was modelled using the joule heating feature on 
COMSOL. This allows for coupling of thermal and 
electrical characteristic of the isolator to be modelled and 
then analysed. The electrical properties and physical 
characteristics where entered into COMSOL. The current 
source of 500A was applied to the isolator as indicated by 
the yellow dot and the ground was indicated by the green 
dot in Figure 3. A heat transfer coefficient of 12 W/;.< is 
applied to all boundaries of the isolator to simulate the air 
surrounding the isolator. A symmetry constraint allows for 
the thermal properties of the current carrying conductor to 
be modelled as illustrated in the blue shaded areas. 
 
 

 
 
Figure 3: Simplified area of interest on the isolator 
Modelled on COMSOL 
 

The rest of the parameters where entered automatically 
using the properties of the material is present in COMSOL 
material library. 
 
 
5.1 Electrical/Thermal Model 
 
The thermal model of the isolator shows the overall heat 
distribution of the isolator in degrees Celsius. The main 
focus is the hinge area of the isolator namely the bolt that 
holds the isolator plates together. The current flowing 
through the isolator flows through the hinge bolt. This area 
appears to be very hot. This could be due to the bolt being 
the only current carrying path joining the isolator plates 
together. This would explain the higher concentration of 
current flowing through the bolt and the increase in 
temperature hinge area. The current direction is illustrated 
in Figure 4, where the spacing and size of the arrows 
depicts the current concentration. 
 
The current density model shows the surface distribution 
of current. Which coincides with the directional current 
flow of the isolator and illustrates that the current density 
is the highest at the hinge bolt as seen in Figure 5. This 
shows that there is a relation between current density and 
temperature. 
 
 

 
 
Figure 4: Thermal model of isolator in (degrees) with 
current path illustrated 
 
 

 
 
Figure 5: Current density model of the Isolator 
 
5.2 Current through the Isolator 
 
This simulation investigates the effect of different current 
variations applied to the isolator model and how this 
affects the thermal and current density model of the 
isolator. The information is once again extracted from the 
simulation using probes. Where the temperature reading 
are extracted from the surface of the hinge bolt, while the 
current density reading is extracted from the main current 
carrying arm of the isolator. This is also illustrated in blue 
as seen in Figure 6.  
 

 
 

Figure 6: Isolator Model with circular thermal probe and 
rectangular current density probe 
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Table 1: Results of temperature and current density when 
varying input current 
 

Current (A) Current 
Density (A/m2) 

Temperature 
(°C) 

500 1984130 190.80 
400 1625162 91.37 
300 1173653 45.93 
250 1018403 38.15 
200 817700 32.92 
100 495396 23.09 

 
 
The results show that as current is decreased, current 
density would also decrease. The result also shows that as 
current is decreased so does temperature at the hinge bolt 
surface. By reducing the current through the bolt it is 
possible to reduce the temperature of the hot spot.  
 

6. LABORATORY VERIFICATION 
 
The isolator test was conducted in the high voltage lab at 
the University of KwaZulu-Natal. 
 
A current of approximately 500 A was fed through the 
input of the isolator provided from the test circuit. The test 
circuit provides a current that can be varied. Thermal 
measurements where made using a FLIR thermal camera 
using the hot spot feature. A temperature probe was also 
used to obtain a second set of temperature readings. A 
current clamp allowed for current reading to be taken. The 
room temperature was measured at 24.2 °C. The isolator is 
subjected to 5 minutes of test current before temperature 
readings were taken. The isolator was then allowed to cool 
for twenty minutes before the second test was conducted. 
 
This testing regime allowed one to investigate the impact 
of reducing the current flowing through the isolator hinge 
joint by providing an alternate current carrying path. 
 
Table 2 : Parameters of experimental circuit 

 
Primary Voltage (V) 67.4 
Primary Current (A) 7.6 
Secondary Voltage (V) 0.6 
Secondary Current (A) 500 

 

 
 

Figure 7 Hinge bolt where thermal and probe readings are 
taken 

 
6.1 Reference Test 
 
In the reference experiment, the test isolator was subjected 
to a current of 508 A and the corresponding temperature 
readings were taken. 
 
Table 3: Thermal measurements of reference isolator test 
 

Initial temperature (probe) 19.9°C 
Final temperature (probe) 180.3°C 
Final temperature 
(camera) 

>177°C 

 
 

 
 

Figure 8: Thermal image of isolator with a current load 
 
 
6.2 Proposed Mitigation Method 
 
The isolator has a only a single current carrying path that 
involves current passing through the different plates of the 
isolator via the hinge bolt of the isolator this results in hot 
spots being created in the isolator at the hinge. 
 
A mitigation method was considered were an alternate 
current path was introduced that bypassed the hinge bolt, 
which would reduce the current flowing through the bolt, 
thereby reducing the hot spot temperature. 
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Figure 9: Isolator with proposed improvement and 
illustrated current paths  
 
 
The modification is a bolt on connector that provides an 
alternate current path. For testing purposes the conductors 
are clamped onto the isolator with two copper plates. If 
applied in a real world environment an alternative method 
should be looked into as strain applied to the bolts of the 
copper plates could cause them to loosen and migrate 
down the isolator shaft. This may involve drilling through 
the isolator arm and proper care should be taken regarding 
the damage to galvanising caused. 
 
 
This test investigates the heat that is experienced by the 
hinge bolt when reducing the current flowing through the 
hinge joint. This is done by providing another current 
carrying path through the isolator. Current reading where 
taken at points 1 to 7 as shown in Figure 10. 
 
 

 
 
Figure 10: Isolator with proposed improvements 
 
 
 
 

Table 4: Current readings of modified isolator with 
measurement points indicated in Figure 9 
 

Measurement point Current (A) 
1 188.2 
2 148.3 
4 168.7 
5 505.6 
6 243.4 
7 265.3 
1 188.2 

 
 
Table 5: Thermal results of modified isolator 
 

Initial temperature (probe) 20.4°C 
Final temperature (probe) 34.3°C 
Final temperature 
(camera) 

36.6°C 

 
 

 
 
Figure 11: Thermal image of modified isolator with 
proposed improvement 
 
 

7. ANALYSIS AND DISCUSSION 
 
 
The temperature reading taken using the probe showed that 
at 508.5 A, the temperature of the hinge bolt is 180.3 °C. 
While the temperature of simulation at 500 A yields a 
temperature of 190.8°C. This small variance was deemed 
to be acceptable considering the simplified model created 
in COMSOL. 
The simulation of varying current passing through the 
hinge bolt of the isolator showed that there is a relation 
between the amount of current flowing through the bolt 
and the temperature build up on the bolt. By reducing the 
current flowing through the hinge bolt by 20%, it showed 
a decrease in the in the temperature by greater than 50%. 
 
The modifications made to the isolator showed a 
significant reduction in the current experienced at point 4, 
which also represents the current flowing through the 
hinge. The modification reduces the current at the hinge 
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bolt from 508.5 to 167.8 A. While the isolator is still 
subjected to it full current load of 508.5 A. Results of the 
thermal tests show that the temperature at the hinge bolt 
decreases from 180.3°C to 34.3°C. This confirms that the 
modification of the isolator by creation of an alternate 
current path reduces the hot spot created by the hinge bolt 
of the isolator significantly. 
The current measured at point 4 of the modified isolator of 
167.8 A is representative of the current flowing through 
the bolt in the hinge of the isolator. The measured 
temperature of the modified hinge correlates well with the 
temperature measured for a similar current in the reference 
experiment. 
 
The current experienced at point 4 of 167.8 A seems to fall 
within the range of results acquires by simulation. The 
temperature value of 34.3 °C does coincide with the 
temperature ranges of Table 1. 
 
 

8. CONCLUSION 
 

The problem of hotspots on substation isolators was 
investigated via both simulation and laboratory 
verification. It was confirmed that a hotspot will 
materialise on the hinge of an isolator, if it is the sole 
current carrying path, as the bolt loosens with age and 
usage. 
 
To minimise this hotspot occurrence and extend the 
service life of these isolators, it was proposed that an 
alternate current path modification be considered. This 
was found to effectively reduce the current through the 
hinge and thereby the temperature of the bolt at the hinge. 
This therefore offers an alternative cost effective solution 
for utilities to consider when experiencing this problem 
with isolators that are out of warranty but have not yet 
reached their intended service life.  
 

The option of inspecting and tightening the bolt more 
frequently during maintenance is not a feasible option as it 
would be too costly from a labour perspective. Also, most 
inspections are done with the equipment live so this would 
result in an increase in planned outages. The proposal is to 
be piloted in Eskom KZN OU in a limited rollout to gauge 
its effectiveness in the field. 
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Abstract: Hydrokinetic hybrid systems are gaining more interest since hydrokinetic technology has proved to 
offer a cost-effective electrification solution. Very few research studies on sizing and optimization of micro-
hydrokinetic-battery (MHK-B) based hybrid systems have been done. However, the authors did not explore the 
impact of different load profiles on optimal sizing and performance of the MHK-B hybrid system. In this study, 
the impact brought by different load profiles such as residential, commercial and industrial sectors on sizing and 
operation of a river based MHK-B hybrid system is investigated using Hybrid Optimization Model for Electric 
Renewable (HOMER) software. HOMER Pro version 3.6.1 has been selected since it is equipped with 
hydrokinetic turbine module. The flowing water resource data obtained from a typical river of South Africa has 
been used as an input. Sample of load profile curves for residential, commercial, industrial have been used to 
estimate the daily load demands. The optimum configuration results indicated that for the same daily energy 
consumption, the type of a load profile affects the battery storage capacity, hydrokinetic turbine size, inverter and 
rectifier operational hours as well as the annual excess energy for the MHK-B hybrid system. 
 
Keywords: Micro-hydrokinetic, battery storage, load demand profiles, optimal sizing, HOMER Pro Version 3.6.1 

 
 

I. INTRODUCTION 
     Growing awareness on environmental protection and 
depletion of fossil fuels encourages the use of renewable 
energy sources (RESs). However, the use of a single 
technology based renewable energy (RE) system leads to high 
investment costs and low reliability due to the intermittent and 
uncertain nature of RESs [1]. It does not guarantee a 
continuous uninterrupted power supply and may lead to over-
sizing of the system. Hybrid renewable energy system (HRES) 
is a solution to enhance the reliability of the supply at a low 
maintenance cost [2]. By incorporating energy storage system 
(ESS) to store excess energy can offset the operational 
uncertainties of RESs in a HRES [3]. This offers a solution to 
address the mismatch between the demand and the RE output; 
and also a possibility to reduce the size of the renewable 
energy systems [4].  
      When planning to construct a HRES, it is important for a 
designer to select the optimum system configuration satisfying 
the primary load demand.  Each component of the HRES 
needs to be correctly sized to ensure the design of an efficient, 
reliable and economic hybrid system. Under-sizing a HRES 
may often unmatch the energy supply and the load demand 
whereas over-sizing may result into higher capital costs and 
inefficient use of the HRES [5].  Several software tools are 
available for designing and evaluating the performance of the 
HRES as shown in [6]. Hybrid optimization model for electric 
renewable (HOMER) software is one of the commonly used 
tools for optimal sizing of a HRES [7]. It determines the 
optimal size for off-grid and grid-connected systems and can 
also generate optimization results for variable inputs in order 
to enable sensitivity analysis with the aim of finding the best 

configuration based on the given site conditions (load, 
resources and components sizes and costs).  
     Among different renewable energy technologies, 
hydrokinetic technology is currently gaining more 
considerable attention. Studies have exposed the potential 
benefits of using micro-hydrokinetic technology in rural 
electrification. It has proved to offer a reliable and cost-
effective electrification solution when compared to solar and 
wind in areas with flowing water resource [8, 9].  Very few 
sizing and energy optimization research studies have been 
conducted on hydrokinetic hybrid system comprising of 
battery storage system [9-14]. However, none of these studies 
have analyzed the impact of different load demand profiles 
from different types of users on optimal sizing and operation 
of a HRES. Hence, this study focuses on analyzing the impact 
brought by different load types (residential, commercial, and 
industrial) on sizing and operation of a river-based micro-
hydrokinetic-battery based (MHK-B) hybrid system using the 
latest HOMER PRO Version 3.6.1. To achieve this objective, 
the residential load profile curve of a typical high-
consumption South African consumer [15] and the 
commercial and industrial daily load curves found in [16] have 
been used to estimate the load demands. For proper 
comparison purpose, the three load profiles have been allowed 
to have the same daily energy consumption level with 
different consumption patterns/curves. The results have shown 
that for the same daily energy consumption, the type of a load 
profile affects the battery storage capacity, inverter and 
rectifier operational hours as well as the annual excess energy. 
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II. MATHEMATICAL MODEL OF THE PROPOSED HYBRID 
SYSTEM 

A. Operation principle of the proposed hybrid system 
     The layout of the proposed off-grid MHK-B hybrid system 
is shown in Fig. 1 below. The system consists of an off-grid 
micro-hydrokinetic river system, battery storage system and 
end-user (residential, commercial or industrial load). Micro-
hydrokinetic river system is used to supply electricity to the 
load while the battery system is used to store excess energy 
from the micro-hydrokinetic river system. The storage mode 
will take place only when the load demand is less than the 
power generated by a micro-hydrokinetic river system. If a 
load demands more than the generated capacity, the battery 
will then supplement the imbalance by supplying the deficit. 
To ensure a reliable and sustainable energy supply at no 
shortage, the battery storage capacity and micro-hydrokinetic 
river system must be adequately sized. 

 
Fig. 1: Proposed MHK-Battery hybrid system layout  

 

B.  Hydrokinetic system 
     Hydrokinetic river systems extract the kinetic energy of the 
flowing water in a river by making use of the swept area of a 
turbine rotor blade. Its output power depends on the speed of 
the flowing water. It can be installed in rivers with a minimum 
velocity of 0.5 m/s and above [17]. Its operation principle is 
similar to the one of a wind turbine system [18]. However, 
unlike the wind resource, the main advantage is that the 
flowing water resource does not suddenly fluctuate within a 
very short period of time [9]. Since the water density is 800 
times greater than the air density, hydrokinetic turbines can 
extract enough power even at low speeds [19-21]. This simply 
implies that the amount of energy generated by a hydrokinetic 
turbine is much greater than the one generated by a wind 
turbine of equal diameter and performance under equal wind 
and water speeds [17]. The energy generated by the 
hydrokinetic system is expressed as follows [10, 14]: 
 

tCvAE GHKTpWHK
35.0   (1) 

   

Where: ρW is the water density (1000 Kg/m3), A is the 
hydrokinetic turbine swept area (m2), v is the water speed 
(m/s), Cp is the power coefficient of a hydrokinetic turbine 
performance, ηHKT-G is the overall efficiency of a hydrokinetic 
turbine-generator unit and t is the time (s). 

III.  SIMULATION DATA 
     To determine the impact of different load profiles on 
MHK-B hybrid system operation, three different load profiles 
having the same energy consumptions have been used during 
simulations. The simulation where carried used the same 
flowing water data from a typical river of South Africa and the 
same system components as inputs to HOMER Pro Version 
3.6.1. During simulation the interest rate of 7% has been 
considered and the project was assumed have a 25 years 
lifespan. The simulations have been carried out with the 
intention of meeting the load demand at no capacity shortage. 

A. Load profiles description 
     As mentioned earlier, this study is conducted with the 
intention of using MHK-B hybrid system to meet the demand 
of residential, commercial and industrial consumer load types, 
separately. The main objective is to see the impact of each 
load profile on the hybrid system sizing and operation. Hence, 
each load type is modelled separately as a primary load type.  
Jardini et al. [16] conducted a field measurement study to 
determine and validate the average daily load profile curve for 
residential, commercial and industrial low voltage alternating 
current (AC) load types. The commercial and industrial load 
profile curves have been used to estimate daily power demand 
for commercial and industrial loads. For residential load, a 
typical South African high-consumption residential consumer 
load profile curve was considered [15]. It can be noticed that 
the South African daily peak demand usually occurs in the 
morning when people get ready to go to work and in the 
evening when people get home and turn on the appliance 
simultaneously.  
     To fulfil the objectives of the study, the three load profiles 
were allowed to have the same daily energy consumptions 
without changing their shapes or curves. The area under each 
curve represents the daily energy consumption. Fig. 2 
illustrates the resulting load profiles for the residential, 
commercial and industrial load types as used in the 
simulations. Each load profile has been set to have the same 
energy consumption of 60 kWh/day for a better comparison 
purpose. After enabling the same energy consumption for each 
load type, the residential load resulted into a peak power 
demand of 4.42 kW at a small base load of 1.4 kW. The 
commercial load resulted into a peak power demand of 
5.43 kW at a small base load of 0.29 kW while the industrial 
load resulted into a peak power demand of 7.32 kW at a small 
base load of 0.14 kW.   
     It can be seen that both the commercial and industrial loads 
demand more energy during the day as compared to the 
residential load. At around 12h00, the industrial load demand 
drops at a high rate when compared to other working or peak 
hours. The reason is because unlike the commercial 
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businesses, most industrial businesses allow their employees 
to simultaneously take a lunch break instead of allowing 
different break shifts to take place. Hence, this allows the 
production process to delay a bit.   

B.  Hydrokinetic resource data 
     Hydrokinetic resource data is necessary to define the 
flowing water speeds that a hydrokinetic turbine would 
experience in a typical river. The monthly average water 
velocity of a typical river situated in Kwazulu Natal Province 
(South Africa) has been used as input to the hydrokinetic 
module as illustrated in Table 1 [9]. It can be seen that the 
maximum and minimum water-flow velocities take place in 
February and September, respectively. However, the proposed 
MHK-B hybrid system must be designed to meet the load 
demand throughout the year. 

 
Fig. 2: Daily load demand profile for (a) residential, (b) 

commercial, (c) industrial  

IV. COMPONENTS COSTS AND SPECIFICATIONS 
     The proposed MHK-B hybrid system consists of 
hydrokinetic river system to generate electricity and battery 
system to store energy for usage during deficit time. The 
performance and costs for each component of the proposed 
hybrid system are critical since they are the contributing 
factors leading to an optimum design configuration. The cost 
of each component is broken down into capital, replacement, 
and operation and maintenance (O&M) costs as illustrated in 
Table 2. All components are assumed to have the replacement 
costs being equal to the capital cost.  

A.  Hydrokinetic system 
     River based hydrokinetic turbines are available in a range 
of 1-10 kW [17]. In this study a generic 1.5 kW Darrius 
hydrokinetic turbine (DHK) system with the swept area of 
1.56 m2 has been selected [14]. It generates its rated output 
power at water-flow speed of 2 m/s or above. One unit 
requires a capital cost of US$15,000 with operation and 
maintenance (O&M) costs considered to be 2% (US$300) per 
year. Similar to the wind turbines, its life span is estimated to 
be 25 years [22]. The output power curve of the turbine is 
shown in Fig. 3. When the water speed exceeds 2 m/s it is 
assumed that the output power remains constant at 1.5 kW. 

B. Converter 
     An 8 kW, 50 Hz, 230 Vac Victron converter has been 
considered in this study to recharge the batteries and to 
convert DC output power from the batteries into AC power 
needed by the load. The cost price of this converter is 
US$5,509 with the O&M cost assumed to be US$55.09 [14]. 
This converter has an efficiency of 96% and its lifespan is 
assumed to be 10 years. This implies that it can supply a load 
demanding up to a maximum of 7.68 kW. 
 

TABLE I: 
MONTHLY AVERAGE WATER VELOCITY [9] 

Months Water speed 
(m/s) 

January 5.31 
February 7.25 
March 6.09 
April 1.81 
May 2.67 
June 2.18 
July 1.84 

August 1.54 
September 1.41 

October 1.69 
November 2.83 
December 5.27 
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TABLE II: COMPONENT SIZES AND COSTS 
Components Capital Cost 

(US$) 
O&M 
(US$) 

Replacement Cost 
(US$) 

Life Time 
(years) 

 
1.5 kW Hydrokinetic  

turbine (DHK) 

 
15,000/unit 

 
300/year 

 
15,000/unit 

 
25 

 
 

8 kW, 50 Hz, 230 Vac 
Victron converter 

 

5,509/unit 300/year 5,509/unit 10 

225 AH, Trojan T-105 
battery  

200/battery 40/year 200/battery 5 

 

 
Fig. 3: Darius hydrokinetic (DHK) turbine power curve [14]  

 

C. Battery storage system 
     A 6 V, 225 Ah deep cycle Trojan T-105 battery was 
considered as storage when simulating each load type in this 
study.  The per unit purchasing price (based on current South 
African market) is US$200 with O&M cost assumed to be 2% 
of the purchasing price per year.  The battery has a life-time 
throughput of 845 kWh with a lifespan assumed to be 5 year.      
 

V. SIMULATION RESULTS AND DISCUSSION 
     As stated in the introduction, the objective of the study is to 
analyzing the impact of residential, commercial and industrial 
load profile respectively on sizing and operation of an MHK-B 
hybrid system. This objective has been achieved using the 
optimum configuration results obtained in HOMER Pro 
Version 3.6.1. To ensure the validity of the impact analysis, 
the three load profiles were allowed to have the same daily 
energy consumption without changing the shapes of their 
curves. Table 3 illustrates the optimal configuration results for 
each load profile.  
 

 

A. Impact of load profiles on optimal sizing and operation  
     The optimum hybrid configuration of the MHK-B hybrid 
system using a built-in hydrokinetic turbine module available 
in HOMER Pro Version 3.6.1 was determined in this study. 
Each load profile demands 60 kWh per day. Based on the 
optimal configuration results, it can be seen that the residential 
load type demands less hydrokinetic turbine size (7.5 kW) as 
compared to the size (9 kW) required for commercial and 
industrial load types. The reason is because the residential 
load demands peak energy for fewer hours as compared to the 
commercial and residential loads. The optimal configuration 
results also reveal that for the same daily energy consumption, 
the residential load type demand least storage capacity 
(2925 Ah) while the industrial load type demand the most 
(6525 Ah).  Fig. 4 shows the monthly generated output power 
of the hydrokinetic turbine system for the residential load type 
while Fig.5 shows the monthly generated output power for the 
commercial or industrial load types. It can be noticed that the 
monthly output power generated by the hydrokinetic turbines 
yields the maximum power production only when the water 
velocity is 2 m/s or above (during January, February, March, 
May, June, November and December). 

B. Residential load type: Case 1 
     To supply the residential load profile, the optimal 
configuration of the MHK-B hybrid system consists of 5 
hydrokinetic turbine modules, 13 batteries and an 8 kW 
converter as calculated by HOMER to ensure 0% unmet 
residential load demand throughout the year.  Fig. 6 and 7 
shows the inverter and rectifier output power throughout the 
year, respectively. The inverter output power indicates that the 
battery bank discharges to supply electrical power to the 
unmet load demand and the converter output power indicate 
that the batteries are recharged.  
     Based in Fig. 6, it can be seen that the battery bank 
supports the hydrokinetic system by supplying the unmet load 
demand only during August and September due to insufficient 
water speed. Hence, the battery bank state of charge (SOC) 
drops as shown in Fig. 8 and will start recharging after 22h00 
in August and after 23h00 in September as shown in Fig. 7. 
The longer discharge hours take place in September between 
17h00-22h00 when the load demands above 2.6 kW.  
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Fig. 4: Monthly generated output power from a hydrokinetic system for residential load 

 
 

 
Fig. 5: Monthly generated output power from a hydrokinetic system for commercial or industrial load 

 
 

TABLE III: HOMER PRO VERSION 3.6.1 OPTIMAL CONFIGURATION RESULTS 
 

 Residential load Commercial load Industrial load 

Optimization results 7.5 kW hydrokinetic 
turbine system 

+ 
13 Trojan batteries 

(2925 Ah) 
+ 

8 kW converter 

9 kW hydrokinetic 
turbine system 

+ 
23 Trojan batteries 

(5175 Ah) 
+ 

8 kW converter 

9 kW hydrokinetic 
turbine system 

+ 
29 Trojan batteries 

(6525 Ah) 
+ 

8 kW converter 

Capital cost  ($) 83,109 100,109 101,309 
Operating cost  ($/y) 2,805 3,360 3,670 
Net present cost  ($) 115,798 139,269 144,075 

Levelized cost of energy  ($/y) 0.454 0.546 0.565 
Total energy production  (kWh/y) 54,150 64,985 64,985 

Excess electricity  (kWh/y) 32,171  42,898 42,741 
Storage autonomy  (h) 5.02 8.70 10.97 

Inverter hours of operation  (h/y) 437 671 794 
Peak Inverter POUT  (kW) 1.6 2.31 4.2 

Rectifier hours of operation  (h/y) 3,210 2,992 5,797 
Peak Rectifier POUT  (kW) 0.93 1.65 2.08 

Storage throughput  (kWh/y) 355.86 831.81 1,488.70 
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Fig. 6: Inverter output power (a) maximum power (b) hourly power (Case 1). 

 
 
 

 
Fig. 7: Rectifier output power (a) maximum power (b) hourly power (Case 1) 
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Fig. 8: Batteries state of charge (a) hourly (b) monthly statistic (Case 1) 

 
     This reveals that there are more inverter operational hours 
as compared to August month. During the month of April, the 
hydrokinetic turbine generates 5.5 kW which is sufficient to 
meet the residential peak demand as shown in Fig. 4. Hence, 
the battery bank does not discharge and does not charge since 
it is in 100% state of charge.  
     The worst batteries SOC is reached in September since the 
load is heavily relying on the battery bank. This worst SOC 
allows the battery bank level to drop to almost 30% as shown 
in Fig. 8. During this month, the maximum output power of 
1.6 kW is demanded by the load from the batteries as shown in 
Fig. 6. During the months of August and September, the 
power required to refill the batteries reaches the maximum 
value of 0.93 kW as shown in Fig. 7.   

C. Commercial load type: Case 2 
     The optimal configuration of the MHK-B hybrid system to 
satisfy the commercial load profile consists of 6 hydrokinetic 
turbine modules, 23 batteries (5175 Ah) and an 8 kW 
converter as calculated by HOMER. The required 
hydrokinetic generation capacity and storage capacity are 
higher than the ones required for residential load.  Hence, this 
leads to a higher capital cost and also results into higher net 
present cost (NPC), cost of energy (COE) as well as the 
operating costs. Fig. 9 and 10 shows the inverter and rectifier 
output power throughout the year, respectively. The inverter 
output power indicates the discharging process of the battery 
bank when supplying electrical power to the unmet load 
demand while the converter output power indicates the 
recharging process of the battery.  

      From Fig. 9, it can be seen that the battery bank support 
the hydrokinetic system by supplying the unmet load demand 
during August and September due to insufficient water speed. 
Hence, the battery bank discharges between 08h00 and 19h00 
as shown in Fig. 11a and will start recharging after 19h00 as 
revealed by the rectifier output. During the months of October, 
the low water speed of 1.69 m/s allows the five hydrokinetic 
turbines to generate 5.45 kW which is sufficient to meet the 
peak demand of a commercial load. Hence, the battery does 
not discharge.  
     The worst batteries SOC is reached in September since the 
load is heavily relying on the battery bank. This worst SOC 
allows the battery bank level to drop to almost 37.5% during 
commercial working hour as shown in Fig. 11. The SOC does 
not reach 100% during September. During this month, the 
highest output power demanded by the load from the batteries 
is 2.31 kW as shown in Fig. 9. This is lower than in the case of 
the residential load. During the months of August and 
September, the power required to refill the batteries reaches 
the maximum value of 1.65 kW as shown in Fig.  10.  This is 
higher than in the case of the residential load. 

D. Industrial load type: Case 3 
          Similar to the commercial load profiles, the optimal 
configuration results for supplying the industrial load profile 
also consists of 6 hydrokinetic turbine modules and 8 kW 
converter. However, the difference is that the industrial load 
requires the largest minimal storage capacity of 29 batteries 
(6525 Ah). Hence, an optimal configuration for the industrial 
load profile bids for the highest capital cost of US$101,309 as 
compared to the residential and commercial load cases. This 
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results into the highest COE and NPC since the power 
consumptions of the three load profiles are the same.  
     Fig. 12 and Fig. 13 show the behavior of the inverter unit 
and rectifier unit output power throughout the year, 
respectively.  It can be noticed that unlike in the residential 
and commercial load cases, the battery bank discharges many 
times (in April, July, August, September and October) as 
shown in Fig. 12. Hence, this leads to the highest operational 
hours of the inverter (794/year). The battery bank approaches 
the lowest SOC of 32% in September as shown in Fig. 14.  
 

During this month, the unmet industrial load demands a 
maximum output power of 4.2 kW power from the batteries as 
shown in Fig. 12. The industrial load allows the rectifier unit 
to operate for the longest duration by refilling the upper 
reservoir during non-working hours (18h00-08h00) and during 
lunch break (at 12h00) as shown in Fig. 13. The maximum 
power used to recharge the batteries reaches 2.08 kW which is 
the highest compared to both residential and commercials load 
cases. 
 

 
Fig. 9: Inverter output power (a) maximum power (b) hourly power (Case 2) 
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Fig. 10: Rectifier output power (a) maximum power (b) hourly power (Case 2) 

 

 
 

Fig. 11: Batteries state of charge (a) hourly (b) monthly statistic (case 2) 
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Fig. 12: Inverter output power (a) maximum power (b) hourly power (Case 3) 

 
 
 

 
Fig. 13: Rectifier output power (a) maximum power (b) hourly power (Case 3) 
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Fig. 14; Batteries state of charge (a) hourly (b) monthly statistic (Case 3) 

 
 
 

VI. CONCLUSION 
     This paper analyzed the impact brought by different load 
profiles on optimal sizing and performance of the MHK-B 
hybrid power supply system.  The flowing water resource data 
obtained from a typical river of South Africa was used as an 
input to obtain the optimal configuration of the MHK-B 
hybrid system using HOMER Pro version 3.6.1 simulation 
tool. Different daily load profile curves such as residential, 
commercial, and industrial loads having the same daily energy 
consumption of 60 kWh were considered and supplied by the 
MHK-B hybrid system at 0% capacity shortage. Comparison 
analysis has been carried out using overall optimum 
configuration results of both the generation and storage units 
of the MHK-B hybrid system.  
     According to the economic figures of each load profile, 
HOMER results have shown that the MHK-B hybrid system is 
more superior when supplying the residential load profiles due 
to the lowest COE and NPC. The commercial load profile 
incurs higher initial capital cost leading to higher COE and 
NPC and then followed by the industrial load profile. The 
optimum configuration results have shown that the type of a 
load profile to be supplied affects the size of the battery 
storage capacity as well as the operational hours of 
discharging and recharging the batteries.  
      Based on the peak output power results of the inverter and 
rectifier units, it has been noticed that under the same daily 
energy consumption, the industrial load profile requires the 
highest power to recharge the batteries and also demands 
highest power to supply the unmet load demand as compared 

to both the residential and commercial loads. This led to the 
highest operational hours of both the inverter and rectifier 
units. The commercial load profile was found to lead to the 
lowest rectifier operational hours per year as compared to both 
the residential and industrial loads. The residential load profile 
was found to lead to the lowest inverter operational hours and 
excess energy per year as compared to both the commercial 
and industrial loads.  
All three load profiles were found to yield large amount of 
excess energy per year (exceeding 50% of the generation 
capacity). This shows that there is a room to sell this excess 
energy to the grid or use it to supply power to the deferrable 
loads such as thermal storage, heating, air conditioning, etc.    
The results of this study have led to the following 
recommendations: 
 To determine the impact level of the three load profiles on 

a MHK-B hybrid system configuration when considering 
uncertainties due to external disturbances. 
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Abstract: Maintaining supply and demand balance has always occupied centre stage in utility planning.
Optimising the energy supplied to the demand offers numerous advantages to the power utility
and its customers. In order to optimise energy production costs and ensure the electrical network
stability, utilities have designed and implemented demand side management schemes in the industrial,
commercial and residential sectors. To fully take advantage of these schemes the knowledge of the
customer demand pattern is required. Over the years a large number of electrical demand modelling
techniques have assisted utilities in predicting the electrical demand for generation planning. These
models could not only predict the electric demand of a city, region or country but could also predict
the demand of a single household or an appliance in a household. In the residential sector, the electric
water heater has proven to be an ideal candidate for demand side management actions. In this paper,
the design of a model based on the simple physical description of a water heater is developed. The
proposed design takes advantage of statistical techniques to model each element of the electric water
heater energy balance, ensuring that the model maintains a physical significance.

Key words: Domestic electrical water heater, Demand Side Management, Residential energy
management

1. INTRODUCTION

Electrical utilities are faced with challenges to meet
the growing energy needs, to assure electrical supply
security and to reduce emissions of greenhouse effect
gases. In view of these challenges, it is crucial for the
electrical utility to monitor the energy use in the industrial,
commercial and residential sectors to more effectively plan
for short term and long term electrical energy demand but
also to maintain a supply and demand energy balance on
a continuous basis. Difficulties arise when a substantial
portion of renewable energy sources, characterised by
a high level of uncontrollability, are integrated in the
electrical energy generation.
Over the years, demand side management actions have
assisted electrical utilities to reduce and strategically shape
the electrical demand profile via peak clipping, valley
filling or demand shifting in order to optimise the energy
use in the electrical network, energy production cost and
ensure network stability [1]. DSM actions target energy
intensive electrical appliances for strategic control with
minimum impact on the user comfort, requiring a complete
understanding of the energy use behaviour of the targeted
appliances and the energy user.
In the residential sector, water heating activities accounting
for about 36% of the total energy used in a South African
household [2], present a high potential for DSM actions.
Water heaters can store heat energy in the water reservoir
for later use but also the users are less sensitive to subtle
changes in the hot water temperature. Tailoring control
strategies to the energy use of a domestic electric water

heater (DEWH) will minimally impact on the household
comfort level. Consequently, numerous DSM activities
have targeted the DEWH with minimum impact on the user
comfort.

2. OBJECTIVES

Utilities have an obligation to guarantee supply security to
their customers. DSM activities greatly support the utility
in attaining their obligations. A thorough understanding of
the customer energy use will assist the utility in the design
of strategies to reduce or shape the user demand profile
without negatively affecting the user comfort expectations.
Residential loads can be grouped into 3 categories:

• Space heating and cooling
• Domestic water heating
• Lighting and appliances

In South Africa the bulk of a household electrical energy
consumption is made up of the DEWH since space heating
in most cases is only significant for a few months in
winter and the adoption of space cooling in the residential
sector is very limited. Lighting and domestic appliances
loads cannot be shifted without negatively affecting the
user comfort. The perfect candidate for residential DSM
actions in South Africa has to be the DEWH. Various
modelling techniques have been employed for the design
of DSM actions on DEWH or for the assessment of the
impact achieved by implemented DSM actions [4], [5], [6],
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[7]. The objective of this study is to model the electrical
demand of DEWH in the South African environment using
a statistical approach to serve as a tool for DSM actions
design strategy in the South African residential sector. The
model proposed for this study aims at providing a tool
that takes advantage of statistical modelling techniques
while maintaining physical significance to allow an
easier integration of new or different technologies in the
model,hence increasing its re-usability.

3. STRUCTURE OF THE PAPER

This paper will be structured as follows: In section 4
modelling techniques employed over the years on DEWH
will be discussed. In section 5 the proposed model will
be presented , while in section 6 the simulation results
obtained from the proposed model will be discussed and
the conclusion is presented in section 7.

4. PREVIOUS ATTEMPTS

A DEWH is a cylindrical and pressurized metal container
with an electrical element controlled by a thermostat
usually set at 60�C to heat the water. The thermostat
allows a power flow to the electrical element as long as
the water temperature is below the set temperature. Once
the set temperature is reached, the thermostat interrupts
the power flow to the electrical element until the water
temperature goes below the dead band temperature (60�C
-55�C). DEWHs present a tremendous potential for DSM
activities and domestic energy management as attested by
the rich literature available on the subject.

Modelling techniques are designed in such a way to
optimise the performance of the model to the available
data warranting the use of one technique over the other
depending on the available information. Over the years,
two major trends have emerged in modelling the energy
use in the residential sector. These trends can be broadly
clustered into engineering models and statistical models
[3]. For DEWH, the engineering model requires a specific
set of physical data on the water heater or a group
of water heaters needed to be modelled including the
physical size or shape of the system, the system thermal
properties and orientation. The model obtained generally
maintains a physical significance at any scale and can
be easily modified to integrate changes of technologies
in previously designed models. This is specially helpful
when the energy impact of new technologies needs to be
assessed. Mathematical equations are employed to predict
or model the energy consumption of the DEWH depending
on the physical parameters of the appliance. Earliest
engineering models employed Algebraic mathematical
equations describing the energy balance in a water heater
system [8], [9], [10]. The parameters required for the
model design were grouped in three categories: Climatic,
demographic and system specific. Subsequent engineering
models employed differential equations describing the
water temperature in the DEWH as a function of time [4],
[11]. The water temperature in the DEWH at any time
determines the on and off state of the thermostat. Single

node differential models demonstrated good performance
in steady state condition, however at water draw events,
the model performance is reduced since a perfectly mixed
water in the water heating system was assumed [12]. Two
node, multiple nodes and continuous differential models
were developed with increasing level of accuracy better
describing the dynamic temperature distribution inside the
water storage [5], [6], [13]. A major disadvantage of
a purely engineering model however, is the difficulty of
integrating the human behaviour in the model.
To better describe or model the human behaviour, a
statistically based model is better suited. It employs
historical energy demand data collected on DEWH then
associated with a set of parameters including climate
data such as the ambient temperature or tap water
temperature, occupancy level, user income level, type
or size of household and users preferences. In [14]
and [15] multiple linear regression models were used
to obtain a model and [1] employed an autoregressive
moving average also known as time series model showing
good performance when compared to benchmark seasonal
model. Probabilistic models based on non-homogenous
Markov-chains were developed in [16], while in [17] a
state queueing probabilistic model was devised. More
recently, with the advances in computer speed and power,
more and more machine learning techniques have been
employed in the DEWH modelling. These techniques
include neural network, Fuzzy logic, dynamic Bayesian
method and Support Vector Machines [18], [19], [20].
While the performance of machine learning based models
is superior, the physical significance is however lost in the
process.

Countless modelling techniques have been devised with
varying complexity and increasing accuracy. The
algebraic engineering method initially employed has been
progressively replaced by better performing ones, two
and more node differential methods better describing
the temperature dynamics inside the tank. More
recently statistical methods have shown good prediction
performance surpassing in many cases the capabilities
observed in engineering models. The availability and
quality of information collected to build a model however
will determine the modelling technique better suited for the
specific application.

5. PROPOSED MODEL

The proposed methodology aims to develop a statistically
based model that would maintain the physical significance
of DEWH parameters. The advantage sought out is to
obtain a versatile model that can be updated in part to
accommodate for technological and behavioural changes
without the need to overhaul the entire model. The
idea here is to develop a statistical model based on the
engineering or physical characteristics of a DEWH. The
basis of the model is the energy balance equation of an
electrical water heater defined as:

Ein = Quse +Qloss (1)
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With :
Ein the electrical energy supplied to the system
Quse the heat energy used as hot water in the household
Qloss the heat energy lost due to energy conversion factor
and thermal losses.
To maintain a physical significance of the model, the
proposed approach separately models each element of (1)
into three different modules to be later combined to obtain
the overall predictive model. In order to define these
modules equation (1) needs to be expanded with:

Quse = m⇥ c⇥ (Thot �Tcold) (2)

Qloss = K ⇥ (Thot �Tamb) (3)

Where Thot ,Tcold and Tamb represent the hot water, cold
water and the ambient air temperature respectively, m the
mass of hot water used c the specific heat of water and
K a constant term linked to the geometry and thermal
properties of the hot water storage. Equation (1) can be
rewritten as:

Ein = m⇥ c⇥ (Thot �Tcold)+K(Thot �Tamb) (4)

5.1 Available data

Based on the factors influencing the energy use of DEWH
as outlined in (4), a number of parameters were chosen to
be monitored over a period of one year on typical DEWHs
in all six of the South African climatic zones. These
parameters included the ambient temperature, water inlet
and outlet temperatures, the volume of hot water draw from
the water heater and the electrical demand of the system.
All these parameters were logged with a specialised
telemetry system designed to monitor the input and output
of residential water heaters. The monitoring system
was equipped with three analogue input for temperature
measurement and at least 2 digital input for interfacing
with a digital flow meter and a power meter. A logging
resolution of 30 minutes was chosen for a yearlong period
on 50 typical systems selected for the study. Additional
data including the water heater size in litres and the
households surface area were also included. From the
collected data, days were grouped in three categories,
Weekdays, Saturdays and Sundays and given a numerical
value 1 for Weekdays, 2 for Saturdays and 3 for Sundays.
Based on the data availability, the approach selected to
design the model included the design of three sub-models
or modules to separately model the total daily energy use,
the daily distribution of energy demand and the system
losses.

5.2 Module 1:Daily energy use

The electrical energy demand of DEWHs represent the
total energy extracted from the electrical network for
the purpose of heating water. This energy demand is
primarily driven by the hot water demand in the household.
Secondary influencing factors include the inlet water
temperature, the ambient temperature and the thermostat
set point. In (2) let us assume that the specific heat of

water c and density to be constant, Thot be equal to the
thermostat set temperature and also constant. Equation (2)
can be written as:

Quse = aV +bV Tcold (5)

With V the volume of hot water use and a and b constants.
Tcold is the temperature of water entering the water heating
system and can be related to the ambient temperature.
Consequently, (5) becomes

Quse = aV +b1V Tamb (6)

Similarly with the same assumptions (3) can be written as

Qloss = l+b2Tamb (7)

From equations (6) and (7), (1) becomes

Ein = aV +b1V Tamb +b2Tamb +l (8)

The sub-model in Module 1 will be developed on the basis
of equation (8) where the value of a, b1, b2 and l could
be determined via regression techniques. This sub-model
will determine the total energy demand of a DEWH for a
day if the total volume of hot water use in the household
and the average daily ambient temperature are known. In
order to obtain the daily energy use profile, it is necessary
to determine the time of day when hot water is needed and
the quantities required at each instance of use.

5.3 Module 2: Water use profile

In Module 1, a model describing the total energy use of
a DEWH daily was designed. However, the quantities
of water and the time of use need to be determined
to construct a daily energy use profile from the total
energy demand of a day. The quantity and time of
water use are dependent on the user preferences. In
Module 2 the probability of hot water use occurrence
will be employed to predict when hot water draw will
be most likely to occur and the volume drawn at each
water draw. To conduct a probabilistic study, the collected
data was divided according to climatic zones and each
zone subdivided according to the household surface area
(greater than 120 m2 and less than 120 m2). A histogram
of water draw occurrence can be obtained for each half
hour from the subdivided data ensuring that weekdays,
Saturdays and Sundays are considered separately. For each
half-hour we will obtain:

H(zone,area,day) =
⇥

x0 x1 x2 ... xn
⇤

(9)

Where x is the number of water draw occurrences and
n indicates the volume of water drawn in litres at each
water draw occurrence. The histogram obtained for each
half-hour will be fitted to a distribution that will more
closely follow the shape of the histogram. A kernel
distributions was found to be the better fitting distribution
to model water draw event for each half hour. A
comparison between a histogram of water draw occurrence
obtained from measured water draw for zone 1 at 7h30 and
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Figure 1: Water draw histogram and Kernel probability
distribution for zone 1 at 7h30

a Kernel distribution built from the histogram is shown in
Figure 1. The volume of water drawn at each half-hour
will be obtained by:

vi = Pk(Hi) (10)

Where v is the volume of water draw, H the histogram
data obtained as a function of the zone, household
surface area and day type for each half-hour i and Pk a
kernel probability distribution function. The sub-model in
Module 2 will provide the volume of hot water use for a
24h period for each day type in the following form:

V =
⇥

v1 v2 v3 ... v48
⇤

(11)

The hot water use obtained in (11) can be used to build the
daily useful heat energy profile of the DEWH. Note that
the water draw profile V obtained in (11) depends on the
zone, household surface area and day type.

5.4 Module 3: System losses

The third sub-model will be concerned with modelling
the DEWH energy losses. The efficiency of a DEWH is
defined as

h =
Quse

Ein
(12)

From the data collected,the daily electrical energy was
measured and it was possible to calculate the daily heat
energy use in each household with (2). The efficiency
of a DEWH depends on the thermal insulation of the
water storage, the ambient temperature and the system
usage. The system size will also play an important role
in conserving heat energy. Larger system will conserve
heat better than smaller one due to the ratio of water in
contact with the storage internal surface to the total volume
of water in the storage. A higher ratio will imply higher
losses in the system. A 10 layer neural network was
employed to correlate the system efficiency to the cited
parameters with good results after linear regression models
failed to provide a satisfactory outcome. This is due to the
effect of the high dependency of the system efficiency (or
losses) to the physical characteristics of the DEWH water

reservoir determined by the shape and material used in the
manufacturing of the hot water reservoir. Only the system
size in litres was available as physical characteristic in the
data used to build the model. The better performance of
a neural network in this case is explained by the process
employed to build the network. Here the weight given
to each neuron is adjusted until the prediction error can
no-longer be reduced effectively optimising the model
output to the available data.

6. MODEL TESTING AND PERFORMANCE
EVALUATION

The performance of forecasting models can be evaluated
with a variety of tests. In general the R-Squared test
is widely employed to assess a predictive model. The
R-Squared test indicates the proportion of the model
response that can be explained by the model parameters.
It ranges between 0 and 1 with 1 indicating that 100% of
the data can be explained by the model. In the design
of Module 1 and 3 linear and quadratic fit models were
employed to identify each sub-model coefficients. The best
performing models were then filtered for outliers prior to
their inclusion in the complete model. The performance
evaluation were based on the R-Squared test performed on
the entirety of the dataset employed in the model design.
The results seen in Table 1 show that the quadratic fit
performs better in Module 1 and was filtered to be included
in the complete model. Both the linear and quadratic fits
for Module 3 did not perform well enough to be included
in the final model. A neural network model was employed
instead. The probability distribution function used in the
design of Module 2 was chosen through visual comparison
between the actual histogram of water draw occurrence and
a selection of probability distributions. The best fit to the
measured data was realised by a kernel distribution(See
Figure 1).

Table 1: Modules performance tests
Module 1 Module 3

Linear R2 = 0.959 R2 = 0.547
Quadratic R2 = 0.963 R2 = 0.640
Filtered R2 = 0.980 R2 = 0.654

NN � R2 = 0.818

The complete model was built by combining the designed
Module 1, 2 and 3. A portion of the collected data used
to fit the models was set aside for testing purposes. The
required input to the model included the climatic zone, the
size of the system in litre, the surface area of the household,
the ambient temperature and the day type. From these
input the model computes the used energy,the energy
losses and the daily electrical demand profiles for each day.
The operation of the complete model is illustrated in Figure
2. The output of the model is obtained according to the
following steps:

• Generate the water draw profile from the zone, day
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Figure 2: Complete model process flow

and area data for each day using (11).
• From the water draw data generated in the previous

step and the temperature data, obtain the total daily
energy use of each system with Module 1.

• Using Module 3, obtain the daily efficiency of each
system then separate the heat energy use and the
energy losses.

• Generate a daily energy demand profile with the heat
energy use and the water draw profile.

• Combine the losses with the obtained energy demand
profile.

The model was tested with a week of the actual measured
data collected from the 50 DEWH used in the study.
The results obtained by comparing the actual demand and
the modelled demand for a week as shown in Figure
3 demonstrate a good performance. The demand for
hot water is concentrated for the most part in the first
hours of the morning and at sunset. The designed model
could predict the daily demand patterns by evaluating the
likelihood of water draw event from the data employed in
the model design.

In Figure 3, a comparison can be made between the
proposed model and a monthly average model (MA).The
MA model was obtained from indirect measurements or
”notch tests” conducted at substation level to estimate the
South African national DEWH load profile [21]. Averaged
profiles derived from the ”notch test”, categorized into
coastal and inland profiles, have been employed to evaluate
the impact of DSM activities implemented on DEWH
nationwide [7]. It can be observed from Figure 3 that
the MA model consistently overestimates the DEWH
demand during non-peak periods (mostly day time) and
underestimates the demand during peak periods (mornings
and evenings). The proposed model however shows better
predictive performance. Comparing the root mean square
errors (RMSE) and mean average errors (MAE) of the
two models as shown in Table 2, the lower errors values

obtained from the proposed model confirms the better
performance of the model as compared to the MA model.

Table 2: Proposed and MA models performance
assessment comparison

Model RMSE MAE
MA model 5.034 4.065

Proposed Model 3.778 2.989

7. CONCLUSION

The electrical demand of DEWH was modelled by a
statistically based model built from the basic physical
description of an electric water heater. The designed model
is constructed from 3 simple modules or sub-models each
describing an element of the energy balance equation of a
water heater.

The designed model shows good performance when
compared to actual measurements and demonstrates a
better accuracy when compared to the MA model. The
adopted methodology produced a versatile model that
could be easily adapted to model different types of electric
water heaters with adjustments to the appropriate modules.
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AUTONOMOUS DEMAND RESPONSE OF WATER HEATERS
UTILISING A STATISTICAL CONTROL PARADIGM

D. Cooper⇤ and W. Cronje
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South Africa

Abstract: This paper reports on a method for distributed demand response that is cheaper to implement
than conventional Smart Grid technology. It is actualised through individual, autonomous load
controllers that detect when the grid is under strain through the grid frequency. Water heaters are
determined to be suitable load candidates as they can increase or decrease the overall consumption for
extended periods with minimal impact to end users. A basic water heater model is developed with the
aid of physical tests. A potential controller is discussed which uses a grid frequency measurement to
regulate power consumption and water temperature measurement to ensure service delivery.

Key words: Autonomous Demand Response, Water Heaters, Smart Grid.

1. INTRODUCTION

The development and adoption of Smart Grid technology
throughout the world has been a focus of energy sectors for
the purpose of better managing the usage and generation of
electricity. The conventional Smart Grid is formed with a
communication network the allows connection to a central
controller that monitors and controls the grid. The problem
with this method of control and optimization is simply
that the cost of entry for a Smart Grid is high, making
it unfeasible for developing counties that do not have the
required infrastructure.

It would therefore be beneficial to find a low cost method
of improving the efficiency of a standard grid. One
potential methods is autonomous demand response: this
refers to the automatic control of loads on the grid without
a central controller that will stabilize imbalances between
power consumption and generation. This document details
research into the requirements for autonomous demand
response controllers for control domestic water heaters,
attempting to improve grid health while not impacting
users lifestyles.

2. BACKGROUND

2.1 An Autonomous Smart Grid

Creating load controllers that can individually determine
whether or not to turn on domestic appliances allows for
demand response to be actualised without the need for
a central controller or communications network. Having
them operate without any communication connection will
likely reduce the benefit to the grid, but will drastically
improve the affordability.

2.2 Grid Frequency and Power Imbalance

Kundar [1], describes the relationship between a grid
frequency change and an imbalance of power in Equation
1 below.

D f =
1

Ms +B
(DPe �DPl) (1)

Where:

• D f is the change in average frequency in Hertz
• Ms is the equivalent rotational system inertia
• B is the inverse of the frequency sensitivity to power

change and not utilised in further modeling
• DPe is the change of power generated in Watts
• DPl is the change of power consumed in Watts

This equation represents the grid as a single combined
generator and single combined load. While this model is
a very basic approximation, it is suitable for this research.
Discussion in [2] follows this model, and presents more
detailed and accurate models for an AC grid. From this
equation it can be seen clearly that any frequency drop
indicates that load has been added to the grid ro that supply
has been reduced. Conversely, an increase of frequency
shows that the power supply has increased or that load has
been removed.

2.3 Frequency Reactive Projects

With or without the load being automatically controlled,
any switching of large loads (be they individually large
or an aggregation of smaller loads) will affect the grid
frequency. Research into the impact loads will have on
the grid, as well as improving the stability of the grid
frequency though load control, is discussed briefly below.

Looking into using residential Smart meters to provide
demand response, it is shown that with specifically
designed delays, an autonomous response is feasible.
Commonly used appliances are grouped such that different
amounts of load can be shed for different amounts of

SAUPEC 2017 428



time in the case of a supply loss. While it is attempted
to minimize the impact on end users by limiting the
maximum amount of time any single appliance can be
off for, there are still times when appliances will not be
usable. [8]

A theorised decentralised system that makes use of isolated
controllers is presented in [9]. The proposed control
scheme uses a stochastic process to determine how to
control appliances in response to the grid frequency. The
paper focuses on battery charge controllers which will be
able to consume excess power and then supply other loads.

Focusing on the impact that automatically controlling
loads will have on the end user, the Grid Friendly
Appliance Project carried out in California installed
appliance controllers in suburban households that would
turn the appliances off if the grid frequency dropped. In [3]
and in [4] the setup, experimentation and results of the
project are discussed in detail. While the scope of the
project was limited to providing a fast reduction in load
during a sudden loss of generation, the research shows how
the selection of appliances controlled resulted in a minimal
impact to the end users.

The work presented here is similar to the above research,
but rather than focusing on the regulation of grid frequency
it is primarily aimed at determining if a controlled load
can be usefully dispatched or defered when there are
imbalances between power generation and consumption as
indicated by a change in frequency.

2.4 Appliances as Passive Energy Stores

Pumped storage schemes on the majority of utility grids
allow for energy to be stored during times of excess
generation and then reclaimed later when there is a power
deficiency. Expanding on the ideas in the literature
reviewed that controlling household appliances could limit
the load when there is a limited supply, it is proposed
that controlled appliances be utilised as a mathod for
consuming excess power.

For the majority of appliances this system would increase
the overall consumption without any return as the energy
consumed cannot be returned to the grid. Losing energy
in this manner can potentially be mitigated by using water
heaters as the controlled appliance. When there is excess
power (or deficit load) on the grid the water inside the tank
can be heated above the typical temperature as the heater
load is dispatched. In the opposite case, the heater can
be turned off and its consumption defered when available
power is limited and will maintain a suitable temperature
for an extended period of time.

3. TESTING AND MODELLING A VERTICAL
WATER HEATER

To properly utilise water heaters in this research they
must be modeled mathematically. The complex models
for water heaters developed in [6] and [7] are used in

simulations attempting to determine how regulation of
their operation would effect users. Below is a simple model
developed with basic thermodynamic laws.

3.1 Physical Testing

A 100 litre water heater with 2 kW element was installed
vertically and a PT-100 temperature sensor was placed
close to the center of the tank. Once filled with water
and pressurised, the element was connected to the grid
supply and controlled solely by the thermostat set at 70 �C.
A comparison between measured water temperature and
simulated temperature can be found below.

3.2 Validating a Mathematical Model

The basic model of water heaters used in this research
assumes that the water temperature is uniform. This
aloows the use of the discretised thermodynamic Equations
below, which describe how the average temperature
changes for every second passed. Equations 2 and 3
describe the temperature increase when the element is
on and the cooling process when the element is off
respectively (the loss of heat during the heating periods is
considered negligible).

Tn = Tn�1 +
P

mc
(2)

Tn = Ta +(Tn�1 �Ta)(e�r) (3)

Where:

• Tn is the current, average water temperature in �C
• Tn�1 is the average water temperature one second past

�C
• P is the power consumption of the water heater

element in kW
• m is the mass of the water in kg
• c is the specific heat capacity of water
• Ta is the temperature of the surrounding air in �C
• r is the convection coefficient

Iteratively comparing the simulated temperature with the
experimental temperature allows the convection coefficient
parameter (all other parameters are known) to be calibrated
to the approximate value of 3.5⇥10�6. Figure 1 below
shows the direct comparison between simulated and
measured temperatures. From this it can be concluded
that once the convection coefficient is known the simulated
model can be used with confidence. The minor deviation
between the graphs beyond the second peak can be
attributed to the model utilising absolute minimum and
maximum temperatures while in reality the points where
the thermostat turns on or off can vary slightly.
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Figure 1: Comparison between experimental and simulated
results.

3.3 Operational Duty Cycle

An important metric of the stable operation for a water
heater is the amount of time that the element is on versus
the amount of time that it is off: the ratio of this will be
referred to as the duty cycle. Adapting the above Equations
2 and 3 to the form presented in Equations 4 and 5 allows
us to solve for the time taken for the water temperature
to increase or decrease between specific temperatures and
thus determine the duty cycle as in Equation 6.

th =
(Tn �Tn�1)⇤m⇤ c

P
(4)

tc =
�1
r

ln
Tn�1 �Ta

Tn �Ta
(5)

D =
th

th + tc
(6)

• th is the time taken to heat
• tc is the time taken to cool
• D is the duty cycle

For the specific water heater in the experiments and
the comparison simulation it can be determined that the
duty cycle is approximately 4.16%. However; this duty
cycle changes depending on the average steady state
temperature as well as various other characteristics of the
heater. Thus at an average temperature of 70 �C with
all other parameters identical the duty cycle reduces to
approximately 3.2%.

4. A STATISTICAL CONTROLLER

Below is a description of the proposed Statistical
Controller. This method for control utilizes a probabilistic
curve to determine the percentage chance for an individual
water heater to turn on or turn off.

4.1 Linear Form

The most simplistic, linear form of this control can be
found in Figure 2 below. At any given point in time the
grid frequency will deviate from the normal by a certain
amount. For the accepted range of frequency deviation a
percentage is generated based on the percentage of time
each water heater should be on when the frequency is
normal. The ‘Alpha’ value is this percentage, and it can
be seen that it corresponds to a 0 Hz deviation. The linear
scaling between the frequency and percentage extends
to a minimum of 0 percent at the maximum negative
deviation. This ensures that at times when the grid is
strained (indicated by a drop in frequency) individual water
heaters have no chance to turn on and thus at a grid scale
the maximum load will be removed as the heaters turn off.
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Figure 2: Template form of statistical controller.

4.2 Internal Temperature Bias

To incorporate the need for users to receive hot water,
a secondary manipulation can be applied that biases the
percentages generated according to the water temperature.
This biasing increases the percentage chance to turn on at
low temperatures and decreases it at high temperatures.
An example of this can be seen in Figure 3 where the
permitted frequency deviation is selected as 0.4 Hz while
the maximum and minimum temperatures are 90 �C and
60 �C respectively. This bias is actualized through a linear
scale based on the maximum and minimum permitted
temperature along with an absolute scaling factor.

5. SIMULATIONS

Java was used to create a modular simulation incorporating
multiple controllers and water heaters.

5.1 Simulation Structure

There are three classes that form the simulation: the
grid, the controllers and the water heaters. A grid is
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Figure 3: Plot showcasing the effect of post-scaling probability
with respect to water temperature.

created with an ArrayList of controllers that can be added
to indefinitely, and each controller is connected to an
individual water heater. As time advances the grid runs
through each controller so that the current grid frequency
and the temerature of the connected water heater is read.
Based on the controller either turning the heater on or
off, the temperature of the water changes according to the
equations presented above. The simulation reads in grid
frequency values from a text file with measurements of
the South African grid, and adjusts it based on the power
consumption of the water heaters. This adjustment is done
through averaging the frequency read from the file with
what the frequency would change to if the water heaters
were the only load on the grid. The simulation ignores the
usage of hot water such as ablutions except for the singular
case presented in a later section.

5.2 Key Parameter Variations

To achieve the results that are presented below there are
key parameters of the simulation elements that are changed
to present various cases.

In every variation there are specifically 1000, 2 kW,
100 litre water heaters being controlled. The base load
is initially set to a value that approximates the power
consumption removed by the controlled heaters. In this
case there are 1000 standard heaters that have been
replaced, and since the duty cycle has been approximated
as 3.2% then on average approximately 64 kW would be
consumed. If the controlled water heaters cumulatively
consume more or less than this, it is an indication that there
is a power imbalance on the grid and the frequency will
change accordingly. During the simulation the base load
can also be altered to represent a change in load elsewhere
on the grid, which would cause a power imbalance.

The grid sensitivity parameter is important to determining
the impact that any imbalance has on the frequency. This
acts as a direct scale between a power imbalance and
the resultant frequency deviation according to Equation

1. Changing this value during initialisation indicates the
portion of the grid that is made up by the controlled water
heaters. A higher sensitivity indicates that the heaters form
a large portion and thus any imbalance will cause larger
deviations of the frequency. Conversely, a lower sensitivity
with the same imbalance will cause a smaller frequency
deviation.

On the controller side both the ‘Alpha’ percentage value
and permitted frequency deviation can be altered to
change the statistical generation. Within the presented
simulations the Alpha percentage will be set to 3.2% as
this ensures that at 50 Hz water heaters will maintain a
steady temperature around 70 �C. If there was a variety
of water heaters with different duty cycles this Alpha
value would change for each. The permitted frequency
deviation is selected to restrict the frequency: a lower value
will reduce the possible deviation, but will also reduce
the flexibility of the controllers, potentially resulting in
non-suitable temperatures.

6. RESULTS

To test the impact that the temperature biased controller
has, we look at the temperature profiles of 15 random water
heaters over the course of 4.5 days. In Figure 4 below it
can be seen that the heaters with biased control (above)
reach the steady state temperature faster than the standard
statistical control (below).
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Figure 4: Temperature profiles showing biased statistical control
(above) and unbiased control (below).

The fact that the temperatures all tend toward a stable point
around 70 �C proves that our Alpha value selection based
off the stable duty cycle is correct. It follows that a higher
Alpha would raise the steady state temperature while a
lower one would decrease it.
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Running the simulation with a varying base load shows
how the controllers respond to a power imbalance on the
grid. Figure 5 below shows the impact a changing load has
on the typical water temperature of stable heaters.
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Figure 5: Temperature profiles impacted by a base load changing
with repect to the normal value.
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Figure 6: Temperature profiles with water draw-off.

Emulating a user drawing off hot water can be seen
in Figure 6 above where the temperatures of two water
heaters drop by approximately 30 �C over a short period of
time. One water heater drops straight while the other has a
smaller step drop before the larger drop. In both cases the
water temperature returns above 50 �C in about an hour
and above 60 �C in about two and a half hours, showing
a reliable return to usable temperature and once again the
impact of bias control for lower temperatures.

7. DISCUSSION

7.1 An Autonomous Dispachable and Deferrable Load

One immediate result of the statistical control is the
changing stable temperature of the water heaters in

response to both changing base load as well as frequency
fluctuations. As noted earlier in this report, the stable
temperature heavily impacts the duty cycle of a heater
(which in turn dictates what the average load of each
heater is) and thus it can be directly conluded that
the controllers reliably increase or decrease the load on
the grid. Most notably the controllers act completely
autonomously, isolated from each other and any central
control.

On a grid with renewable energy sources, or even one with
multiple traditional sources, there is a random aspect to the
supply which traditionally has to be managed by system
operators. For example: the power available on a grid with
PV or wind turbines is heavily influenced by the weather
at any given point and excess power must be curtailed
somehow while insufficient power must be subsidised by
more reliable sources. The controller developed here
mitigates the effect of fluctuating sources, allowing for a
changing influx of unanticipated power to be consumed
less wastefully, and if there is a deficit of power then water
heater consumption can be deferred.

7.2 Frequency Regulation

With the water heaters changing the load on the grid, it
is pertinent to show the impact that the controllers have
on the grid frequency. A sample of the typical frequency
can be seen in Figure 7 where the differences between the
original grid measurement and a high and low sensitivity
grid can also be seen (justfying grid sensitivity as a key
variable as in Section 5.2). A noteworthy observation is
the fact that while the controllers do attempt to center the
frequency, there is an element of noise that can cause large
deviations particularly in the case of high sensitivity.

Figure 8 below allows us to see various distributions
of the grid frequency, and the impact that the grid
sensitivity has is clear. At a high sensitivity there is
minor improvement while a low sensitivity stabilises the
frequency notably. It is also clear that the resulting
frequency follows a normal distribution closely: this is
expected as the random function used in the controllers
is normally distributed. The minor deviations from this
distribution can be attributed to the random nature of
the measured frequency as well as the impact of the
temperature biasing aspect of the control.

8. CONCLUSION

Providing autonomous demand response could be a low
cost method for improving the health of an AC grid.
It was proposed that a potential solution would be to
capitalise on the relationship between frequency and power
imbalance with controllers for domestic appliances. Water
heaters were selected as an appropriate appliance to be
controlled because their deferrable nature allows them
to be disconnected from power for long periods of time
without impacting the end user and they can be utilized
as dispatchable loads. A control scheme was presented
and tested that uses individual water heater characteristics
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Figure 8: Frequency distribution depending on grid sensitivity.

and the grid frequency to generate a probability for
each heater to turn on. The results show feasibility, as
controlled heaters maintain appropriate temperatures while
responding to any power imbalance or frequency deviation
on the grid. This results in a regulated grid frequency and
a proof of concept for autonomous demand response.
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Abstract: Electrical energy and water remain in the spotlight in South Africa, where these resources
are constrained and load shedding and water restrictions are commonplace. One application where
these two resources meet is the ubiquitous electric water heater, which has been the focus of various
demand side management proposals. This paper presents the results of a field study, where smart
controllers were installed on water heaters. Actual water consumption data for 68 field units over a
month was used to determine the impact on the electrical grid of a user-centred energy optimising
schedule control vs. utility-centred peak shaving control. The baseline used is unscheduled “always
on” control. The results show that substantial savings can be achieved for the individual, but what
is good for the individual is bad for the utility. However, the utility-centred peak shavings has little
impact on the average individual, and substantially reduces the load peaks.

Keywords: Demand-side management, smart grid, intelligent control, electric water heater, geyser,
power saving.

1. INTRODUCTION

South Africa has seen recurrent energy crises in recent
years, with the national electricity utility resorting to load
shedding to cope with the lack of generation capacity.
Load shedding is a blunt instrument that cuts all power to
certain areas with significant inconvenience to consumers
and national economic impact, since load shedding does
not take individual schedules and micro-level optimisation
into account. Moreover, energy demand experiences a
sudden peak once the load shedding period is over, leading
to wild fluctuations in demand.

Additionally, major water shortages in certain parts of
the country have led to water rationing [1]. For example,
Cape Town is currently on level 3 (30% savings) water
restrictions [2].

The rising energy challenge and the current water
shortage create opportunities for smart resource man-
agement solutions. Key drivers to address these needs
are accurate and high-resolution measurement, real-time
remote reporting, and user-friendly reporting of these
critical resources. Access to such features will enable
user awareness and a resource-conscious mentality towards
water and electricity consumption in households and
communities.

On a national scale, a recent study found that the urban
sector contributes to 22% of South Africa’s water demand
[3]. An important contributor to energy consumption is the
ubiquitous electric water heater (EWH), which consumes
7% of the country’s energy demand and 20% of the
residential energy demand. However, during peak hours,
it constitutes between 30% and 50% of the residential
energy demand [4]. In the context of managing the load
on the network due to EWHs, load shedding has two

main drawbacks, namely: After a load shedding event,
all water heaters will immediately burden the load to
either heat water that was used or cooled down during
load shedding; and it complicates intelligent management
of EWHs significantly, since users now have to manage
heating not only around their own schedule but around load
shedding too. EWH Demand-Side Management (DSM)
technologies can help relieve critical demand periods for
the national grid power supplier, regardless very few EWHs
are well managed.

One of the main reasons why EWHs are not optimally
managed and not fully understood is that they are mostly
installed in hard to reach places, either in the attic or in the
space between the ceiling and roof. This type of installation
prevents the user from monitoring the temperature of
the EWH for each major hot water event. Due to the
inaccessible location and capacitive nature that leads to
time-lagged behaviour, it is considered to be a dumb
black box that merely converts electricity into warm water.
The black box nature furthermore, does not provide any
insight into the temperatures, water use, nor the energy
consumption to the user, leaving many users ignorant of
its operation and lack of optimisation.

Users are mostly unaware of when, and for how long, to
switch their EWH on and off to reduce energy consumption
while having warm water on demand [5]. This causes an
increase in usage costs and unnecessary energy wastage.

To address these challenges, a novel technological
solution was developed with the main goal to allow ease of
access to controlling, monitoring and managing an EWH.
Additionally the solution aims to enable the measurement
of household usage profiles and processing them into
meaningful information.
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1.1 Contribution

This paper introduces an EWH management solution
that converts EWHs into smart EWHs that form part
of the Internet of Things (IoT) in a smart grid. These
Smart EWH Controllers (SECs) measure household
consumption patterns for both water usage and electricity
usage. This paper covers the potential DSM savings
an individual can expect with the implementation of
scheduled control for user-centred scheduling, and
compares it with a utility-centred approach of network
peak load management. The modeling of the potential
savings was done with measured consumption of 68 field
units and changes simulated with a validated EWH model
by Nel et al [6].The dataset with measured consumption
patterns can be found in [7]

This paper is organised as follows: Section 2 will
provide existing contributions to telemetry of water and
electricity devices, section 3 will expand on the design and
experimental setup of the system, whereas section 4 will
provide results of the obtained processed data. Section 5
will conclude the paper.

2. RELATED WORK

As part of their DSM initiative in 1997, Eskom
undertook a program to establish baseline data on electrical
energy consumption throughout the country. Furthermore,
a major sub-program focused specifically on water heating,
which included EWHs. By utilising their “notch test”
scheme, Eskom was able to determine the load profile of
residential EWHs. The resulting demand response for the
average weekday is shown in Figure 4 [8].

A proof of concept discussed in [9] can be seen
as one of the roots of this project. It introduced the
scalability of connecting multiple EWHs to a central
server via the internet and allowing different institutions
to remotely manage or monitor the consumption patterns
of EWHs. The system presented in [9] does not capture
water volumetric consumption, which is at the heart of
understanding consumer hot water energy demand. The
estimated data usage of the system in [9] had a data
rate of 1 MB per unit per day, compared with the
system in this paper that uses only 5-7 MB per monthTo
address these challenges, a novel technological solution
was developed with the main goal to allow ease of
access to controlling, monitoring and managing an EWH.
Additionally the solution aims to enable the measurement
of household usage profiles and processing them into
meaningful information.

Nel et al [6] used a computationally inexpensive energy
model for horizontal EWHs with scheduling. The model
simulates the internal temperature change due to water
events, seen as energy extraction, and heating events, which
is energy input. Predetermining a schedule for heating and
for water events allows the model to simulate the amount of
energy lost due to standing losses by calculating the amount

Contributor [1] [10] [11] This Paper
Online Reporting GSM Wi-Fi GSM GSM
Accurate Water measurement 7 3 3 3
Accurate Electricity measurement 7 3 3 3
Participant Sample Size 1 0 6 68

Table 1: Differences between related projects.

of electrical energy invested in the heating of the EWH.
The model can then estimate the efficiency of the selected
schedule for the predetermined water consumption pattern.
The model considers two models; a one node model and
two node model which includes a thermocline. However,
no aggregated data is presented.

The information in Table 1 summarises the differences
between various related projects in the field of water and
electricity measurement for EWHs with online reporting.
The summary includes projects with tests spanning at least
a month.

Brown et al [10] developed a smart metering system
that allows the user to interact with their EWH through
an interactive user-friendly website. The website can be
accessed through any web browser. On the website, the
user can view the current state of the water heater and
control both the water supply shut-off valve and element
states. Additionally, the user can set a scheduled control
scheme for the EWH. However, the downside of this design
is that the user must connect to the device’s Wi-Fi hotspot
with any Wi-Fi enabled device (e.g. smartphone, tablet,
laptop) within range of the water heater. Furthermore, no
aggregated data is presented.

Nel et al [1] describe a water usage detection system
with an algorithm derived from the principles of Dolan et al
[12] without the use of an expensive water meter. Measured
fluctuations in temperature on the outlet pipe of an EWH
are used to identify the start and end of water usage events.
This concept is used to identify and classify water usage
into small, medium and large events. However, this concept
was unable to accurately estimate either very small water
events or successive larger water events, due to the slow
temperature decay in the outlet pipe.

Booysen et al [11] implemented a field and lab
experiment to evaluate the impact of scheduling on
individual savings. This experiment implemented
scheduling for four participants with the aim to reduce
standing losses and energy consumption. The experiment
consisted of six EWHs of which only four were used in
the final results. This gave a local perspective of what
EWH management and consumption patterns are, and
demonstrated 29% savings achieved through scheduling.
However, this is a very small sample set and is therefore
statistically insignificant. Importantly, no mention is made
of the impact of peak demand on the grid due to scheduling.

3. EXPERIMENTAL SETUP AND DESIGN

The setup for the current experiment consisted of
pre-installed SECs connected to participants’ EWHs. The
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Figure 1: System layout.

experiment focuses on real-world usage data of hot water
and electrical energy, logged by the SECs to create
usage profiles for each participant. This section describes
the system as a whole, which includes the hardware, a
simulation model and the limitations of the experiment.

3.1 System Design

Figure 1 provides a conceptual layout of the overall
system. The SECs are physically connected to the
EWHs. These SECs are connected via a mobile network
to the Message Queuing Telemetry Transport (MQTT)
Broker which provides a bi-directional communication
layer between the outer nodes and the core system. The
measured data is processed and logged in a database from
where all the relevant EWHs are selected and their data
extracted. This all forms part of the backend.

The frontend provides a simple yet informative
depiction of the current state of the connected EWH with
controls, and an aggregated view of the network [13] The
website also gives the user the option of one of four
heating modes: ‘always on’, ‘always off’, a user-defined
timer scheduled control and an ‘auto’ schedule control that
is based on individual historic water consumption. The
majority of users choose to apply schedule control.

3.2 Experimental Hardware Setup

The individual EWH setup is shown in Figure 2. The
electrical supply to each EWH is intercepted by the SEC
and switched with a relay to switch the EWH on and off
as requested by the server for temperature and schedule
control. Power supplied to the element is measured and
reports energy usage by the minute. The water supply is
also intercepted by an in-line water meter, which allows

Water Electricity

Electrical Water Heater
(EWH)

Element

Outlet

Water Meter

Outlet 
Temperature

Inlet Temperature

Power Meter

Figure 2: Hardware setup.

minutely water consumption reporting. Finally, inlet and
outlet temperatures are measured to calculate and report
thermal energy output (enthalpy).

3.3 Experiment Parameters, Limitations and Reach

To obtain worthwhile results from data analysis, a
sample set was selected that would most accurately reflect
real-world conditions with the most intact data sets. This
was, however, challenging as a large increase in the number
of units occurred just prior to writing, leading to the
SECs not being fully integrated into the lifestyles of the
users. The habit of switching the EWH on and off at a
distribution board is still faithfully practiced by some users,
impacting the efficacy of some SECs’ logging capability.
Furthermore, another load control strategy, namely ripple
control, contributes to a limited number of SECs losing
power for peak periods of the day, and being unable to
report water and temperature measurements during those
times. Additional factors that contributed to loss of
connectivity, and therefore loss of data, include cellular
network outages and SIM cards running out of airtime. All
these factors were primary factors in data loss, contributing
to the reduced integrity of the data set of each affected and
disregarded SEC.

A period of one month was selected to provide sufficient
insight into the trends that appear from regular usage.
From the pool of SECs a few threshold tests were run
to determine the data integrity. These tests included the
total number of entries an SEC has logged, average hot
water consumption per day, average energy demand per
day, average number of hot water usage events per day
and average outlet temperature during events. Finally, a
visual inspection was conducted on the energy demand
distribution to eliminate the few outliers both below and
over the expected minimum and maximum demand average
per day of the week. Due to an apparent uniformity of
usage patterns during weekdays, which is not necessarily
present during weekends, weekends were excluded from
daily average consumption patterns. A final sample set of
68 EWHs were identified as suitable candidates for reliable
data analysis and used in this paper.

3.4 Simulation Model

The simulation model described by [6] et al was used
with the actual measured water consumption patterns
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Figure 3: Selected Schedule Types.

with a duration of over a month for each of the 68
EWHs, to estimate the outlet temperature, input energy
requirement, resulting outlet thermal energy and thermal
losses. The one-node EWH model was used since it is
less computationally expensive and sufficiently accurate
compared with the two-node model. The model was used
to simulate over a month’s worth of consumption data with
the same constants as defined in [6], which are the inlet
(18°C) and average ambient (20°C) temperatures as well
as the EWH thermal conductance 1.386 W/(m2K). The
element rating and EWH capacity were selected according
to the sample set parameters. The initial temperature for
the beginning of the month was choosen as 50 °Celsius.

3.5 Household Consumption Patterns and key metrics

Each participating household has a semi-unique hot
water consumption pattern, in the sense that some morning-
or evening water events are mere minutes apart from
each other, while other water events are unique to that
household. Bearing this in mind, five different schedules
were created and allocated to the various participants based
on their unique consumption pattern. The different types of
schedules for a time-span of a day are depicted in Figure 3.

Two main metrics were used to evaluate the changes,
namely total energy consumed over the month and number
of substantial consumption events with average event
temperature below 45 °C (termed cold events).

The decision of which schedule to apply to each
household for scheduling was done empirically – each
EWH was simulated with its measured water consumption
pattern over the test period, and each of the schedules
were applied. Firstly ‘always on’ heating was simulated
for the full test period, and the number of cold events
benchmarked. Then, the schedule was chosen that resulted
in the most cost-effective energy consumed over the full
period, such that the same number of cold events or fewer
occured compared to the ‘always on’ simulation. This
method resulted in a distribution of 34 for schedule type
ON, 19 for schedule type 1, 10 for schedule type 2 and 5 for
schedule type 4. It was found that schedule type 3 did not
optimally fit any of the participants’ consumption patterns.

Figure 4: Eskom notch test results from May 1997. Excerpt
from [8].

Figure 5: Power usage vs hot water consumption for an
average weekday.

3.6 Effect of Scheduling on Outlet Temperature

A utility-centred peak shaving and valley filling method
was implemented, which is essential in creating a flatter,
more uniform demand profile. The approach, called Time
Division on Demand Side Management (TDDSM), lowers
the peak demand while spreading out the demand over
the off-peak times. Using the simulation model and the
measured hot water usage, simulations were run for the
period of a month to determine the effects of different
groupings for peak shaving scheduling options on each
individual EWH. The EWHs were grouped based on their
energy demand. The groups are split such that the heaviest
users are in different groups and that the groups share a
similar cumulative energy demand. Different numbers of
groups were tested, and the event temperatures were used as
success metric, with the equivalent event temperature under
unscheduled “always-on” control used as a baseline.

4. RESULTS

4.1 Electricity and Hot Water Consumption

From the measured data the average of the sample
set weekday trends were extracted. Capitalising on the
relationship between the hot water usage and the electricity
demand, a weekday average was extrapolated to 100 EWHs
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Figure 6: Normal user temperatures for various control
schemes with hot water consumption.

from the sample set of 68 EWHs, as seen in Figure 5. The
hot water usage is shown to provide insight into the reactive
and proactive nature of EWH unscheduled and measured
control schemes. To provide insight into current trends
compared to that of Eskom’s “notch test” results in [8], the
simulated unscheduled network load is shown alongside the
measured energy demand.

Comparing the simulated unscheduled control demand
of Figure 5 with that of the results from Figure 4, it
is evident that these results share a common profile.
This profile has two main peak demand periods: in the
morning around 07:00 and in the evening around 19:00.
Contrasting this with the measured electrical load on the
sample set network, the sample set has an inclination
towards scheduling in anticipation of large hot water usage
events. As such, an “always-on” control scheme is clearly
a reactive control scheme as the energy that was removed
during an event is replenished after the event, which is
evident by the demand peak coinciding with the hot water
usage peak.

The simulated unscheduled demand peak slightly lags
the hot water usage peak, but due to a lower resolution
for display purposes it is not as clear. A much clearer
distinction can be made from the measured energy demand,
where many users are utilising the scheduling feature of
the SEC to set heating times. Four distinct groups stand
out, namely 03:00, 05:00, 16:00 and 17:00. These times
all coincide with anticipated hot water usage events, which
follow the prior assumption that the largest hot water events
are during the mornings and evenings.

4.2 Effect of Scheduling on Event Temperature

From the sample set, a median usage EWH was selected
to determine the effects the various scheduling techniques
would have on event temperatures. The specified cold
event threshold temperature, 45°C, was used to distinguish
sufficiently hot outlet temperatures. From Figure 6 it is
evident that a larger hot water usage event contributes
to a larger drop in temperature, as was expected. The
“always-on” control temperatures experienced only a slight
dip which was well above the threshold temperature.

Figure 7: Heavy user temperatures for various control
schemes with hot water consumption.

kWh Consumed [Cold Events]
Percentile Schedule ON Schedule TDDSM

100 1 594 [155] 592 [155] 448 [249]
75 1 276 [2] 270 [2] 263 [6]
50 2 201 [0] 173 [0] 196 [0]
25 2 125 [0] 114 [0] 125 [0]
1 2 78 [0] 74 [0] 78 [0]
Network total 15082 [263] 14860 [263] 14345 [628]

Table 2: Cost to Consumers.

Contrasting this with TDDSM using 2 and 3 groups, the
drop in temperature was in the order of 10°C and 16°C,
respectively. However, both versions of TDDSM were still
above the threshold temperature by roughly 5°C during
the more severe morning hours usage. Therefore, it can
be concluded that, compared to “always-on” control, both
2 and 3 grouped TDDSM kept the outlet temperature
sufficiently high.

Contrasting this with a heavy usage EWH, as seen in
Figure 7, the outlet temperatures for all control schemes
fell below the threshold temperature. The most evident
conclusion is that this EWH is being utilised over capacity
during the day, as indicated by the baseline “always-on”
control temperature. Furthermore, considering the effect
of TDDSM on such a heavy usage EWH, it is evident
that it severely drops the outlet temperature to 33°C and
28°C for 2 and 3 groups, respectively. This is well below
the threshold of 45°C, making this strategy unsuitable for
heavy usage EWHs as the comfort of the user is severely
impacted with their current usage pattern.

4.3 Potential Savings, Schedule control vs No Control

Given the selected schedules and the consumption
patterns of the EWHs, the simulated results of energy
consumption and number of cold events for select statistical
percentiles are summarised in Table 2. It is clear that the
heaviest consumer will not be able to partake in TDDSM
since they are already over capacity. Reducing their heating
times will result in a major increase in cold events. On the
other hand, the median and lower demand consumers will
not only contribute to TDDSM but will also benefit from it,
if not implementing scheduled control.
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Figure 8: Energy use of scheduled, on and TDDSM.

The results in Table 2 can be summarised as follows:
TDDSM is beneficial to the utility in relieving demand
peaks while also benefiting the EWH consumers. The
users below the median will not experience any noticeable
change in energy consumption nor in the number of cold
events due to the implementation of TDDSM. As one can
expect, the median consumer experienced a slightly lower
energy consumption overall while still not experiencing
any cold events. Therefore, the consumer will benefit
from scheduled control while they are conscious about
their total water usage and/or have a predictable hot water
consumption pattern. Interestingly, the network does not
gain as much, since the heavy users do not benefit from the
scheduling regime.

Furthermore, from a utility-centred perspective, Figure
8 illustrates the load profile for an average weekday of
100 EWHs with various scheduling options. Using the
“always-on” control as a baseline, it is evident that the two
main peaks occur in the mornings and evenings around
07:00 and 19:00 at 66 kW and 46 kW, respectively.
Contrasting this with TDDSM using 2 groups, the TDDSM
clearly reduces both peak demands. Most drastically is the
morning peak that was decreased by 10 kW, and distributed
over the off-peak times. When considering the optimal
user schedules, it can be seen that the peaks have shifted
in anticipation of hot water usage events. However, due to
the similar schedules of the average user, these times now
all coincide, leading to massive peaks around 03:00 and
15:00, at 118 kW and 66 kW, respectively.

5. CONCLUSION AND FUTURE WORK

This paper introduced a real time SEC for smart
grid which aims to improve consumer awareness of both
electricity and water usage. The implementation of the
system was described with the emphasis on data collection
and refinement. The data was used to select EWHs with
valid and matured data sets to run simulations on. Five
different schedules were derived and allocated to each
EWH of which the most effective schedule was allocated
with the criterion that the EWH will still provide hot water
on demand given their current consumption pattern. The
allocation of schedules was done with the utilisation of an
EWH simulation model. The model provided a dimension
to energy consumption and cold water events caused by
each schedule and consumption pattern applied for each
EWH. The energy consumption patterns were extrapolated
to 100 EWHs and TDDSM was applied to each pattern
using the simulation model. The TDDSM was applied
to achieve peak shaving and valley filling. The results
show that heavier users were most likely to experience
lowered comfort compared to an “always-on” control
scheme. From a utility perspective, TDDSM successfully
reduced the demand peaks while spreading the demand
over the off-peak times. Consumers with consumption
profiles lower than the median experienced virtually no
difference in energy consumption or the number of cold
events. The median consumer, however, was able to
save energy while experiencing no additional cold events.
Therefore, TDDSM is a plausible control technique to
reduce network demand peaks, while mitigating the effects
of over-consumption that occur once a large number of
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EWHs are switched on simultaneously after experiencing
a shut down.

Future work will include evaluating the impact of
using shorter time segments to obtain finer-grain control
of the heating distribution, improved optimisation schemes
with flexible grouping based on demand, and using a
combination of TDDSM and user scheduling for lower
energy consumption of median users. Further improvemnts
will also consider more dynamic schedules for auto
scheduling, rather than the fixed groups shown in Figure
3.

6. ACKNOWLEDGMENT

The authors would like to thank MTN for their support
through the MTN Mobile Innovation Lab at Stellenbosch
University, and the Water Research Commission for their
financial support for the field trial in Mpumalanga.

REFERENCES

[1] Nel, PJC and Booysen, MJ and Van Der Merwe,
B, “Using thermal transients at the outlet of
electrical water heaters to recognise consumption
patterns for heating schedule optimisation,” in 2015
7th International Conference on New Technologies,
Mobility and Security (NTMS). IEEE, 2015, pp. 1–5.

[2] City of Cape Town Municipality. Residential
water restrictions explained. Accessed: 2016-11-14.
[Online]. Available: https://goo.gl/7BZX1l

[3] Von Bormann, T and Gulati, M, “The Food
Energy Water Nexus: Understanding South Africa’s
most urgent sustainability challenge,” South Africa:
WWF-SA, Mar. 2014.

[4] Skinner, T, “An overview of energy efficiency and
demand side management in south africa,” Eskom
Holdings SOC Ltd., Johannesburg, 2012.

[5] Nel, PJC and Booysen, MJ and van der Merwe,
B, “Energy perceptions in South Africa: An
analysis of behaviour and understanding of electric
water heaters,” Energy for Sustainable Development,
vol. 32, pp. 62–70, 2016.

[6] Nel, PJC and Booysen, MJ and Van Der Merwe,
B, “A computationally inexpensive energy model for
horizontal electrical water heaters with scheduling,”
IEEE Transactions on Smart Grid, Jul. 2014.

[7] Dataset of consumption used in this paper. [Online].
Available: https://goo.gl/yUiryx

[8] Forlee, C, “Water heating in South Africa facts &
figures from the 1997 ”notch testing” program,” in
5th International Domestic Use of Electrical Energy
Conference, Cape Town, 1998, pp. 265–270.

[9] Booysen, MJ and Engelbrecht, JAA and Molinaro,
A, “Proof of concept: Large-scale monitor and
control of household water heating in near real-time.”
International Conference on Applied Energy ICAE,
Pretoria, 2013.

[10] Brown, JWK and Booysen, MJ, “An intelligent water
heater with wi-fi access to support demand-side
management.” Proceedings of the 23rd Southern
African Universities Power Engineering Conference,
Johannesburg, 2015.

[11] Booysen, MJ and Cloete, AH, “Sustainability through
intelligent scheduling of electric water heaters in a
smart grid,” in IEEE DataCom, 2016 IEEE 14th Intl
C. IEEE, 2016, pp. 848–855.

[12] Dolan, PS and Nehrir, MH and Gerez, V,
“Development of a monte carlo based aggregate
model for residential electric water heater loads,”
Electric Power Systems Research, vol. 36, no. 1, pp.
29–35, 1996.

[13] BridgIoT, “Geasy - BridgIoT.” [Online]. Available:
http://www.geasy.co.za/dashboard

SAUPEC 2017 440



DEVELOPMENT OF A DEMAND RESPONSE PROGRAMME  
FOR AN OPEN-PIT COAL MINE 

 
C. B. Pretorius* and H. J. Vermeulen** 

 
*  Anglo American Coal South Africa, PO Box 61587, Marshalltown 2107, South Africa 
** Department of Electrical and Electronic Engineering, University of Stellenbosch, Private Bag X1, 
Matieland, 7602, South Africa 
 
 
Abstract: The South African power system is changing at a rapid rate. There are various challenges 
currently being faced by the local utility, Eskom, in terms of ensuring adequate generation capacity, 
reducing the maintenance backlog and managing of costs and tariffs. In future, carbon tax, higher 
penetration of renewable energy and decentralisation of the power system are expected to present 
further challenges. This paper considers the potential role of demand response in responding to the 
above challenges in the current and future power system, focussing the development of a demand 
response programme for an open-pit mine. A methodology was developed to design a demand 
response programme, by firstly defining the typical demand response scenarios. Four scenarios were 
identified,  tariff pricing signals, voluntary participation under existing programmes, emergency load 
curtailment events and a future scenario called extreme load curtailment events. The various demand 
response assets for the mine was characterised and regression models developed to enable prediction 
of their power consumption based on production. A linear programming simulation was developed to 
plan hourly production, taking into account operational constraints (business objectives) and energy 
constraints (demand response events). The results indicate that the mine can successfully meet its 
production targets while participating in demand response activities. Demand response is highlighted 
as the least cost option to optimise the electricity network to maintain a supply and demand balance 
on the national grid. Energy savings, carbon emission reductions and energy cost reductions for the 
consumer are the additional benefits that may be unlocked through an effective demand response 
programme. 
 
Keywords: demand response, demand response asset, dragline, energy security, load curtailment, 
open-pit coal mine. 
 
 

1. INTRODUCTION 

Growing emphasis on sustainability, the depletion and 
rising cost of fossil fuels and the rapid evolution of 
Renewable Energy (RE) technologies in recent years are 
changing the classical power system topology based on 
large centralised power stations. The penetration of 
distributed RE sources is increasing rapidly [1]. This is 
giving rise to new challenges for power system 
operations, especially with regard to maintaining energy 
balance in the face of the intermittent and non-
dispatchable nature of RE sources [2]. New emphasis is 
being placed on Demand Side Management (DSM) as a 
means of maintaining system stability under conditions of 
limited generation capacity. 

2. ENERGY SECURITY CHALLENGES 

2.1. Generation capacity constraints 

The local utility, Eskom, commissioned the majority of 
the current generation capacity between 1952 and 1996 
[3], followed by various open-cycle gas turbines (OCGT) 
in 2007 [4]. The current new-built program includes two 
coal-fired stations rated at 4 800 MW each. The country 
experienced severe load shedding since 2008 until 
recently due to generation and transmission capacity 
constraints. Efforts to minimise load shedding with a 
depleted fleet of generating units have given rise to an 
increase in power station maintenance backlogs due to 
the deferral of maintenance activities [5], thereby 

increasing breakdown frequency and maintenance outage 
times. While the system is currently stable, partly due to 
decreased demand due to weak economic conditions, this 
is expected to change when the energy-intensive mining-
based economy recovers. The majority of the existing 
coal power plants, furthermore, are due for retirement 
from 2030 to 2050 [6]. 

2.2. Penetration of renewable energy 

The technological advances and decreasing cost of RE 
systems in recent years are making RE increasingly 
competitive with conventional utility-scale power 
generation technologies. The intermittent and non-
dispatchable nature of RE sources, however, give rise to 
new challenges in maintaining energy balance and grid 
stability. From a power system operations perspective, 
the increasing penetration of RE requires that aspects 
such as bi-directional power flow, power quality, 
protection coordination, reserve margins, optimisation of 
storage systems, DSM, etc. need to be addressed. 
Extreme weather events, for instance, can impact severely 
on the ability of the power system to balance supply and 
demand if reserve margins are limited and the required 
ramp rates exceed the capabilities of conventional plant. 
Demand Response (DR) represents an increasingly 
attractive option, both from technical and economic 
perspectives, to balance supply and demand in the 
evolving smart grid with high penetration of RE. 
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3. THE POTENTIAL OF DEMAND RESPONSE TO 
MITIGATE POWER SYSTEM CHALLENGES 

Disrupting technologies, such RE, may challenge the role 
the traditional utilities and allow Independent Power 
Producers (IPPs) or even consumers to offer decentralised 
generation and dispatchable DR, enabled through a 
digital smart grid [7]. From an energy management 
perspective, this scenario requires a systems optimisation 
approach, starting with end-use requirement as the 
primary driver. This approach typically identifies low-
cost initiatives with a significant upstream impact. In the 
context of power system optimisation of the evolving 
future grid, the least cost option to ensure a balanced grid 
starts with managing consumer demand. 

Demand Response (DR) represents a viable Demand Side 
Management (DSM) strategy in the above context. DR is 
defined by the Federal Energy Regulatory Commission, 
as the “changes in electric usage by end-use customers 
from their normal consumption patterns in response to 
changes in the price of electricity over time, or to 
incentive payments designed to induce lower electricity 
use at times of high wholesale market prices or when 
system reliability is jeopardized” [8].  

Demand response aims to manage the total demand on 
the power system in such a way as to reduce demand 
during critical periods. It thereby addresses the cost of 
unserved energy and unlocks energy savings and carbon 
emission reductions [1] in the most efficient manner, both 
technically and economically.  

4. DEVELOPMENT OF A DEMAND RESPONSE 
PROGRAMME  

4.1. Methodology 

The flow diagram shown in Figure 1 proposes a 
methodology to develop a DR programme. Typical DR 
scenarios are identified and the energy consumption 
profiles of the DR assets are modelled to enable 
prediction of energy consumption based on independent 
variables such as production. Simulations are performed 
to optimise the electrical consumption whilst satisfying 
the energy supply and production constraints. The results 
are interpreted and the next steps are determined. 

 
Figure 1. Flow diagram for the development of a DR 
programme. 

4.2. Demand response scenarios 

4.2.1. Introduction 

Current DR programmes can be categorised into four 
scenarios, namely tariff pricing signals, voluntary 
participation programmes, emergency load curtailment 
and extreme load curtailment. 

4.2.2. Tariff pricing signals 

The utility offers various Time-of-Use (TOU) tariff 
systems, depending on consumer demand. Large 
consumers are typically assigned the MegaFlex tariff, 
which comprises of three TOU periods, namely peak, 
standard and off-peak periods [9]. The tariff specifies for 
high and low demand seasons, i.e. June to August and 
September to May respectively. Energy costs for high 
demand season peak periods exceeds the average cost by 
280%. This represents a DR pricing signal for large 
consumers to reduce consumption [9]. 

The pilot Critical Peak Day (CPD) tariff system, which is 
based on the MegaFlex TOU tariff [10], has been proven 
internationally to reduce demand on CPDs when the 
power system is extremely constrained [10]. Electricity 
cost are increased significantly on CPDs, typically 20 
days per year from 06:00 to 22:00. The tariff offers 
reduced pricing on the remaining days of the year. The 
days are predetermined by the utility and consumers are 
notified at least a day ahead [10]. 

4.2.3. Voluntary demand response programmes 

Voluntary DR represents a cost-effective option to 
promote energy security [11]. There are several products 
in this category that mainly target large industrial 
customers [11]. One such programme is the supplemental 
product for industrial and commercial consumers that can 
reduce demand by 500 kW or 10% of the average 
demand, whichever is greater [12].  The duration is 
typically two to four hours per day and events are limited 
to a maximum of 150 events per year [12]. Notification is 
given a day-ahead to be on standby for DR the next day 
and load reduction is dispatched 30 minutes prior to the 
event [12]. A day-ahead product, which is similar to the 
supplemental product in terms of DR load, is also being 
piloted. Consumers are notified and dispatched a day-
ahead, typically before 15:00 [11]. The programme is 
expected to increase consumer participation and attract 
consumers that could not do so previously [11]. 

4.2.4. Emergency load curtailment 

Emergency load curtailment events represents load 
curtailment requests where the System Operator  (SO) 
declare a system emergency in terms of NRS048-9. The 
histogram of load curtailment durations of these events 
for 2013 to 1015 are shown in Figure 2. There were three 
events in 2013 and nine events in 2014. The majority of 
events occurred in 2015, which indicates that the system 
still experienced constraints in recent years. The majority 
of the events lasted between four and six hours, while 
another local mode of the distribution indicates that the 
second most prevalent duration of events lasted between 
12 and 14 hours. The first mode can be attributed to load 
curtailment events to cater for evening peak period 
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constraints, while the second mode is more related to 
baseload capacity constraints.  

 
Figure 2. Histogram of the duration of load curtailment events 
from 2013 to 2015. 

4.2.5. Extreme load curtailment  

Extreme load curtailment is an alternative scenario to 
emergency load curtailment. Instead of declaring an 
emergency and requesting all consumers to curtail load, 
this scenario considers load curtailment from willing 
consumers at a negotiated rate. This rate is derived from 
the cost of running peaking power stations, such as the 
OCGTs, but rather the cost of unserved energy. This 
prompts consumers to negotiate a rate that reflects the 
cost of unserved energy in their business context. It 
allows the utility to maintain power system stability, 
reduce load shedding impacts and protect public image. 
These events are expected to be of short duration, i.e. one 
to three days, about four times per annum and would be 
events that potentially affect the entire country. It may be 
dispatched due to the loss of multiple generating units or 
large weather systems affecting renewable energy 
generation in future. 

5. DEMAND RESPONSE ASSETS IN AN OPEN-PIT 
COAL MINE 

5.1. Overview of open-pit mining 

The typical open-pit coal mining process commences 
with the removal of topsoil and subsoil, followed by pre-
stripping to prepare the area for the drilling rig. Holes are 
drilled to the top of coal layer and blasted to loosen the 
overburden material, which is excavated by an 
electrically powered dragline, whereafter the coal is 
drilled and blasted. The coal, referred to as Run of Mine 
(ROM) coal, is loaded onto diesel trucks by electric 
and/or diesel driven shovels and stockpiled at the 
processing plant. 

The processing plant has various parallel processes to 
size and separate the coal from the fine material. It then 
undergoes dense medium separation, which removes 
contaminants, such as stones and soils, to produce a 
refined saleable product. The saleable product is 
stockpiled and reclaimed to service customer demand. 

The equipment, systems and processes that contribute 
significantly toward energy consumption are classified as 
Demand Response Assets (DRAs). In open-pit mining, 
the DRAs are typically represented by draglines and 

processing plants. Dragline operations represent the first 
step in the mining process and be can be stopped and 
started quickly. The processing plants, in most instances, 
have some form of stockpile capacity that can be utilised. 
Start-up and shutdown times, however, tend to be around 
30 minutes to two hours. 

5.2. Characterisation of electrical consumption 

The open-pit coal mine case study considered in this 
investigation has one dragline and one processing plant. 
The average weekly load profiles for the processing plant 
and dragline are shown in Fig. 4 and Fig 5 respectively. 
The 10 and 90 percentile curves are overlaid to show 
variation around the mean. The processing plant does not 
produce at full capacity on Tuesdays and Thursdays due 
to maintenance, but always exhibits a baseload 
requirement. 

The dragline operates mostly at full load when moving 
overburden. It operates slightly below full load when 
relocating. The dragline load reflects a baseload when 
operating, but no baseload when completely stopped. 

 
Figure 4. Average load profile for the processing plant with 10 
and 90 percentile lines indicating the variability of the demand. 

 
Figure 5. Average load profile for the dragline with with 10 and 
90 percentile lines indicating the variability of the demand. 

Although an average load profile provide good 
information about how a particular load typically operate, 
the real-time hourly averaged demand is more suitable for 
the purpose of determining the potential for DR. Figure 6 
and Fig. 7 show histograms of the real-time demand of 
the processing plant and dragline respectively.  

The histogram for the plant shows that the average 
demand curve in Fig. 4 understates the real-time demand, 
which is closer to 5.0 MW for the first mode. The second 
mode of 1.5 MW indicates that the plant stops regularly, 
mainly due to maintenance activities or low ROM 
stockpiles. The demand never reduces to zero, except for 
electrical outages, etc. During maintenance, the modules 
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are stopped one at a time while the rest of the plant 
continues to operate. The is reflected by the dip in the 
middle of the histogram. 

As for the processing plant, the average demand for the 
dragline shown in Fig. 5 understates the real-time 
demand, which is closer to 2.75 MW. The histogram 
indicates that the dragline is completely switched off at 
times. The dragline offers a potential demand reduction 
of 2.75 MW. 

 
Figure 6. Histogram of the hourly real-time demand of the  
processing plant. 

 
Figure 7. Histogram of the hourly real-time demand of the 
dragline. 

6. REGRESSION MODELS FOR DEMAND 
RESPONSE ASSETS 

The methodology used to perform regression analysis of 
the DRAs, using production as independent variable, can 
be summarised as follows: 

• An initial scatter plot analysis is performed:  A linear 
regression model and Local Regression (LOESS) 
model are derived. The data and the fitted models are 
plotted on a scatter plot and a 2D-contour plot is 
overlaid to show the density of the data points. 
Possible outliers, based on standardised residuals 
greater than the absolute number of two, are 
identified and indicated. 

• Outliers are omitted if there are sound reasons to do 
so. Another scatterplot analysis is performed with 
both LOESS and linear methods. A histogram is 
produced if the 2D-contour plots show distinct 
groupings.  

• A final scatter plot analysis is performed: A 
regression model of appropriate order, informed by 
the LOESS model, is fitted. A set of diagnostic plots, 
including residuals versus fitted values, normal Q-Q, 
scale location and residuals versus fitted values, is 

generated. Data points that do not fall within the 
requirements are investigated further and removed if 
appropriate. 

The process outline above is demonstrated using the 
energy consumption versus production data for the 
processing palnt. Figure 8 shows the initial scatter plot 
analysis for the processing plant. It is clear that the linear 
model does not describe the relationship between energy 
consumption and production adequately. The LOESS 
model does not follow the linear line, while the red points 
indicate possible outliers, based on the LOESS model. 

Figure 8. Initial scatter plot analysis for the energy consumption 
versus production of the processing plant. The blue and red 
lines show the linear and LOESS regression models 
respectively. 

Fig. 9 shows histograms for two distinct groupings of the 
energy consumption data, namely for the productive and 
the non-productive periods. The histograms confirms the 
bi-modal distribution observed in Fig. 6. The histograms 
reveal opportunities for improving energy performance 
through improved operational control. There is, for 
example, not enough production from the mining 
operations to run the plants at rated capacity for a 
sufficiently long period of time. This presents an 
opportunity for DR by utilising the ROM stockpile 
capacity. 

 
Figure 9. Histogram of the processing plant energy demand 
separated into the productive and non-productive periods. 

A plot of the residuals versus the model shows random 
variations with no distinct pattern. There are however, a 
number of data points that are identified as outliers. The 
normal q-q plot shows an almost straight line with some 
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flaring occurring at the tails as normal. Figure 10 shows 
the final regression scatter plot while Fig. 11 shows a plot 
of the residuals versus fitted model. The results indicate 
that the model is a good fit for the data. 

 
Figure 10. Final scatter plot analysis for the energy consumption 
versus production of the processing plant. The green and red 
lines show the non-linear and LOESS regression models 
respectively. 

 
Figure 11. Residuals versus fitted model plot for the processing 
plant. 

7. SIMULATION OF DEMAND RESPONSE 
SCENARIOS 

A linear programming approach is applied to derive 
hourly production schedules for the DRAs that have 
potential  to reduce electricity costs, whilst taking into 
consideration various operational and energy 
consumption constraints. Linear programming offers 
scalability and efficiency in finding optimal solutions, 
which enables it to be used for online applications [13]. 
The DRA regression models are used to predict the 
hourly energy or power consumption profiles for the 
scheduled production volumes. The energy consumption 
profiles are processed by a TOU costing model to 
determine the predicted energy costs. The proposed 
production scheduling process offers flexibility as the 
model can be re-run as necessary. In practice, however, 
the time horizon may be fixed from one to two weeks to 
allow scheduling of business resources [14]. 

The proposed methodology is tested for a DR scenario 
consisting of multiple DR interventions, consisting of 
voluntary DR participation (150 events for 2 hours), 20% 
reductions for emergency load curtailment (5 days for 4 
hours) and extreme load curtailment events (2 one- day 
events, 1 two-day event and 1 three-day event). Fig. 12 
shows a heat map of this DR scenario. In order to test the 

performance of the proposed methodology, simulations 
are conducted for the combined load of six mines and the 
change in demand from the actual power consumption is 
calculated. 

 
Figure 12. Heat map of the DR test scenario considered in the 
investigation. 

Figure 13 shows heat maps of changes in the load profile 
of the target load compared to the baseline case for the 
MegaFlex and CPD tariffs. DR reductions are indicated 
by positive values (red). The 10% DR reductions are 
clearly visible during the evening TOU peak periods. The 
negative green artifacts indicate that increased energy 
consumption is required in the vicinity of CPDs to 
achieve production targets. This results in higher energy 
costs compared with the MegaFlex tariff. Overall, the 
results indicate that the energy costs are slightly lower 
copared to the base case for both tariffs,. Production is 
also slightly lower, but monthly production targets are 
met as per the operational constraints. 

 
Figure 13. Heat maps indicating the DR from the baseline case 
for the MegaFlex and CPD tariffs. 

8. CONCLUSION 

The paper proposes a methodology for designing a DR 
response program for the open-pit coal mining industry. 
The energy consumption versus production 
characteristics of the processing plant and dragline DRAs 
are modelled using regression analysis, using LOESS 
modelling to assist in achieving the desired accuracies. A 
linear programming approach is applied to derive 

5.25 
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production schedules that can accommodate the desired 
DR program. A TOU costing model is used to determine 
the financial impacts of the DR program. 

Simulated results are presented for the combined load of 
six mines. It is shown that proposed methodology can 
successfully derive production schedules to accommodate 
a complex DR scenario consisting of multiple DR 
programme options. The results indicate that open-pit 
coal mines has potential as DR assets, without affecting 
the overall yearly production, whilst reducing the overall 
energy costs slightly compared to the baseline case. 
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Abstract: A hybrid method comprising artificial neural networks (ANN) and discrete wavelet 
transform (DWT) for short term load forecasting (STLF) is presented in this paper. For the ANN 
component of the hybrid model, the Levenberg-Marquardt back-propagation algorithm was used for 
network training; for the DWT component, the Daubechies mother wavelet was used. The hybrid 
ANN-DWT technique, the autoregressive integrated moving average (ARIMA) and the artificial 
neural network (ANN) techniques for STLF were developed in MATLAB 2016a and tested on real 
historical load data obtained from the City of Cape Town Network Control Centre and the South 
African Weather Services. All three models were tested and compared for forecasting accuracy. The 
ranges of MAPE values for ARIMA, ANN, and the ANN-DWT hybrid model show the effectiveness 
of the hybrid ANN-DWT model in obtaining more accurate forecast results. 

Key words: Short term load forecasting, artificial intelligence, ANN, ARIMA, DWT  

1. INTRODUCTION 
 
Short-term load forecasting (STLF) is a process of 
predicting future peak loads with lead times of at least one 
hour to one week ahead. In a power system, STLF is 
crucial for short term unit commitment and it also enables 
power system operators to develop optimal plans for 
power generation infrastructure [1]. STLF is also helpful 
in advancing research about integration of renewable 
resources such as wind and solar  [2]. 
 
An accurate STLF is paramount as it helps ensure a more 
efficient and more economic operation of the power 
system. The efficiency of power system operations is 
improved by an accurate scheduling which reduces the 
“out of merit dispatch” caused by a combination of 
forecast errors, unit ramping limits and reduction in 
reserves. According to Hodge et al [2], power system 
scheduling processes are performed through unit 
commitment and the economic dispatch process. 
 
STLF has been deeply researched and a lot of forecasting 
techniques have been proposed so far. These techniques 
can be divided into two classifications, namely the 
traditional forecasting methods and artificial intelligence 
forecasting methods. Traditional STLF methods are based 
on statistical theory and the representative prediction 
methods are the regression analysis method [3], stochastic 
time series method [4], and similar day approach [5] etc. 
Computational intelligence techniques rely on rapid 
development of artificial intelligence technology and the 
representative prediction methods are expert systems [5], 
wavelet analysis method [5], artificial neural network [6], 
fuzzy logic [7], support vector machines method [8] etc. 

Hybrid techniques that consist of a combination of at least 
one artificial intelligence method such as fuzzy logic and 
artificial neural networks have also been explored in 
endeavours to achieve better forecasting accuracy [1, 4, 9, 
14]. 
 
Electrical load demand is stochastic in nature and is 
heavily influenced by seasonal variation, day types and 
weather variables such as temperature, wind speed, 
rainfall, humidity etc. These load affecting factors should 
therefore be considered when predicting future load; 
ignoring them would compromise the accuracy of the 
forecasts. Artificial neural networks have proven to be 
very effective in predicting short term future load due to 
their adaptability and ability to learn complex nonlinear 
relationships between load and other factors [6]. 
However, hybrid techniques have proved to produce 
better results compared to ANN models in isolation. Fard 
et al [9] developed a hybrid ARIMA-ANN model using 
discrete wavelet transforms to utilise the benefits of the 
ARIMA model in modelling linear components of the 
load data. This paper presents a hybrid ANN-DWT which 
improves the already satisfactory accuracy of ANNs for 
short term load forecasting. 
 
For the purpose of comparative studies, a conventional 
method (ARIMA), an artificial intelligence method 
(ANN) and a hybrid of ANN and discrete wavelet 
transform were developed using MATLAB 2016a 
software and were then tested on a real South African 
network data obtained from the City of Cape Town. 
Although the main focus of this paper is STLF, the ANN 
and ARIMA models were further tested on medium term 
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historical load data, also obtained from the City of Cape 
Town for the Philippi/Montague area. 
 
The rest of this paper is organised as follows: Section 2 
presents a brief theoretical overview about the ARIMA 
model and also discusses how it was developed and tested 
in MATLAB. Section 3 briefly discusses the ANN theory. 
Section 4 focuses on the hybrid ANN-DWT model 
development as well as a brief theory on wavelets. In 
section 5, simulation results for both short term and 
medium term load forecasting are presented and 
discussed. Conclusions are then presented in section 6. 
 

2. THE AUTOREGRESSIVE INTEGRATED 
MOVING AVERAGE (ARIMA) 

  
The autoregressive integrated moving average (ARIMA) is 
a statistical time series technique that has been widely used 
for STLF. However, like other statistical methods, it 
produces substandard results when modelling complex 
nonlinear variables. The ARIMA model development and 
testing is discussed in the following subsections. 
  
2.1 Stationarity and differencing  
  
A stationary time series is one whose statistical properties 
such as mean, variance and autocorrelation, etc. are all 
constant over time [10]. Most statistical forecasting 
methods are based on the assumption that the time series 
can be rendered approximately stationary or can be made 
stationary through the use of mathematical 
transformations.  
 
The autocorrelation function (ACF) plot can be used to 
identify stationarity of the time series data. The ACF of a 
stationary time series drops off to zero relatively quickly 
while the ACF of non-stationary time series decreases 
slowly. Thus the first difference of the data was computed 
in order to make it stationary. 
 
The differenced time series is the change between each 
observation in the original time series as shown in equation 
(1) below: 
 

 𝑦′
𝑡 = 𝑦𝑡 − 𝑦𝑡−1 (1) 

 
The time series was differenced once, because it exhibited 
a non-stationary behaviour due to a slightly increasing 
trend. After the first differencing, it became stationary. 
The differenced time series has no trend and its statistical 
properties (mean, variance, etc.) are constant over time. 
The ACF and the partial autocorrelation function (PACF) 
graphs for both the original time series and the differenced 
time series are shown in Figure 1 below. 
 

 
 

Figure 1: ACF and PACF graphs of both the original and 
differenced time series data 

 
2.2 ARIMA model selection and AIC computation 
  
After differencing the time series to make it stationary, the 
ACF and PACF plots of the differenced time series were 
further used to identify candidate parameters for the 
ARIMA model. The last significant spike (above the 
significance range) of the ACF represents the 𝑞 parameter 
in the ARIMA model while the last significant spike of the 
PACF plot represents the 𝑝 parameter and the value of 𝑑 
is 1 since the times series was differenced once.  
 
Various models were selected and parameters estimated 
using the least squares method. The estimated parameters 
were then tested for goodness of fit using Akaike’s 
information criterion (AIC). The model with the least AIC 
(ignoring absolute values) was the one selected. After an 
appropriate ARIMA model was selected, the Box-Ljung 
test was conducted to test the validity of the null 
hypothesis which says: the residuals of the ARIMA model 
are not significantly autocorrelated. The null hypothesis 
test was not rejected implying that the ARIMA (20, 1, 2) 
model chosen was appropriate. In the ARIMA (20, 1, 2) 
model chosen, the “20” is the autoregressive term, the “1” 
is the differencing term and the “2” is the moving average 
term. 
 

3. ARTIFICIAL NEURAL NETWORKS   
  
The artificial neural network model was selected as an 
alternative design because it is one of the most effective 
artificial intelligence techniques for short term load 
forecasting. The ANN model has the ability to model 
nonlinear input variables and produce more accurate 
predictions compared to statistical methods. 
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 3.1 The artificial neural network architecture 
 
The ANN architecture used is shown in Figure 2 below. 
The multilayer perceptron feedforward backpropagation 
algorithm was used to train the network. It consisted of 
one input layer, one hidden layer (with 10 neurons) and 
one output layer.  The input and output layers were both 
[29 × 1] matrices. The log-sigmoid transfer function was 
used for the hidden layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  The ANN architecture 

The input layer is responsible for reception and activation 
of data from input files. It typically has a transfer function 
of 1 so that it does not alter the inputs. The hidden layer 
receives signals from all of the neurons in the input layer, 
applies the transfer function to the input signals and 
passes the outputs of the transfer function to the output 
layer [11]. The output layer makes these outputs available 
for display, further computation or use in another 
program. 
  

4. THE ANN-DWT HYBRID MODEL   
 
This paper focuses on the application of DWT in time 
series analysis for STLF.  The ANN-DWT hybrid method 
has been proposed and implemented by other researchers 
[12, 13, 14] in previous studies, but they all had the same 
approach, which was to decompose the historical load 
time series, forecast the decomposition components on 
separate neural networks, then sum up the forecasts of all 
approximate and detailed components to reconstruct the 
ultimate forecast signal.  
 
In this paper, a different DWT algorithm was used. The 
time series (made up of historical load and weather data) 
was forecasted by the ANN before decomposition by 
DWT. The output of the ANN forecast was then 
decomposed into approximate and detailed components, 
which are then independently fed to separate neural 

networks for retraining. The output signals of these 
individual ANN forecasts were then summed up to 
reconstruct the final output forecast. This method utilised 
the benefits of both neural networks and wavelets to 
improve load forecasting results. For the ANN component 
of the model, the Levenberg-Marquardt back-propagation 
algorithm was used, while the Daubechies mother wavelet 
was used in the DWT component. The db6 Daubechies 
family member was used to perform 3 level 
decomposition on ANN output signals. 
 
4.1 A brief introduction to wavelets 
 
Wavelets are mathematical functions whose operations 
are similar to Fourier analysis. They are used for various 
applications such as time series analysis and signal 
processing. Wavelets are the basic operating units of 
wavelet transforms which breakdown an input signal into 
separate low and high frequency components and analyse 
those components separately [12]. 
 
Generally, wavelet transforms can be categorised into two 
types: continuous wavelet transform (CWT) and DWT. 
The former was developed to operate on functions that are 
defined over the entire real number system while the latter 
is only suitable to operate on functions defined over a 
wide range of integers. The discrete wavelet transform is 
a discretized CWT, meaning that it breaks down the time 
series signal into integer number of samples for analysis, 
the data need not be integers but it is decomposed to 
discrete integer number of samples or pixels (in image 
processing). The DWT is advantageous because it results 
in the same number of coefficients as the original signal 
before decomposition hence more accurate. 
 
 
The formula for DWT computation is as in (2) [9]: 
 
𝑓(𝑡) = ∑ 𝐶𝑗0,𝑘∅𝑗0,𝑘(𝑡) + ∑ ∑ 𝜔𝑗,𝑘2𝑗 2⁄

𝑘

𝛹(2𝑗𝑡 − 𝑘)       (2)
𝑗>𝑗0𝑘

 

Where: 
x 𝑓(𝑡) is a discrete wavelet transform function 
x 𝛹 is the mother wavelet function. 
x 𝑗 is the dilation or level index. 
x 𝑘 is the translation or scaling index. 
x ∅𝑗0,𝑘  is the scaling function of the course scale 

coefficients.  
x and 𝐶𝑗0,𝑘  and 𝜔𝑗0,𝑘  are the scaling functions of 

detail (fine scale) coefficients 
 
The Daubechies mother wavelet family was chosen for the 
design due to its orthogonality which enables it to retain 
key information of the original signal in the frequency 
domain. 
 
4.2 Data selection for the ANN component 
 

Input 
layer 

Hidden 
layer 

Output 
layer 
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Table 1 illustrates how input variables were selected for 
ANN training and testing. 
 
After training the network, the outputs of the ANN 
forecast were decomposed into approximate and detailed 
parts using the discrete wavelet transform. The 
decomposition components were then forecasted 
independently on separate neural networks. Their forecast 
outputs were all summed up to reconstruct the original 
signal. 
Table 1: Selected inputs for ANN training 

MODEL INPUT 
COMPONENT DESCRIPTION 

ANN 
(Levenberg-
Marquardt) 

1 – 24 Hourly historical 
load data for a 
chosen week day 
or weekend day  

25 Average wind 
speed for that day 

26 Day type for that 
chosen day 

27 Average humidity 
for that day 

28 Minimum 
temperature for 
that day 

29 Maximum 
temperature for 
that day 

 
 
 

5. SIMULATION AND DISCUSSION OF 
RESULTS 

 
A comparative study of the forecasting accuracies of the 
three models was conducted using the mean absolute 
percentage error (MAPE), the mean absolute deviation 
(MAD) and the mean square error (MSE). The MAPE (3) 
is the commonly used technique for evaluating forecasting 
accuracies, because it determines the errors in percentage 
terms.  

𝑀𝐴𝑃𝐸 =
1
𝑛 ∑ (

|𝐴𝑐𝑡𝑢𝑎𝑙𝑖 − 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑖|
|𝐴𝑐𝑡𝑢𝑎𝑙𝑖|

) × 100
𝑛

𝑖=1

        (3) 

 
5.1 Simulation results for short term load forecasting 
 
A day ahead forecast for a summer weekday 
 
A day ahead load forecast for Thursday, 30 January, 2014 
was conducted using the three models discussed. Forecast 
results are depicted in Figure 3. 

 
The MAPE, MAD and MSE for all three forecasting 
models are presented in Table 2. 
 

 
 
Figure 3: Forecast for Thursday 30 January, 2014. 

 
Table 2: MAPE, MAD and MSE values of load forecasts 
for Thursday 30 January 2014 

 ARIMA ANN HYBRID 
ANN-DWT 

MAPE 
(%) 

2.92 1.89 1.75 

MAD 20.59 12.94 11.84 
MSE 804.50 338.23 307.10 

 
A day ahead forecast for a winter weekday 
 
A day ahead load forecast for Thursday 26 June 2014 was 
conducted and the forecast results are shown in Figure 4. 
The corresponding MAPE, MAD and MSE for all three 
models are presented in Table 3.  
 
 

 
 
Figure 4: Forecast for Thursday 26 June, 2014. 
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Table 3: MAPE, MAD and MSE values for ARIMA, 
ANN and ANN-DWT load forecasts for Thursday 26 June 
2014 

 ARIMA ANN HYBRID 
ANN-DWT 

MAPE %) 3,58 1,89 1,85 
MAD 29,41 13,94 13,61 
MSE 1364 301,38 297,31 

5.2 Simulation results for medium term load forecasting 

To further investigate the forecast accuracy of ANN vis-
à-vis ARIMA, medium term load forecasting was carried 
out using the duo. Using load data spanning 2005 - 2015 
for Philippi/Montague area of Cape Town, the area’s load 
profile for 2015 was predicted. Results thus obtained are 
shown in Figure 5. The corresponding MAPE, MAD and 
MSE for both models are presented in Table 4. 
 

 
 
Figure 5: Medium term load forecast for the year 2015 

Table 4: Table showing MAPE, MAD and MSE values 
for medium term load forecast for the year 2015 

 ARIMA ANN 
MAPE (%) 1,23 2,66 
MAD 11,89 25,95 
MSE 243,90 941,64 

 

5.3 Discussion of results for short term load forecasting 

The results of the STLF show that the forecast – actual 
load mismatch was greatest using the ARIMA model. 
This can be attributed to its weakness in modelling non-
linear variables. However, it was able to pick up the shape 
of the actual load. The performance of the ARIMA 
compares favourably with other accepted standards in 
practice. Some ARIMA models with MAPEs around 10% 
have been reported [13, 14]. 
In this study, more accurate results were obtained with 
ANN and the ANN-DWT hybrid models. The improved 

performance of the ANN model over the ARIMA can be 
attributed to the ANN’s ability to model stochastic loads 
having non-linear relationship with weather variables as 
stated in literature. 
 
Referring to Table 2, the significantly high MAD in the 
ARIMA forecast was reduced by 37.2% with the ANN 
model. Of all three models, the ANN-DWT hybrid model 
produced the best forecast accuracy: Compared to the 
ARIMA model, the percentage reduction in MAPE, 
MAD, and MSE were 40.1%, 42.5%, and 61.8% 
respectively; compared to the ANN model, the percentage 
reduction in MAPE, MAD and MSE were 7.4%, 8.5% and 
9.2% respectively. With the ANN-DWT hybrid model, 
the fairly accurate results of the ANN were further 
improved by the DWT through decomposition and 
network retraining. 
 
5.4 Discussion of results for medium term load forecasting 
 
As seen from Figure 5, the ARIMA model performed 
much better than the ANN model when applied to medium 
term historical load data. This can be attributed to the fact 
that medium term time series data had no weather variables 
and only historical load was considered for forecasting.  
 
Historical load exhibited a more linear characteristic and 
thus favoured a statistical time series method (ARIMA). 
For this reason, the ANN-DWT was not applied for 
medium term data since its requisite model (ANN) came 
second best to ARIMA. In Table 4, one can see that the 
values of MAPE, MAD and MSE of the ARIMA model 
are much lower than those of ANN model. This resonates 
with what was stated in other studies [9] that the ANN is 
not so good a model for data that exhibits a more linear 
characteristic.  

 
6. CONCLUSIONS 

 
Accurate STLF is pivotal to electrical utilities and 
independent power producers. It enables them to plan and 
control the power system operations efficiently and 
economically. In this paper, three models - ANN, ARIMA 
and the hybrid ANN-DWT - were investigated for STLF. 
The same number and type of input variables were applied 
to all three models in order to compare their forecasting 
abilities. Results of the short term load forecasts for all 
three models were presented and compared using metrics 
such as MAPE, MAD and MSE. 
 
The results obtained showed that ANNs are better suited 
to model short term load than ARIMA. Thus, for 
historical load with exogenous variables, the ANN model 
is preferable for STLF. However, with load data 
exhibiting linear characteristics (like the medium term 
data used in this study), the ARIMA model is preferable 
for performing load forecasts. 
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Furthermore, the accuracy of ANN models in predicting 
non-linear short term load, can be improved using hybrid 
techniques. In this paper, ANN-DWT hybrid model was 
presented for improving the forecast accuracy of ANN 
models. Results obtained show the effectiveness of the 
proposed model in obtaining more accurate forecast 
results. 
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Abstract: Analysis, modelling, and simulation of the dynamic behaviour of wind turbines require an 
appropriate wind speed model. Hence, the wind speed of a specified site where the wind turbine will 
be erected should be appropriately characterized and analyzed to attain comprehensive results. The 
main advantage of having the wind speed model compared to measured wind speeds is that the user 
can freely generate the required wind speed time series for dynamic simulations. For that reason, this 
paper deals with analysis and modelling of wind speeds. In this work, a Markov chain wind speed 
model along with Weibull and Gaussian analysis is used to characterize wind speeds using 
measurements from Durban (29.9560°S, 30.9730°E), South Africa. Subsequently, a transition 
probability matrix is developed based on wind speed states. Moreover, the Weibull and Gaussian 
frequency distributions are employed to predict wind speeds between successive hours and minutes 
respectively. Comparison of statistical tools such as median, mean, standard deviation, and 
probability density functions have demonstrated that the proposed model appropriately represents the 
measured wind speeds. Finally, the suitability of the model is validated by root mean square error 
analysis. 
 
Key words: Dynamic Simulation, Markov Chain, transition probability matrix, wind speed, wind 
turbine. 
 
 
 

1. INTRODUCTION 
 

For the past two centuries, rapidly growing populations 
and modernization trends have accelerated the demand 
for energy. Today, the world heavily depends on fossil 
fuels such as oil, coal, and natural gas for its increasing 
energy requirements. However, this fossil-fuelled 
economy is facing challenges such as depletion of 
reserves, global warming, security concerns, and rising 
cost [1, 2]. In tackling these challenges, much attention is 
given to the development of renewable energy, among 
which harnessing wind energy is the cheapest alternative 
[3]. 
  
In studies related to wind turbines, an appropriate wind 
speed model is required. Hence, the wind speed of a 
specified site where the wind turbine will be erected 
should be appropriately characterized to attain 
comprehensive results in the investigations of the 
dynamics of the wind turbines [4]. 
 
The wind is a random stochastic process whose dynamic 
behaviour can be represented by a stochastic model [5]. 
Naturally, it depends on pressure gradient, waves, jet 
streams, and local weather conditions [6]. Its stochastic 
modelling is a complicated task because of its strong 
variability in time and land terrains. Over a year, wind 
speed is periodic, showing seasonal variations; however, 
hourly average wind speed is a stochastic process with a 
Weibull probability density function; whereas within 
minutes, it follows a Gaussian random process [7]. In this 
section, wind speed is modelled using Markov chain by 

deriving the parameters from measured wind speed data 
of Durban. 
 
Markov chain is a stochastic process, satisfying the 
Markov property and characterized by memorylessness 
[8]. Indeed, the chain is a series of transitions between 
states (or values) of the process where the future state 
relies on the current state and not on how the process 
arrives at this particular state [7]. This model primarily 
takes into account the state, time index and statistical 
dependency of the random process [7, 8]. Moreover, the 
states may be finite or infinite. Thus, in this work, a finite 
number of states are considered. 
 
Different methods have been employed for time series 
characterization of wind processes. Markov chain models 
are employed to produce synthetic wind speeds [7 – 11]. 
The accuracy of a Markov model increases with its order 
[9]. Similarly, in [7], the first-order Markov chain is 
conducted to generate synthetic wind speeds using the 
probability transition matrix. Reference [7] also compares 
the energy density and autocorrelation of real and 
synthetic wind speeds. First-order Markov chain is often 
adopted for its simplicity [9, 11]. In [12], three semi-
Markov models have shown better performances than a 
normal Markov model in preserving the statistical 
properties of wind speeds. Particularly, the second order 
semi-Markov process is more suitable for processes 
including state and duration. 
 
Furthermore, the dimension of the state space considered 
has a significant effect on the accuracy of the Markov 
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model [13]. As the dimension of the state space increases, 
the accuracy of the model also increases, and the 
statistical characteristics of the wind speeds are 
satisfactorily preserved. 
 
In this endeavour, the first-order Markov chain model is 
used as it sufficiently models the wind speed time series 
obtained from Durban, South Africa. Moreover, we apply 
Weibull and Gaussian probability density functions, 
along with the Markov chain model, to generate synthetic 
wind speeds over minute and second intervals 
respectively. In fact, different to other researchers, we 
follow the aforementioned approach. 
 
The relationship between the stochastic properties of 
wind speed processes and the Markov chain model are 
investigated. Initially, hourly wind speed measurements 
from Durban South Merebank (29.9560°S, 30.9730°E), 
South Africa (DSM) are classified into sixteen distinct 
states with 1 m/s intervals. The wind speed data from 01 
August 2014 to 31 December 2015 were obtained from 
the South African Weather Services (SAWS). 
Subsequently, a transition probability matrix describing 
these states is determined using the Markov chain 
approach. Based on this matrix, an attempt is made to 
develop an algorithm which is implemented in 
MATLAB® to generate wind speeds from the principal 
elements of the Markov model. The wind speed time 
series generated from the proposed model are then 
compared with the actual measurements via statistical 
tools and error analysis. The intermediate wind speeds 
between hours and minutes are randomly generated using 
Weibull and Gaussian distributions, respectively, using 
parameters obtained from the Markov chain model. 
Finally, concluding remarks are given. 
 

2. TRANSITION PROBABILITY MATRIX AND 
LIMITING PROBABILITIES 

 
Transitional probability matrix is the base for any 
Markov chain model. In developing this model, first, the 
states of the model should be decided. Hence, the wind 
speed states are classified in the interval of 1 m/s as 
shown in Table 1. The wind speed data from the weather 
station at DSM are measured at an altitude of 8 m. 
However, the height of the tower of a wind turbine is far 
longer than 8 m. As a result, these wind speed data are 
converted to the corresponding higher elevation, wind 
speed data by the power law wind speed profile [14] 
defined as: 
 

       (
  
  
)
 

 (1) 

 
where    - wind speed at elevation 2 

   - wind speed at elevation 1 
  - elevation 1 
  - elevation 2 
 - Hellman Exponent    

The hourly wind speed values shown in Table 1 are 
obtained at an altitude of 70 m and range from 0 to 23 
m/s. Thus, the minimum wind speed is 0 m/s, and there 
are sixteen states in the model. 
 
Table 1: Wind speed states and their frequencies at 70 m 

elevation 

State 

Wind speed 
boundaries 
(m/s) 

Observed 
Frequency 

Expected 
Frequency 

1 0─2 1848 1847.488 
2 2─3 966 966.1512 
3 3─4 1139 1138.239 
4 4─5 1249 1248.867 
5 5─6 1044 1043.591 

6 6─7 843 842.002 
7 7─8 932 931.7336 
8 8─9 890 888.7116 
9 9─10 638 637.9548 
10 10─11 718 717.8528 
11 11─12 561 560.5152 
12 12─13 387 387.198 
13 13─14 340 340.4884 
14 14─15 266 265.5072 
15 15─16 141 141.358 
16 >16 328 328.1964 
Total 16 12290 12290 

 
The elements of the transitional probability matrix shown 
in (2) are calculated as follows: for N states at each time 
step, there may be N moves between two consecutive 
time steps. Thus, the transition probability from state i at 
time t to another state j at time t+1, denoted by pij, is 
calculated from measured wind speeds at DSM. 
 
The elements of the transition matrix are bounded within 
          such that,      *     +. The element     
denotes the probability of switching from state i to state j 
or remain in the same state. All elements of the matrix are 
greater than or equal to zero. The general state transition 
matrix is given by: 
 

  [

          
          
    

          
] (2) 

 
As sixteen states are considered in the state space, the 
size of our transition matrix will become 16x16, i.e N is 
16. The state transition probability matrix should fulfil 
the constraints given in (3) and (4). 
 

        (3) 

SAUPEC 2017 454



∑     
 

   

 (4) 

 
The elements of P in  (2) are calculated as, 
 

    
   
∑     

 (5) 

 
where     is the number of jumps from state i to state j. 
The elements of matrix P represent the frequency of the 
observed wind speed states, which come to the jth state 
from the ith state at the previous time step. 
 
Figure 1 shows the hourly wind speed data of Durban 
from 01 August 2014 to 31 December 2015. These data 
are modelled using first-order Markov chain approach.  
The elements of the transition matrix in (2) are obtained 
employing (5). Table A1 in the appendix shows the 
transition probability matrix. 
 
Observing the transition probability matrix in Table A1, it 
can be seen that the highest probabilities are around the 
main diagonal of the matrix. This indicates that if the 
current state is given, there will be a high probability that 
the next wind speed will remain in the same state. For 
instance, if the present wind speed is in the range 5 to 6 
m/s, there will be a probability of 0.214 that the 
subsequent wind speed will stay the same. 
 
Another characteristic of the transition matrix is that the 
transition probability of a state to a higher state is less 
than the probability of transition to a corresponding lower 
state. For example, if the current state is state 5 (5–6 m/s), 
the probability of transition from state 5 to state 6 (6–7 
m/s) is 0.1705 whereas the transition probability from 
state 5 to state 4 (4–5 m/s) is 0.23659. 
 
In general, the transition probability matrix shows that the 
probability of transition from a state to a far higher or 
lower state is less probable. For instance, if the current 
state is 2 (2–3 m/s), the probability of switching to state 
15 (15–16 m/s) is 0. Similarly, the probability of 
switching from state 14 (14–15 m/s) to state 3 (3–4 m/s) 
is 0. 

 
Figure 1: Observed wind speeds at DSM 

 
Another important factor of the Markov chain model is 
the limiting probability matrix (or steady state vector), π, 
which shows the total percentage occurrence of a state in 

a chain. This vector is equivalent to the mth power of P 
i.e.,     . The steady-state behaviour of a Markov 
chain is given as [15]. 
                             

,     -   ,     - (6) 
 
where πi is the steady state probability for the ith state. 
 
The sum of the elements within the limiting probability 
vector at steady state is given by: 
 
 

∑    
 

 (7) 

 
Table 2 shows the limiting vector, which is expressed as 
the fraction of the time the system in a state, are given by 
the 82nd (m = 82) power of the transition probability 
matrix, P. Moreover, the expected frequency column in 
Table 1 is obtained using this limiting vector. For 
example, if there are T hours in a given time interval, 
0.0927*T of the intervals will have wind speeds in the 
range 2 to 3 m/s, and 0.0456*T will have wind speeds 
between 10 and 11 m/s. The limiting vector of the 
Markov chain model is close to the real wind speeds, as 
depicted in Table 1. 
 

Table 2: The limiting vector 
States 1 2 3 4 

   0.1504 0.0786 0.0927 0.1016 

     States 5 6 7 8 
   0.0849 0.0686 0.0758 0.0723 
States 9 10 11 12 
   0.0519 0.0584 0.0456 0.0315 
States 13 14 15 16 

   0.0276 0.0216 0.0115 0.0267 

 

3. GENERATION OF WIND SPEEDS FROM 
MARKOV CHAIN MODEL 

 
At this point in this work, the transition probability 
matrix representing wind speeds, limiting state 
probabilities and expected frequencies have been 
determined from wind speed measurements at DSM. 
Reasonably, the application of Markov chain concept to 
wind speed time-series could assist in the synthesis of the 
random behaviour of wind speeds. Consequently, in this 
section, wind speeds are generated in MATLAB®. 
Finally, the accuracy of the proposed Markov chain 
model is compared with measurements from the DSM 
weather station. 
 
The generation of synthetic wind speeds is based on the 
elements of the probability transition matrix, which lie 
between 0 and 1, in Table A1. In fact, the cumulative 
transition probability matrix (CTPM) whose elements are 
obtained from the probability transition matrix as shown 
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in (8) is the basis for wind speed time series generation 
using the Markov Chain model. 
  

    ∑   

 

   

 (8) 

 
Pik is the transition probability in row i at state k. Table 
A2 shows the corresponding CTPM. 
  
In the synthesis of the wind speeds time series, 
MATLAB® random number generators are used to 
generate numbers based on the arranged states in Table 1. 
Subsequently, the randomly generated numbers are 
distributed among the different wind speed states 
according to the CTPM. Generally, the following 
algorithm is adopted in the synthesis of the wind speed 
data: 
1. An initial state is taken randomly. 
2. A set of uniformly distributed random numbers 

between 0 and 1 are generated. 
3. A new wind speed state is determined when the upper 

boundary of the interval in which the random value 
generated in step 2 is greater than the element of the 
CTPM of the previous state and less than or equal to 
the element of the CTPM of the next state. 

4. The intermediate wind speed values are obtained from 
a random number generator based on Weibull and 
Gaussian distributions for minute and second wise 
time intervals.  

 
Therefore, this algorithm can be used to generate any 
desired number of wind speeds. A sample generated wind 
speed time series which are generated using this 
algorithm are shown in Figure 2. 

 

 
Figure 2: Synthetic wind speed data 

 
4. VALIDATION OF THE MARKOV CHAIN 

MODEL 
 

To validate our Markov model, the statistical 
characteristics of the generated wind speeds are compared 
with the measured ones. Table 3 gives the comparison 
between the measured and synthetic wind speeds. The 
medians are close to each other. Similarly, the difference 
between the means is insignificant. Moreover, there is no 
pronounced difference between the standard deviations. 
Hence, statistically, it is observed that the three statistical 
tools for the synthetic wind speeds are very close to the 

measured ones. According to these statistical tools, 
therefore, the Markov model developed approximately 
represents the wind speeds measured at DSM. 
 
Another metric used to validate the Markov chain model 
is the probability density function (PDF). The PDF of any 
stochastic model provides adequate information rooted in 
the data by assessing the frequency distribution and 
general statistical tools like mean and standard deviation. 
Accordingly, the PDF of the wind speeds measured at 
DSM for a period of a year and a half (at 1 hour 
integration time) is compared with that of synthetic wind 
speeds, generated by the developed Markov model for 
model validation. 
  
The PDF of the generated wind speeds time series is 
close to the PDF of the measured ones as shown in Figure 
3. The consistency of the Markov model with the actual 
measurements can also be verified by considering the 
PDF parameters as shown in Table 3. This validates the 
accuracy of the model, which gives a fair representation 
of the wind speed measurements. 

 
Table 3: Comparison of measured and generated wind 

speeds 
 Measured 

wind speeds 
Synthetic 
wind speeds 

Error 
(%) 

Median 5.9800 5.8357 2.4 
Mean 6.46 6.42 0.62 
St. deviation 4.48 4.41 1.56 

 
Figure 3: PDFs of measured and generated wind speeds 

 
The Root-Mean-Square Error (RMSE) given by (9) can 
also be used to evaluate the performance of the Markov 
model. This statistical tool measures the average distance 
between the observed and generated data in Figure 3. 
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(9) 

Ei is the data from measurement and Fi is the proposed 
model data for the number of sample size, T. The RMSE 
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value of the PDF distributions is 0.93 showing that the 
degree of freedom of the model is within the acceptable 
range. Thus, the Markov model gives an excellent 
representation of the measured wind speed distribution at 
the DSM weather station. 
 

5. INTERMEDIATE WIND SPEEDS 
 

Although our Markov model generates hourly mean wind 
speeds, it is not capable of generating wind speeds in 
between hours and minutes. For this reason, Weibull and 
Gaussian frequency distributions are employed to predict 
wind speeds between successive hours and minutes 
respectively. 
 
The probability density function of a Weibull distribution 
is given as [16], 

 ( )  
 
  
      (

 
  
  )             (10) 

where  , a and b represent the wind speed, the scale and 
shape parameters of the Weibull distribution respectively. 
On the other hand, the Gaussian distribution is given by 
[16], 

 ( )  
 

 √  
  (

(   ) 
  ) (11) 

where    and    represent the wind speed and the mean of 
the wind speeds, and   is the corresponding standard 
deviation. 
 
Thus, the codes for the Weibull and Gaussian 
distributions are incorporated in the main MATLAB 
code. The Weibull and Gaussian parameters are obtained 
from the synthetic wind speeds of the Markov model 
using the maximum likelihood estimation method. As a 
result, the scale and the shape parameters of the Weibull 
function are calculated to be 6.94, and1.52 respectively, 
while the mean and the standard deviation of the 
Gaussian distribution are 6.24 and 4.36 respectively. 
  

 
Figure 4: Wind speeds generated using a Weibull 

distribution of Markov Chain data 
Figure 4 shows the wind speeds generated using the 
Weibull distribution. In this distribution, the minimum 

wind speed is 0.1795 and the maximum is 18.5 m/s. In 
Figure 5, the Gaussian wind speeds distribution is shown 
and the minimum and maximum wind speeds are 0.0754 
and 22.9 m/s respectively. 

 

 
Figure 5: Wind speeds generated using Gaussian 

distribution 
 

6. CONCLUSION 
 

In this paper, wind speed measurements from DSM were 
categorized into sixteen states and used in developing a 
Markov chain model to generate synthetic wind speeds. 
Statistical tools like median, mean, standard deviation 
and probability density function have shown that the 
developed model reasonably represented the measured 
wind speeds. On the other hand, intermediate wind 
speeds between hours and minutes were generated using 
Weibull and Gaussian distributions, respectively, based 
on the synthetic, wind speeds generated by the Markov 
chain model. 
 
The Markov chain model for wind speeds, developed in 
this work, can be employed to generate synthetic wind 
speeds that will be used in analysis and simulations of the 
dynamic behaviour of wind turbines within the required 
time-scale and comfort. Moreover, the model can be used 
to predict wind speeds for different time horizons in 
Durban, South Africa. 
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9. APPENDIX 

Table A1: A portion of the transition probability 
matrix 

 States 1 2 3 4 .  .  . 16 

1 0.73377 0.14881 0.07143 0.02273 .  .  . 0 

2 0.30745 0.30021 0.22774 0.09938 .  .  . 0 

3 0.10975 0.21071 0.32924 0.19315 .  .  . 0 

4 0.04484 0.08006 0.21137 0.34988 .  .  . 0.0008 

5 0.01245 0.03736 0.0795 0.23659 .  .  . 0.00192 

6 0 0 0.04508 0.13998 .  .  . 0.00474 

7 0.00107 0 0.01931 0.05365 .  .  . 0.00215 

8 0 0 0 0.03034 .  .  . 0.00225 
. 
. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

16 0 0.00305 0 0 
 

0.65244 

 

 

 

 

 

 

 

 

 

 

 

Table A2: A portion of cumulative transition 
probability matrix 

States 1 2 3 4 .  .  . 16 
1 

0.73376 0.88257 0.95400 0.97673 .  .  . 0.999992 
2 

0.30745 0.60766 0.83540 0.93478 .  .  . 1.000008 
3 

0.10974 0.32045 0.64969 0.84284 .  .  . 0.999996 
4 

0.04483 0.1249 0.33626 0.68614 .  .  . 1.000003 
5 

0.01245 0.04980 0.12931 0.3659 .  .  . 1 
6 

0 0.0142 0.05927 0.19925 .  .  . 0.999965 
7 

0.00107 0.00965 0.02896 0.08261 .  .  . 0.999996 
8 

0 0.00112 0.00449 0.03482 .  .  . 0.999996 
. 
. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 
16 

0 0.00304 0.00304 0.00304 
 

1.000001 
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Abstract: Faults in the DC collector circuits of a photovoltaic plant are a cause for major concern due to 
the damage they may cause to equipment. Fault protection is required for ground faults, line-to-line faults 
and arc faults. Typically, the magnitude of short-circuit currents of PV modules are similar to that of load 
currents which makes fault detection and protection difficult to carry out on the DC system. The DC 
collectors of a PV plant consist of combiner boxes where PV arrays are connected and inverter DC buses 
where combiner boxes are connected. This paper investigates the fault contribution from the PV modules 
on the combiner boxes and inverter DC buses in relation to typical PV module data on an isolated section 
of the DC network of a plant using the ETAP simulation tool. A fault detection and protection scheme for 
the main faults in a DC PV system is proposed based on previous research, for complete protection of the 
DC collector circuits. 
 

Keywords: DC collector, fault detection and protection scheme, photovoltaic plant, combiner box, PV array 

 
 

1. INTRODUCTION 

 

The increased risk of global warming and preventive 
measures put in place for the burning of fossil fuels has 
prompted a reliance on alternative forms of energy. 
Photovoltaics (PV) are emerging as a leading source of 
renewable energy where the continued work done in this 
field contributes to its reliability, appeal and acceptance in 
both small and large scale applications. One aspect to 
consider is that optimal safety and reliability of a 
photovoltaic system is required for protection of property 
and personnel. In terms of PV plants in particular, their grid 
connection properties warrants a careful approach to 
electrical protection of the system. In the low voltage DC 
section of a PV plant, the main types of faults that cause 
catastrophic damage to equipment are ground faults, phase 
faults and arc faults [1]. The protection systems employed to 
protect against these faults are vital to ensure reduced risk of 
fires, where it is noted that although there are existing 
standards for fault protection in PV plants (such as the IEC 
standards), the risk is still apparent [2]. One of the 
contributing factors of this risk is that PV modules are 
constantly producing energy. Inherently, they cannot be 
turned off completely as long as there is some level of 

radiation incident on the cells [3]. This indicates a risk of 
arcing even when isolators are installed. The likelihood of 
arc faults causing major damage is a concern that is 
addressed by the design of arc fault protection systems in [4 
- 6]. However, as mentioned in [1], there are also ground 
faults and phase faults to consider. In order to design the 
protection scheme, the fault levels on the combiner boxes 
and the inverter DC bus must be evaluated. This is to obtain 
a base fault level contribution which is important due to the 
short-circuit current of a PV module being close in 
magnitude to the load current of the module [7]. This small 
difference in magnitude requires a system of detection. 

Figure 1: Basic PV plant layout 
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The typical PV plant layout in Figure 1 indicates the location 
of the DC collector circuits (combiner boxes and inverter DC 
bus) where faults take place the majority of the time. In a 
well-protected DC section of a PV plant, all three types of 
faults are protected against to ensure that no damage is 
caused and the plant continues to operate optimally. The 
evaluation of fault currents on the DC collector circuits will 
allow for the proposal of a complete protection scheme. 

2. DC SECTION DATA 
 
Before designing the protection scheme, the faults on the 
combiner boxes and inverter DC bus are determined by 
making use of ETAP software to calculate the short-circuit 
current on each of the applicable DC buses. A plant layout 
was provided, however, an isolated section is used to carry 
out the simulation. The given network already contains fuses 
as a high level fault protection system. These fuses have been 
considered in the population of the equipment data on the 
software. Typical PV modules are used in the series and 
parallel connections of the arrays. For the purpose of 
obtaining results, the PV modules in Table 1 were considered 
for simulation purposes. 
 

Table 1: PV module data 

Manufacturer: Yingli Solar 
Model: YL 255 P-326 

Maximum power (Pmax) 260.2W 
Voltage at Pmax (Vmp) 32.65V 
Current at Pmax (Imp) 7.97A 
Open circuit voltage (Voc) 40.57V 
Short circuit current (Isc) 8.49A 
Efficiency (η) 14.2% 
Maximum system voltage 1000V 

 
This is typical PV data where it is noted that the magnitude 
of the short-circuit current is approximately 6.5% higher 
than the maximum power current. This value differs based 
on the manufacturer and the construction of the panel. 
Another consideration is that, depending on the irradiation 
conditions, the maximum power point for power production 
of the module will shift based on its I-V characteristic curve. 
Consequently, the short-circuit current contribution of the 
module will change. However, the ratio between the load and 
fault current will remain more or less the same. Each 
combiner box used in the simulation consists of six arrays 
with 15 modules per string and 9 strings in parallel. The 
parallel connections of strings gives rise to a high current 
through each combiner box and due to the number of 
combiner boxes, a high current on the inverter DC bus, hence 
the use of fuses. For simpler evaluation of the fault 
contributions on the DC collectors, the arrays are sized 
uniformly. This means that each array contains the same    
number of modules and each combiner box contains the 
same number of PV array connections. 
 

3. SIMULATION RESULTS 
 

Due to the requirement of proposing a protection scheme for 
the DC collector circuits in the PV plant, simulation was 
done on the combiner boxes (represented by DC buses) and 
the DC bus of the inverter container. The ETAP network 
diagram, indicating the basic plant layout and the fault 
locations on three combiner boxes and the inverter DC bus, 
is indicated in Figure 2. This short-circuit fault simulation 
will indicate the fault levels in the DC collector circuits. 
 

 
Figure 2: ETAP network diagram 

Simulation results are indicated in Figure 3. The fault 
contributions are obtained by running a short-circuit analysis 
on the pre-faulted buses. The fault contributions from each 
array can be observed on the combiner boxes and the fault 
contributions from the combiner boxes can be observed on 
the inverter DC bus. 
 

Figure 3: Short-circuit simulation results 
 

The data obtained from the fault simulation can be 
represented as a step function of the load current at the 
instance that a fault occurs. Figures 4a, 4b and 4c indicate 
the ratios between the expected load current and the 
simulated fault currents on each of the applicable buses in 
the network and the expected fault current on a single PV 
module. 
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Figure 4a: PV module behaviour 

Figure 4b: Inverter DC bus behaviour 
 

 
Figure 4c: Combiner box behaviour 

Figure 4a and Figure 4b indicate an identical behaviour when 
a fault occurs. The theoretical fault current on a PV module 
(obtained from the module specifications) is 6.5% higher 
than the load current and likewise for a fault on the DC bus 
of the inverter container which was obtained by simulation. 
For a fault on the combiner box, there is a higher fault current 
with reference to the load current. The fault current is 
217.7% higher than the load current. When one string in an 
array of PV modules experiences a short-circuit fault, the 
other strings in the array contribute to the magnitude of the 
fault current [3]. This statement, which is applicable to 
strings in an array, by simulation is also apparent for faults 
in combiner boxes. The 217.7% increase is indicative of the 
fault currents from the other combiner boxes contributing to 
the faulted combiner box. Hence, depending on the number 
of combiner boxes connected to one inverter, the fault 
current in one box could be of a large factor. The simulation 
data is summarised in Table 2. 

 

Table 2: Fault simulation data 

Fault State 0 1 Fault Location 
If % of Iload 100% 106.5% PV module 
If % of Iload 100% 106.5% Inverter DC bus 
If % of Iload 100% 317.7% Combiner box 

 
Based on the above data and the given module specifications, 
the following can be stated for a short circuit fault on the 
following DC locations of the PV plant: 
 
Single PV module 
 

         𝐼𝑓𝑎𝑢𝑙𝑡 = 𝐼𝑠𝑐,𝑚𝑜𝑑                     (1) 
Where: 
 

𝐼𝑠𝑐,𝑚𝑜𝑑  is the short circuit contribution of the PV module 
 
Inverter DC bus 
 

      𝐼𝑓𝑎𝑢𝑙𝑡 = 𝑛𝐼𝑠𝑐,𝑎𝑟𝑟𝑎𝑦                     (2) 
Where: 
 

n is the number of combiner boxes connected to the bus 
𝐼𝑠𝑐,𝑎𝑟𝑟𝑎𝑦  is the short circuit contribution from one PV array 
 
Combiner box 
 

       𝐼𝑓𝑎𝑢𝑙𝑡 = 𝑛𝐼𝑠𝑐,𝑏𝑜𝑥                    (3) 
Where: 
 

n is the total number of combiner boxes 
𝐼𝑠𝑐,𝑏𝑜𝑥 is the short circuit contribution from one combiner 
box 
 
It should be noted that although the equations for a fault on 
the combiner box and the inverter DC bus are the same, the 
fault as a percentage of the load current differs which must 
be considered when designing the protection scheme.  
 

4. PROPOSED FAULT PROTECTION SCHEME 
 
In order to design a protection scheme for the DC collector 
circuits of a PV plant, a number of factors must be 
considered. There are three proposed faults that need to be 
protected against which include ground faults, line-to-line 
faults (phase faults) and arc faults all of which have the 
potential to cause a fire [1]. The existing protection in the 
DC section of the plant consists of fuses which are not 
sufficient to protect against overcurrents due to their slow 
reaction. When a lower output is produced by the PV 
modules, such as at sunrise or sunset, the fuse would not be 
able to detect a fault current due to its low magnitude and 
hence will not blow [3]. This means that the location of the 
different types of protection in the protection scheme is 
important for proper coordination.  
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For ground fault protection, the equipment should be 
grounded by an EGC, Equipment Grounding Conductor, 
which is a physical grounding rod for the system [3]. Also, a 
ground fault detector can be used to measure the current 
between positive and negative terminals at the combiner box 
which works in conjunction with a GFCI (Ground fault 
circuit interrupter). A device such as the Littelfuse SE-601 
utilises a ground reference module (resistive voltage divider 
network) to limit the ground fault current to 25mA. Hence, 
when the resistor module detects a change in measured 
current from positive or negative terminal to ground, it will 
trip an output relay to turn off the power to the system. The 
current setting and tripping time can be selected by the user. 
This device is used for an ungrounded system. For a 
grounded system making use of an EGC, an insulation 
resistance measurement device could be used [1].  
 
For arc fault protection, series and parallel arcs exist which 
require a method of protection. Arcing is a consequence of 
equipment degradation, poor connections or damage caused 
by rodents [8]. A combination of an arc fault detector (AFD) 
and arc fault circuit interrupter at different locations in the 
DC network is required to mitigate arcing faults. The arc 
fault detector would be able to detect a fault by measuring 
abnormal noise levels in the system other than those 
produced by the inverter [1]. Arc fault protection would be 
based on the coordination of switches which break the 
connection on the respective terminal/cable in the DC 
section of the plant [1]. The locations of arc fault protection 
would determine protection against a series or parallel arc 
fault. 
 
For phase fault protection, as mentioned previously, there is 
the persistent problem of reverse currents which, depending 
on the time of day that the fault occurs, might not be able to 
blow the fuse intended for overcurrent protection. This is due 
to the magnitude of the short-circuit current of a module 
being similar to that of the load current. The device used in 
[3] is a mechanical and solid state hybrid switch. The hybrid 
DC switch has optimised timing control for fault detection 
and system protection purposes. Using a solid state switch 
on its own provides for a fast-acting arcless mechanism with 
the drawback of high power loss and sensitivity to transient 
overcurrents and overvoltages. A hybrid switch utilises the 
properties of a solid state switch as well as an 
electromechanical contactor which has a low power on-state 
characteristic [3]. This is a new concept that could be used 
for phase (line-to-line) fault protection. The different 
protection schemes can be combined to form a proposed 
overall fault detection and protection scheme for the DC 
collectors as shown in Figure 5. 
 

 
Figure 5: Proposed DC collector protection scheme 

From Figure 5 it can be seen that the protection systems are 
integrated to protect against the main types of faults in the 
DC section. Arc fault detection is required on the PV array, 
combiner boxes and inverter DC bus to extinguish any arcs 
resulting from faults throughout the DC network. Arc fault 
protection on the strings of the array would protect against 
series arc faults while the protection on the combiner box 
would protect against parallel arc faults. A ground fault 
detector could be used for ungrounded systems to detect 
ground fault levels and operate a relay tripping scheme. 
Incorporating a grounded system would incur costs and 
would also require the use of insulation resistance 
measurement devices. Fuses are used for high level fault 
protection under normal operating conditions in the 
originally allocated locations. The DC switch is a 
connotation for a combined electromechanical and 
electronic switch with timing control. This type of switch 
will be used to monitor the phase fault and would probably 
require a microcontroller based algorithm for monitoring 
short-circuit current at the specific time of day based on 
measured data patterns in the form of incident solar 
irradiation. This will reduce risk of nuisance blowing or non-
blowing of the fuse due to different irradiation conditions 
and hence varying current flow from the PV modules. Also, 
the DC breakers in the network could be configured with all 
the above mentioned protection equipment so that if any of 
the fault conditions occur, power in the DC network will be 
cut. Based on the fault simulation results, fault detection on 
the combiner boxes should be a simpler task due to the high 
n-multiple fault current contribution from the other combiner 
boxes. A fault in any of the arrays or at the inverter DC bus 
input would require a more careful approach through the use 
of an active component intelligence device for 
differentiating between load and fault currents. 
 

5. CONCLUSION 
 
The design of a fault detection and protection scheme for DC 
collector circuits of the low voltage DC section of PV power 
plants must adhere to the following key principle: Protection 
compliance with standards while taking into account the 
optimal performance of the plant. The evaluation of the fault 
current through the combiner boxes and through the inverter 
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DC bus indicates that an inverter DC bus fault produces a 
fault current equal to the total number of combiner box array 
fault currents. The fault on the combiner box on the other 
hand produced a fault current of a multiple of the number of 
combiner boxes connected to one inverter. This is a 
consequence of the reverse current characteristic due to the 
parallel connections of strings in each array. The protection 
scheme used for total DC side protection would consist of 
arc fault detectors, ground fault detectors and a possible 
active component intelligence system used for monitoring 
phase faults. These three systems would work cohesively to 
provide the fault detection and protection requirements for 
minimal risk of faults that could produce damaging results. 
Future work on the proposed design of the protection scheme 
will include the modelling of the different types of protection 
systems and the simulation of faults for evaluation of the 
effectiveness of the proposed DC collector protection 
scheme. 
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Abstract: Just 17% of South Africa’s energy comes from renewable sources even though this country 
is endowed with rich solar resources. The use of Building Integrated Photovoltaic (BIPV) systems for 
its three decades of existence has claimed only 1% share of the total photovoltaic installations 
worldwide. Very little of this technology has been reported in South Africa. The aim of this work is to 
evaluate the performance of the balance of system components in a stand-alone BIPV system, and to 
account for the energy flow in the system. Results show that, with a demand of 4.5 kWh/day, just 
58.4% of this system’s potential is used. If this system is connected to the grid, it will feed energy 
worth R 623.4/month which is wasted due to charge controller regulations (based on the Eskom tariff 
in Nkonkobe Municipality, Alice). Also, the inverter’s peak efficiency is 80.5%. This efficiency goes 
down to 31.2% when operated at 0.8% of its capacity. The battery round trip efficiency is 93%. 
 
Key words: Building Integrated Photovoltaic system, Renewable Energy Feed-in tariffs, stand-alone 
photovoltaic system, inverter peak efficiency. 
 
 
 

1. INTRODUCTION 
 

There has been a drastic increase in global energy 
demand in the last few decades owing principally to 
industrial development and population growth.  The 
current world population is estimated at 7.4 billion 
people, and has been projected to reach 8.5 billion people 
by the year 2030 [1]. Given that just 18% of the world’s 
energy comes from renewable sources [1], rapid 
population growth will result in an increase in the 
demand for non-renewable and unclean energy sources if 
nothing is done to foster the growth of renewable energy. 
Massive consumption of these unclean energy sources 
has resulted in climate change, global warming, and the 
obvious environmental problems associated with 
greenhouse gas emissions.  
 
About 77% of South Africa's energy is generated from 
coal [2]. This has made this country the 14th highest 
emitter of greenhouse gases in the world, and the highest 
in the continent. Despite making big inroads into clean 
energy, only 17% of South Africa’s generating capacity 
come from renewable sources [1]. According to South 
Africa’s Integrated Resource Plan of 2010, which is a 20-
year projection on electricity demand and production, 
about 42% of electricity generated must come from 
renewable resources. South Africa’s solar resource is one 
of the highest in the world, with annual 24-hours global 
solar radiation average of about 220 W/m2 compared with 
about 150 W/m2 for parts of the USA, and 100 W/m2 for 
Europe and the United Kingdom [3]. More works aimed 
at exploiting this solar resource is a more viable means of 
attaining this target. 
 

Photovoltaics is one of the main ways of harnessing the 
energy from the sun. It deals with the conversion of solar 
energy directly to electricity. Photovoltaics is the most 
elegant and innovative of all the electricity technologies; 
it has no working parts and is virtually no threat to the 
environment [4]. Another more advanced innovation of 
this technology is the incorporation of the PV modules 
into buildings to form part of the building envelop. This 
is known as Building Integrated Photovoltaics (BIPV).  
 
1.1 Building Integrated photovoltaic systems 
 
The use of BIPV modules is more cost effective as it 
replaces the conventional building materials and at the 
same time supplies electricity to the building. Such 
systems have lower costs as compared to a dedicated PV 
system which requires special mounting systems and 
special areas for installation and commissioning. BIPV 
systems can be applied on building roofs, skylight 
systems, in building facades, and even for shading 
structures. The installation of BIPV products has been 
increasing rapidly throughout the world, yet not much of 
it has been reported in South Africa [5]. 
 
The history of BIPV systems dates back to the 1970’s. 
However, BIPV systems claim only 1% share of the total 
PV installations worldwide [6]. The challenges faced by 
this niche technology can be grouped into four main 
categories: high installation cost, inadequate performance 
data, codes and standards and market limitations [6]. To 
guarantee a brighter future for this technology, these 
challenges have to be addressed. Furthermore, on a more 
general note, one of the key factors that have limited the 
growth of PV systems in South Africa has been the lack 
of feed-in tariffs for small PV systems in the country. 
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Priority was only given to very large PV plants (greater 
than 1 MW of generation capacity). However, since the 
beginning of January 2016, the National Energy 
Regulator of South Africa, NERSA has initiated a 
consultation to formulate a position on qualifying 
principles and the technical and economic conditions for 
the installation of small-scale renewables in the country’s 
electricity supply industry. This involves systems of less 
than 1 MW of production capacity. This will encourage 
the installation of BIPV systems (and PV systems in 
general) in the country especially in the residential sector 
[7]. Furthermore, not many research articles have been 
published on BIPV systems in South Africa; so there is 
inadequate performance data on BIPV systems in the 
country. The BIPV system under study is one of the few 
in the country. It has great significance to the research of 
BIPV systems and promotes the development of 
renewable energy in the country. The aim of this work is 
to evaluate the performance of the balance of system 
components in a 3.8 kWp stand-alone BIPV system, and 
to account for energy flow pattern in this system. 
 

2. SYSTEM DESCRIPTION 
 

This BIPV system is located at the university of Fort 
Hare, in Alice 32°47'0" South, 26°50'0" East. The system 
has a peak capacity of 3.8 kW. The PV array is made up 
of twenty (20) modules, ten of which are mounted on the 
east and the other ten on the west side of the north facing 
roof of the building. The SANYO HIT (Hetero-junction 
with Intrinsic Thin layer) PV modules used here have a 
high capacity to frame area ratio, with a conversion 
efficiency of 16%. These PV modules have been 
integrated to form part of the roof of a passive solar 
building. The twenty HIT PV modules occupy a total roof 
area of 24 m2, and have an inclination of 25 degrees. A 
Victron Multiplus 5048 bidirectional inverter is used in 
this system which converts the DC energy produced from 
the panels to AC energy needed by the loads. The inverter 
has a nominal output power rating of 5 kW at 25oC, and a 
nominal output voltage of 230 V. There is also a 
FLEXmax 80 MPPT charge controller. This charge 
controller or regulator ensures peak performance from the 
PV panels, by driving the panels at their maximum power 
point at any given instance. The charge controller also 
protects the battery by controlling its charging current 
and voltage, thereby prolonging the battery life span. The 
charge controller has an output current rating of 80 A and 
was customized to 52 V output voltage required to charge 
a 48 V battery bank. M-solar range batteries with a 
capacity of 900 Ah have been installed here for energy 
storage. Furthermore, there is a data acquisition system 
for AC power, and DC current and voltage 
measurements. This data acquisition system also has 
sensors that measure meteorological parameters such as 
solar irradiance, ambient temperature, wind speed, wind 
direction, relative humidity, cell temperature and battery 
temperature. The data collected is averaged every five 
minutes. This work presents the preliminary performance 
results for the system. Data was collected for a month 

(between October and November, 2016) which was then 
used to evaluate the performance of the balance of system 
components. 
 

 
 
Figure 1: An overview of the BIPV system components 
 

3 RESULTS AND DISCUSSION 
 
3.1 Demand Profile 

 
During the period of measurement, the passive solar 
house with the building integrated PV system was 
occupied by three postgraduate students. The appliances 
powered by the PV in this passive energy house are as 
follows: 
 
Table 1: Appliances powered by the BIPV system 
 
Appliance Quantity Power rating per 

appliance (W) 
Electric Kettle 1 2200 
CFL bulbs 6 14 
Fluorescent tube bulbs 2 18 
Fridge 1 100 
Pressing Iron 1 1200 
Laptops 3 65 
 
This amounts to a total power rating of 3.815 kW. Figure 
2 below is a representation of the load demand profile for 
this building for an average weekday, an average 
Saturday and an average Sunday. A general average 
demand profile for the analysis period has also been 
included the figure. These averages were obtained from 
the one month data. The profile was obtained from the 
data measured by the AC power meter at the output of the 
inverter. The power demanded by loads is supplied by the 
PV through the inverter. A month’s data was used to 
generate the demand profile for this building. It is worth 
noting that even though this system has grid back-up 
ability, only the PV supplied the needed energy during 
the analysis period. 

SAUPEC 2017 465



 
 
Figure 2: Demand profile for the passive solar house 
 
The morning demand peak period is from 06:35 to 10:45 
with a peak and average demand of 0.31 kW and 0.2 kW 
respectively. The evening peak occurs between 6 pm and 
10 pm, with peak and average demand of 0.72 kW and 
0.36 kW respectively. After 10 pm, the demand goes 
down to an average of 0.2 kW till the morning peak 
demand period. These peaks roughly correspond with 
Eskom’s demand peak periods. In the afternoons, the 
demand is very minimal, as low as 0.11 kW. It is about 
constant at this value until the evening peak commences 
again. The morning and evening peaks correspond to the 
time when the occupants were indoors using the electrical 
appliances. In the afternoons, the base load demand is 
very low. Perhaps just the fridge is running at this time. 
 
The demand profile for an average weekend; Saturday 
and Sunday follows a similar pattern. However, at 
weekends, the highest demand is rather in the morning 
with demand of 0.66 kW. This demand even goes up to 
1.12 kW on Sundays. Also, at weekends, the demand 
during the day is higher than that during the weekdays, 
and there is higher variation in demand given that the 
house occupants are often at home during the weekends. 
 
3.2 Relationship between demand, PV generation and 

the battery charging and discharging cycle 
 

A typical average weekday 24 hours period was chosen to 
demonstrate how the PV, battery bank current and 
voltage vary with demand. The data was logged and 
plotted in 5 minute intervals to better understand the 
dynamics in the whole charging and discharging cycle of 
the battery bank by the panels, and how demand is 
catered for.  
 

 

Figure 3: Relationship between PV current, voltage, 
battery voltage and inverter output power during a typical 
24 hour period. 
 
In figure 3 above, the inverter output power represents 
the demand profile for the day considered. The figure has 
been divided into sections to ease understanding.  
 
Section 1: At, 5:40 AM (sunrise), the PV voltage rises 
sharply to 70 V. This high voltage rise is also favoured by 
low cell temperatures in the morning. During this period, 
the PV current rises very slightly from zero Amps to 0.9 
Amps due to low irradiance. The battery voltage is still 
constant because there is not sufficient power from the 
PV modules yet.  
 
Section 2: At 6:35 AM, the PV current rises sharply from 
0.9 A to 30 A. Within this period, the PV voltage rises to 
78 V and then drops to 75 V. This drop is due to the fact 
that the battery bank has started being charged by the PV 
array. The battery bank is at the bulk charging stage and 
is being charged with maximum voltage from the panels. 
This is made possible by the use of the MPPT charge 
controller. The battery voltage rises continuously from 
50.2 V to the absorb voltage set point of 56.7 V. 
 
Section 3: From the bulk charging stage, the battery is 
then charged at the absorb charging stage. This charging 
is done at a constant voltage of 56.7 V. Within this short 
period, the PV current drops considerably from 30 A to 
17 A. This is because the battery is almost fully charged 
and there is no significant demand. 
 
Section 4: While the PV voltage increases from 74.3 V to 
80.3 V. at 10:10 AM, the PV current drops sharply from 
17 A to 6.3 A and then remains fairly constant up to point 
5. The battery voltage drops slightly to 53.7 V, and then 
remains constant for the whole period untill point 5. It is 
worth noting that there is no significant demand during 
this period. The demand is fairly constant at 0.09 kW. 
The PV voltage is also fairly constant during this period. 
So the MPPT charge controller draws very little current 
from the panels so as to maintain the battery bank at the 
float charging stage. 
 
Section 5: At 16:25, there is a sharp increase in demand; 
from 0.14 kW to 1.23 kW. With this abrupt increase in 
demand, more current is drawn from the PV panels (PV 
current rises from 6.3 A to 18.6 A). Consequently, the PV 
voltage drops sharply from 85.3 V to 75.3 V because the 
MPPT charge controller seeks to supply this high current 
needed at the the PV array’s maximum power point. The 
battery voltage drops from 53.7 V to 51.4V to 
compensate for this demand. Since battery bank and the 
PV are both connected to the same busbar, in case of load 
demand, both the voltage of the PV and the batteries 
drop. 
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3.3 Electricity flow pattern in the stand-alone BIPV 
system 
 

In a stand-alone PV system, a battery storage system is 
the means used to balance the mismatch between energy 
generated by the PV modules and energy demanded by 
the loads. This section addresses how demand is catered 
for during the day when the PV panels are generating and 
at night when the panels are not generating power.  
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Figure 4: Variation of PV, MPPT and battery current and 
voltage with demand. 
 
In this stand-alone BIPV system, a Flexmax 80 maximum 
power point tracking charge controller has been installed 
to regulate the battery charging and to track the PV 
array’s maximum power point at each time. This tracking 
is done with respect to load demand and the battery state 
of charge. Figure 4 above demonstrates how the power 
generated by the PV modules on an average day is being 
managed. Again, the figure has been divided into sections 
for clarity.  
 
Section A: In the first section, which is the timespan from 
midnight till 6:26 AM, there is no irradiance. So the PV 
current is zero. All the current demanded by the load is 
supplied by the battery.  
 
Section B: In this section, as the sun rises, the PV current 
increases sharply. At 6:30 am, there is a 3.32 A increase 
in the current demanded by the load (from 3.18 A to 6.5 
A). But since the current being drawn from the panels is 
not yet sufficient to supply the load, the battery is further 
discharged. That is, the load current is being supplied by 
the battery and the PV. After this, since there is no 
significant demand by the load, that is; load pvI I�  and 
the battery is not yet fully charged, the battery charges at; 

batt MPPT loadI I I � . The MPPT charge controller 
tracks the maximum power point at high charging 
current. 
 
Section C (10:30 to 16:00): At this stage, the battery is 
charging at the float charging stage. The battery has 
almost reached its maximum charging capacity. So the 
battery is being charged at a very minimal charging 

current so as to avoid overcharging of the batteries. Also, 

load pvI I�  and battery state of charge is at its maximum. 
Since the panels have not been conditioned to shut down 
during such a scenario, the surplus energy generated by 
the panels (neither needed by the load nor the batteries) is 
dissipated as heat at the inverter. Very little current can 
be drawn from the panels because the MPPT charge 
controller tracks the PV array’s MPP at a much reduced 
current and a corresponding high voltage. Nevertheless, 
an increase in demand will permit more current to flow 
from the panels. This is what happens at 16:00 in figure 4 
above. As demand increases, the MPPT immediately 
draws more current from the panels. Also, the battery is 
slightly discharged. After this short period of demand, the 
battery continues to be charged at the float charging stage 
in order to remain at its maximum state of charge. 
 
Section D. (16:00 to 6am): The PV current drops to zero 
as the sun sets. Demand increases as this is the evening 
peak demand period. The current (power) required by the 
load is again supplied solely by the battery bank. This 
happens until dawn when the sun rises and the cycle 
begins all over.  
 
3.4 Energy balance in the stand-alone BIPV system 
 
The relationship between electrical energy produced by 
the PV modules, energy consumed and the energy 
charged and discharged from the battery is shown in 
figure 5 below. There is a significant gap between the 
energy generated by the PV and energy consumed by the 
load. This difference is accounted for by the energy being 
charged into and discharged from the battery bank. Part 
of the energy is lost in the inverter, the battery bank and 
even in the cables. A ten day period as an example has 
been chosen to demonstrate this energy flow pattern. 
 

 
 
Figure 5: Energy balance in a stand-alone BIPV system. 
 
Within this period, the average PV energy generated was 
9.4 kWh per day, with a maximum and minimum 
generation of 14.8 kWh and 3.8 kWh repectively. 
Similarly, the energy consumption was in the range of 
3.5 kWh and 5.5 kWh, with an average consumption of 
4.5 kWh per day. The total PV energy production was 
93.8 kWh while the total consumption was 45.2 kWh. 
Also, the total energy charged into the battery was 71.9 
kWh and the total discharged was 52.5 kWh. The energy 
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utilisation ratio of this PV system is very low (0.48). The 
maximum depth of discharge (DOD) of the battery bank 
was set at 80% (this means only 80% of the full capacity 
of the battery bank’s stored energy can be used). So 14.38 
kWh of energy is constantly available in the battery due 
to this 80% maximum DOD set point. Also, 5.02 kWh of 
energy was lost in the battery bank. This loss may be 
resulting from battery self-discharging and losses in the 
cyclic processes of charging and discharging the battery 
[8]. The battery round trip efficiency was 93%.These 
batteries have a rated capacity of 900 Ah. Considering the  
inverter recorded peak efficiency of 80.3%, and a 
discharge rate factor of 0.97, the usable battery capacity 
is 698.4 Ah. With an average load consumption of  
4.5 kWh/day, the capacity needed per day is 234.4 Ah. 
Thus, the battery can supply the load demand for up to 
2.4 days in the absence of irradiance. The table below 
summarizes the energy balance in the system. 
 
Table 2: Summary of energy balances in the BIPV system  
 
Item  Energy/kWh 
Total PV Energy generation ( pvE ) 93.8 

Total energy consumed ( loadE ) 45.2 
Total energy charged into the battery 
bank ( CE ) 

71.9 

Total energy discharged from the battery 
bank ( DE ) 

52.5 

Energy stored in the battery due to 80% 
maximum depth of discharge ( unE ) 

14.38 

Energy sent directly to the inverter from 
the PV ( dirE ) 

21.9 

Energy losses in the battery ( battL ) 5.02 

Inverter and cable losses ( inv cabL � ) 29.2 
 
These analyses can be summarised in an energy balance 
equation as follows; 

load pv batt inv cab unE E L L E� � � �   

loadE (93.8 5.02 29.2 14.38) � � �  kWh 

loadE 45.2�   kWh 
Where;  

batt C D unL E E E � �  = 5.02 kWh 

inv cab D dir loadL E E E�  � �  = 29.2 kWh 
 
3.5 Effect of charge regulation in the stand-alone BIPV 

system 
 
As earlier mentioned, stand-alone PV systems function 
off the grid. Unlike grid-connected PV systems, a poor 
performance in a stand-alone PV system does not mean 
that the system encounters technical problems but can 
also be the consequence of a bad matching between the 
production and the load During the ten day period 
considered, the average load demand was 4.5 kWh per 
day and the average PV generation was 9.4 kWh per day. 
Also, the daily average irradiation was 5.94 kWh/m2/day 

and average ambient temperature; 17.1oC. Everything 
being equal, with a 3.8 kWp PV capacity, and an average 
90% inverter conversion efficiency, the system would 
have produced an average of 20.3 kWh of AC energy .per 
day. This means 10.9 kWh of PV energy was regulated 
per day by the charge controller, implying that just 46.3% 
of this PV system’s potential is being utilized. 53.7% of 
the system’s potential is untapped. Thus, connecting with 
the utility grid to feed in this untapped percentage will 
generate both energy and cost savings. Renewable energy 
feed-in-tariffs has already been implemented in Cape 
Town, for such small installations (less than 1 MW of 
production capacity) in the residential and industrial 
sector. The rest of the country will soon be involved. This 
BIPV system is located in the Nkonkobe municipality in 
Alice. So applying Eskom’s cost per kWh for this 
municipality of R 1.9064/kWh gives energy savings 
worth R 17.9 per day and R 537.6 per month of energy 
consumed in the building. The energy lost due to charge 
controller regulation is worth R 20.8 per day and R 623.4 
per month. Furthermore, from the analysis done on table 
2 above, an average of 3.4 kWh of energy is lost per day 
at the level of the battery bank, the inverter and the 
cables. Applying the same tariff amounts to R 6.5 worth 
of energy lost per day Adding this energy lost to the 
amount lost due to charge controller regulation gives a 
total of R 27.3 worth that is lost per day and a total of R 
819 lost per month. A flat rate of R 1.9064/kWh was used 
irrespective of the fact that there is a difference between 
peak and off-peak tariff just to have a global picture. 
 
3.6 Inverter efficiency 
 
As explained in the demand profile for this system in 
figure 2, the demand is very low. The morning demand 
peak for this system is 0.31 kW while the evening peak is 
0.72 kW. The load demand in the afternoon is 0.11 kW. 
This is by far less than the inverter’s output capacity. The 
inverter installed here has an AC output power rated 
capacity of 5 kW at 25oC. The peak demand of 0.72 kW 
corresponds to just 14.4% of the inverter’s output 
capacity while the base load demand of 0.2 kW 
corresponds to 4%. Operating the inverter at such a low 
capacity has adverse effects on the efficiency of the 
inverter. The efficiency of an inverter varies with the load 
demand. Typically, it will be highest at about two thirds 
of the inverter's capacity. The inverter requires some 
power just to run itself, so the efficiency of a large 
inverter will be low when running very small loads. 
Figure 6 below demonstrates how the efficiency of the 
inverter varies with demand on an average 24 hours 
period. The peak inverter efficiency for this system is 
80.5% when it is operating at 54% of its rated output 
capacity. This is a 14.5% difference from its rated 
efficiency of 95% when operating at full capacity as per 
the inverter specification sheet. Also, according to this 
specification sheet, it has a zero load power of 25 W. 
That is, it consumes 25 W when it is switched on but not 
supplying any load. This explains why when the load 
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demand is as low as 0.04 kW, the efficiency goes down to 
31.3%. 
 

 
 
Figure 6: Variation of inverter efficiency with load 
demand. 
 
Inverter efficiency also varies with ambient temperature 
(maximum at 25oC); decreasing with increasing 
temperature. This  efficiency also varies with fluctuating 
radiation during the day. However, the influence of 
meteorological parameters on the performance of the 
inverter is beyond the scope of this work. It is 
recommended that installations with very low load 
demand should go for smaller inverters so as to minimize 
inverter losses at low demand.  
 

4. CONCLUSION  
 

x The demand profile for the building being supplied by 
this system shows that the daily demand is quite low. 
With a base load demand of 0.2 kW, a morning peak of 
0.3 kW and an evening peak of 0.72 kW.  

x The MPPT charge controller charges the batteries in three 
different stages; the bulk, which is at maximum voltage 
and constant current, the absorption which is at a constant 
voltage and at a reduced current, and float charging stage 
which is at a more reduced constant voltage and at very 
minimal current.  

x When the batteries are fully charged and there is very 
minimal demand by the loads, the MPPT draws very little 
current from the panels to maintain the batteries at float 
charging. The excess energy neither needed by the loads 
nor the batteries is dissipated as heat by the inverter. 

x The total load consumption during the ten day period 
considered was 45.2 kWh while the total PV production 
was 93.8 kWh. The battery has a round trip efficiency of 
93%. 0.502 kWh of energy is lost in the battery bank per 
day while 2.92 kWh is lost in the inverter and in the 
cables per day, resulting in a total loss of 3.4 kWh/day 

x 53.7% of the BIPV system’s potential was wasted due to 
charge controller regulations. This energy is worth R 
20.8/day. Adding this to the 3.4 kWh of system losses 
results in a total of R 27.3 worth of energy lost per day. 

x The inverter has a peak efficiency of 80.5% when 
operated at 54% of its rated output capacity. This 
efficiency reduces with decrease in load demand. It is 
recommended that installations with low demand should 
go for the inverters with smaller capacity so as to reduce 
the inverter losses at low demand. 
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Abstract: Regionally, Southern Africa is facing many challenges with regard to the level of access to energy. The 
situation is most compounded in the rural areas where poverty and lack of development are taking place at a snail 
pace. In order to achieve and promote sustainable development, the use  of solar energy has been regarded by the 
government of Zambia and the sub-Saharan African region as the best alternative to the current  energy deficit that 
the region is facing.  To begin with, the government of Zambia, in the last decade,  has supported solar 
photovoltaic energy research and development. However, the country has had challenges with achieving the set 
targets of connecting 10,000 new household by 2013 and ended up reducing the target to 2500 households of 
which 500 household of the proposed target was connected in 2015. This review is a desktop study of the on-going 
research on the solar energy  and policy analysis of  Zambia. It reviews the current solar photovoltaic and 
renewable energy trends in Zambia based on secondary data collected from various literatures, reports, and local 
contacts. The paper also highlights some of the solar energy achievements and failures in Zambia such as the 
50MW solar mini-grid with the lowest tariff of US$0.0602 unit per kilowatt-hour and as well as the efforts, the 
government of Zambia has made through the help of international donors and the World Bank to scale up 
initiatives. Finally, it has also discussed the Zambian government policies and initiatives to promote deployment 
of solar energy technologies in the country. The review of solar photovoltaic energy is vital, as it will help the 
decision makers and various stakeholders to understand the current renewable status, barriers and challenges in 
Zambia and find alternative ways to overcome these challenges and barriers. 
 
Key words: Photovoltaic, Solar Energy, Zambia, sustainable development  

 
1. INTRODUCTION 

Zambia as a country has had many challenges concerning 
energy generation. The country as whole, since the onset 
of drought, had challenges in maintaining the load balance 
between the rural and urban areas. Of the two, the rural 
areas have faced a lot of energy driven challenges due to 
their insignificance in the economic and development 
growth of the country. In order to maintain this 
imbalance, and achieve sustainable development, the 
government has considered and put as a priority solar 
energy as an alternative to the dominant hydro power 
generation. Achieving sustainable  development and use  
of solar energy have been regarded by the government of 
Zambia  and the sub–Saharan African region as the best 
alternative to the current  energy deficit in the region as a 
whole. Generally, Africa is the worst hit in energy deficit 
followed by  the Asian continent due to over reliance on 
carbon driven energy. In these continents, millions of 
people are still living on an average of 2USD per day. 
Despite not having other alternative forms of energy such 
as nuclear energy in developing countries, disposal would 

also be a challenge making it not a best option. As a 
result, lack of better energy alternatives in developing 
countries has caused many challenges such as economic 
growth, basic medical services, and better opportunities. 
In the midst of  all challenges, achieving universal access 
to electricity is one of the main goals set by the United 
Nations for the global energy sector [1] and as well as 
embracing the sustainanble development goal seven 
(ensure access to affordable, relaiable, sustainable  and 
modern energy for all). Southern Africa has embraced the 
set  goals  despite of late been hit with  major energy 
crisis due to escalating demand growth and capacity 
addition projects that are lagging behind targeted 
schedules. The region needs to examine largely the 
interaction between energy and society in order to address 
the energy trilemma such as security, equity and 
environmental sustainability. In  the past years,a call to  
scale up the  renewable energy sector has  since seen a 
rise.  In 2012, Southern African Power Pool’s (SAPP) 
total installed capacity was 57,182 Megawatts (MW) with 
an available generation capacity of 51,702 MW, against a 
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peak demand of 53,833 MW [2]. Subsequently, at the 
regional level there is a peak deficit of about 2,131MW 
and a strong movement to embrace non-hydro renewable 
energy. Most of the  countries in the SAPP have started to 
determine their grid capacity to accommodate renewable 
energy base power systems and policies to import 
renewable energy-based electricity, as can be seen in 
South Africa [2].Zambia  has  to priotised to address the 
energy crisis both locally and in the region. Zambia is a 
Southern Africa Development Community (SADC) 
member state with a population of nearly 16 million 
people, an average growth rate of 2.9% and currently with 
urbanisation rate of 3.2% [3] [4] [5]. Zambia plays a 
critical role in the SAPP, as an interconnector to the 
Congo River Basin [2].  
The objective of this paper is to give a comprehensive 
review of solar energy progress in Zambia. First, a brief 
overview on the current energy status of Zambia is 
provided. Then, the progress status of solar energy 
development and potential is presented. We believe that 
this review on solar photovoltaic energy will help scholars 
and various stakeholders to understand the current solar 
energy status, barriers and challenges that the country is 
facing. 

1.1. Energy Supply and Demand in Zambia  
 

The supply capacity of electricity in Zambia has not seen 
any significant growth since the past decade. This deficit 
in the supply is due to the increasing demand for 
electricity for domestic, commercial, agricultural, 
industrial, and mining use [6]. In Zambia it was estimated 
that, the generation capacity would meet the peak demand   
before 2010 and from 2012 to 2017 a peak power demand 
of 2000 to 2500 MW would occur, which is beyond the 
current generation capacity as shown in figure 1 [7]. This 
deficit in energy supply has lead to demand side 
management DSM) or load curtailment as an intermediate 
solution to the problem [6] [4]. With such energy 
inadequacy  the country has lined up programs to  
significantly tap energy  from renewable energy 
resources, such as biomass, solar, wind and geothermal 
energy that can be exploited for both on-grid and mini 
grid systems than only from hydro. Though hydro has 
been the major source of electricity, its untapped 
potential, considering the abundance of water resources, 
remains to be high in the country. Hydropower resources 
are estimated to exceed 6,000 MW, of which only 1,760 
MW has been developed [8], including approximately 24 
MW of mini-hydro projects [3]. The current installed 
capacity is above 1,900 megawatts (MW) of which 3,000 
MW could be harvested through planned solar projects [3] 
[4].The main supplier of the tapped hydro is the vertically 
integrated national public utility, the Zambia Electricity 
Supply Corporation (ZESCO). It dominates the electricity 
supply industry with a significant share of  about 94%, 
with two other operators providing a small share (6%) of 
generation and 86% and 14% of transmission capacity, 
respectively [6].  

 
              Figure 1: Projected Power Demand [7] 

2. APPROACH AND FINDINGS  
This paper is an extract of the on-going research on the 
energy and policy analysis in Zambia. A review of 
secondary data from the internet was   conducted. 
Literatures’ pertaining to Zambia from 1990s to 2016 was 
read in order to get the insight on the renewable energy 
progress in Zambia. Challenges arose when much of the 
information was not found from the official Zambian 
energy organizational websites as they were not up to date 
but had vital information concerning the status   in the 
country. The literature on energy, policies and renewable 
energy in Zambia was considered for this write up.  

3. STATUS OF SOLAR ENERGY AND   PV 
TECHNOLOGY IN ZAMBIA  

In the recent past rural electrification in the country has 
been achieved   mainly through grid extension by ZESCO 
[9] [10], until 2006 when REA was fully established and 
put in charge of rural electrification. In 2008, the first 
approach of the REA was to provide rural access through 
grid extension and only completed 53 grid extension 
projects. The slow progress in grid extension encouraged 
the REA to rethink its rural electrification approach and 
include solar home systems and off-grid PV systems.  
According to renewable energy assessment carried out by 
National Energy Policy (NEP) in 2008, Zambia is 
endowed with high solar radiation levels as shown in 
figure 2[9]. The total annual solar energy that the country 
receives are  estimated to be in between 2100 and 25005 
kWh/m2 ,with average annual daily solar radiation of 
about 5.5kWh/m2/day [11].  Such high solar radiations 
levels are good for both electricity generation and thermal 
energy systems which can be used in the energy mix with 
other renewable energy sources like hydro.To date the 
rural electrification authority (REA), Ministtry of Energy 
and Water Development (MEWD), and Energy Service 
Company has installed solar  PV systems in schools,
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community center, chief’s palaces and households  
across the country and a 60kW solar off-grid  PV 

System as summarized in table 1  [11] [12]. 
 

 
Table 1: Solar PV Technology Status in Zambia [8, 9, 10] 

 
Description  PV Technology Status 

MEWD 
(No. of Units) 

REA 
(No. of  

Units) 

ESC 
(No. of 

Units) 

Capacity 
per  unit 

Schools  400 250 - =>1kW 
Households  500 199 >1kW 
Community centers  50 264 =<1kW 
Chief’s Palaces  50 - =>1kW 
Off-Mini grid  - 1 - 60kW 
Average Total 

Installed Capacity  
=<2MW 

 
However, despite abundance of solar irradiation  levels 
been considered to be high in the country, the  

 
contribution of solar energy to energy mix has still 
remained low as can be noticed in Table 1.

 
Figure 2:Solar Irradiation Distribution in Zambia [13] 

3.1 Barriers and Challenges to wider deployment 
of solar PV Technologies in Zambia 

 
Zambia has a huge solar energy potential, which is 
well distributed across the country as shown in figure 
2 above , that can be tapped for electricity generation 
and other uses. However, the country faces various 
barriers and challenges in the distribution and 
utilization of this energy potential as an alternative for 
electricity generation. Different groups that want to 
invest in solar energy faces various barriers and 
challenges. The groups facing  these barriers and 
challenges to invest in solar PV technology can be 
divided into three groups namely the public, the local 
investors, and the foreign investors. 

The Public: The public faces various challenges to 
participate in the use and deployment of solar PV 
technologies such as [3] [2]: 

� Lack of availability of  information  on the 
use of solar PV technologies, 

� Lack of awareness and community 
participation in the solar energy project,  

� High initial cost than normal due to huge 
interest solar technology distribution 
companies charge to capitalize on the 
ignorance of the citizens, 

� Lack of expertise to encourage the public to 
invest in solar PV technologies educate and 
offer trainings to communities in order for
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� them to participate and use affordable RET 
to satisfy their basic energy needs for 
consumption. 

The Local Investors: At the same time, the local 
investor usually faces a huge drawback to invest in the 
renewable energy technologies such as solar PV 
technologies due to the following challenges and 
barriers [14]. 

 
� Technical and financial constraints such as 

lack of technical expertise to develop 
bankable renewable energy based power 
plants project proposal 

� Insufficient working capital due to difficult 
to access the loans in the country 

� High interest rates offered by banks due to 
high risk perceptions 

� Lack of expertise from local financial 
institutions to give appraise to renewable 
energy based off-grid or grid connected 
project proposals 

 
The Foreign Investors: The current situation in the 
energy sector in Zambia does not provide attraction to 
the international investors due to some of the following 
barriers and challenges particularly in electricity 
business [1]: 

 
� Low tariffs making investment into 

electricity sector unattractive 
� Absent of regulatory frameworks which 

stunt investment and growth of the energy 
sector 

� Lack grid code for renewable energy 
technology and infrastructure hurdles like 
lack quality testing 

� Relatively low market for off-grid due to 
low income of end users in rural areas 
hinders foreign investors to virtue into off-
grid PV systems. 

 
However, despite its huge initial capital costs, solar 
photovoltaic technology has evolved over the years. 
The  solar  energy technology offers a number of 
opportunities to the country such as employment  
creation for both rural and  urban, access to reliable and 
affordable clean energy, energy security, access to 
clean and safe water such as in solar PV water pumping 
system and lastly but not the least sustainability. 
Sustainability is very important for the progress of the 
society and economic development for the national. In 
addition, solar energy can be used to mitigate the 
energy deficit the country is currently facing since it is 
during the day when the demand is above the 
generation and during this time the country receives 
huge amount of solar energy. 
 

3.2 Scaling up programs for Solar PV 
technologies in Zambia  

 
In Zambia most of solar PV technology based programs 
are handled by the Rural Electrification Authority 
(REA), Energy Regulation Board (ERB), and private 
sector projects. However, despite of a number of 
program that were/or have been launched by either 
government or international nongovernmental 
organization most of the programs and projects failures 
have mostly been attributed to financial constraints, 
delayed implementation and lack of expertise.  Hence, 
to overcome these failures the government has setup a 
number of programs such as: 

Training of ERB and REA officers and equip them 
with the knowledge needed for the effective 
performance of the organizations [4].  

Create an office for promoting private power 
investment in order to help developers of more than 
10MW power plants in Zambia in terms of paper work 
and environmental impact assessments [3, 11]. 

REA through the help of Swedish government has 
formulated a number of the solar home system projects 
in Eastern province of Zambia [14, 15, 7]. 

The World bank have initialed a solar energy source 
mapping program across the country in order to guide 
new entrants [17]. 

3.1 Government initiatives to promote use of Solar 
Energy technologies in Zambia 

 
The government of Zambia in its National Energy Plan 
has set a number of goals and objectives to achieve by 
2030. In order  to include solar energy in the energy 
mix,  the government is intending to deploy about 
500,000 solar home systems across the country and 
establish solar PV farms producing at least  100MW. 
Therefore, in order to encourage private sector 
participation in the energy sector the government of 
Zambia through REA and  ERB have  initialized a 
number of financial incentives to promote deployment 
and investment in renewable energy technologies. 
These incentives can be divided into two main groups 
i.e investment and production incentives. For example 
the minister of energy announced in parliament that the 
“government of zambia is evaluating bids for 
development of 300 MW solar power plants across the 
country”. Furthermore, the government has since 
started the tender process of procuring 600 MW of solar 
power through the Industrial Development Corporation 
(IDC). Two plants of 50MW each constitute Round 1 
of the 600 MW program. This will cost approximately 
USD1.2 billion - and all of this will be primarily 
financed by the private sector with IDC funding a 
minority shareholding on behalf of Zambians [15]. 
 
Investment incentives: In order to overcome the huge 
initial investment cost barriers that comes with 
renewable energy technologies, the government of 
Zambia has introduced tax waivers on all imported 
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renewable energy technologies such as solar energy 
technologies. 
 
Production Incentives: The electricity supply sector i.e 
generation, transmission,and distribution in Zambia is 
mainly dominated by the Zesco limited which is 
vertically integrated utility fully owned by the 
government of Zambia. Thus, in order to open the 
sector for other companies to contribute to the energy 
sector and encourage energy production from 
renewable energy technologies such as solar PV 
technologies, the government of Zambia through 
Department of Energy in the Ministry of Mines, Energy 
and Water Development has introduced a feed-in-tariff 
for all energy generated from renewable energies [6]. 
Furthermore, in order to stimulate private sector 
participation, the government through Energy 
Regulation Board has increased the energy tariff by 
25% . In addition, to encourage development of off-grid 
mini grid in rural areas far away from main electric 
grid, recently the government of Zambia has set up the 
lowest price of 0.06 USD /kWh for energy generated 
from min grid plants based on renewable energy, which 
will be constant for next 25years. The set price is higher 
compared to Dubai’s which is 0.03 USD /KWh, 
Mexico with 0.045 USD /kWh  and Peru with  0.048 
USD /kWh as shown in Figure 3 below. 

 

 
   Figure 3: Price of Solar Energy Generated by Mini-

Grid across the Globe [16] 

4. FUTURE PROSPECTS OF SOLAR ENERGY 
TECHNOLOGIES IN ZAMBIA 

The future prospects of solar PV technologies in 
Zambia looks pride with the government initiatives, set 
goals, and objectives in the National Energy Policy.  
The government of Zambia has dedicated itself to 
increase current energy access levels from the current 
4% for rural areas to 50% and also increase the levels 
for urban areas to 90% by 2030. In order to overcome 
the ever increasing energy demand which  is expected 
to increase from 8.1TWh  in fiscal year 2007  to 
16.6TWh in 2020 and 21.6TWh in fiscal year 2030 at a 

growth rate of 5.7% per year up to 2020 and 4.4% per 
year up to 2030, the government have included in its 
plan to diversify energy mix by including solar energy 
based technologies such as utility scale PV systems and 
solar home systems[16, 17]. Therefore, in the next 
14years the government of Zambia is planning to 
distribute about 500,000 solar home systems and install 
utility scale PV system of at least 100MW across the 
country [19,20]. Furthermore, in few years to come the 
government through build-own-operate model intends 
to install a total of 30MW in three provinces of Zambia, 
10MW in Eastern, 10MW in Luapula and another 
10MW in Northwestern Provinces of Zambia. In 
addition, in order to attract both local and foreign 
investors, the government of Zambia through Energy 
Regulation Board (ERB) has introduced feed-in-tariff 
and has set the energy price for mini off grid renewable 
energy based power system at USD 6cents/kWh for the 
next 25years. At the same time the government has 
introduced investment incentives in order to reduce the 
huge initial capital investment cost that are associated 
with renewable energy based technologies. 

5. LESSONS LEARNT AND RECOMMENDATIONS 

The increase in energy demand clearly shows the need 
for Zambia to venture more into renewable energies in 
the future energy mix[16]. Plans should include 
meeting the growing energy demand in a sustainable 
way and still meet the current deficits. The renewable 
energy strategy should includes long-term renewable 
energy targets for specific applications. The 
government should consider setting tangible target for 
the RE sector. There is need to conduct research in the 
proposed developmental sites to avoid projects to be 
dropped and considered unattainable in future. Much 
has to be done to bring all solar technologies in the 
country to address the current shortages of electricity 
both in rural and urban area. The projects which were  
intended to address the shortage are behind schedule  
and are failing to meet the deadline due to lack of 
funding. Zambia has low tariffs making investment into 
the electricity sector unattractive. The country also 
experiences   poor project preparation and entry and 
this has led to most projects been dropped at 
implementation stage. There are also issues with power 
purchase agreements (PPA), absent regulatory 
frameworks stunt investment and growth  in the energy 
sector. Additionally the infrastructure hurdles such as 
grid connections, manufacturing, and quality testing 
impede development of the Zambia’s renewable energy 
potential [1]. The relatively small size of the off-grid 
market and low income of perceived end-users do not 
make it substantially attractive to foreign investors, 
which is why the sector has mainly involved local 
private operators with the support of donors and 
development partners. Even though the support of local 
private operators is a good step towards local 
empowerment,  the local private operators face 
technical and financial constraints, which may 
sometimes include lack of technical expertise to 
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develop bankable proposals, insufficient working 
capital due to difficult access to loans, high interest 
rates due to high risk perception, and lack of expertise  
from local financial institutions in appraising off-grid 
renewable energy proposals [14].Even under such 
constraints and challenges, Zambia agreed to be part of 
the Renewable Readiness Assessment (RRA) roll-out 
project supported by the International Renewable 
Energy Agency (IRENA) to enhance the deployment of 
renewable energy in Africa and globally [12]. The RRA 
consultations have given Zambia the chance to more 
carefully consider how to exploit its extensive 
renewable energy resources. It will require technical, 
policy, regulatory and capacity readiness with specific 
regard to developing renewable energy [3].  

 

6.  CONCLUSIONS 
The paper has presented the overview of the status of 
solar energy source distribution and present status, 
barriers and challenges, and government initiatives to 
promote solar PV technology  in Zambia. It has further 
presented some lessons learnt and highlighted some 
recommendation for further consideration on the matter 
at hand. Zambia has a huge solar potential to tap in for 
electricity generation and other uses, with the current 
energy demand growth solar PV technology offers a 
best alternative for future sustainable energy mix. With 
such a growth results a rapid urbanization and 
improving standards of living for millions of Zambian 
households hence the demand is likely to grow 
significantly in the near future. Therefore, Zambia 
needs to realize the vast solar energy potential and  step 
up efforts if  it is to  attaining the sustainable 
development goals set up by United Nation and also if 
the country is to achieve the new set goals of increasing 
access to modern energy service for all by 2030. 
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Abstract: The primary challenges facing solar power generation as an alternative, sustainable and 
economical energy source are high generation costs and low efficacy of meeting and sustaining 
energy needs. To mitigate against these challenges, the environmental and its operating conditions 
mitigating against its optimum performance need to be studied, understood and avoided. This paper 
utilised COMSOL Multiphysics tools to compute thermal and electrical parameters of two-
dimensional geometrical structures to examine the effects of configurations and temperature on the 
performance of concentrated thermal photovoltaic system. In the study, the physics of irradiation, 
optical, electrical and absorption properties of the solar system involved were analysed and used in 
performance predictions and optimisation strategies for optimum performance. 
 
Key words: Solar energy, concentrated thermal photovoltaic energy, generated power, sustainable 
energy, solar system performance. 
 
 

1. INTRODUCTION 
 

Present trends in solar thermal energy (STE) supply and 
use are unsustainable in terms of economic, 
environmental and social considerations. There is need 
for avoidance of energy-related emissions of greenhouse-
gas (GHG) that lead to considerable climate change with 
an average of 6°C global warming. Sustainable and 
negligible-carbon energy technologies play a vital role in 
the energy turn-around required to effect this change. 
Energy efficiency improvement for the various types of 
renewable energy would all require widespread 
improvement in the bid to compete favourably with fossil 
fuel generated power. It is anticipated that it may be 
possible to achieve a target of 50% below the present 
levels of global energy-related CO2 by 2050 and a global 
temperature rise limit of 2°C by 2050 [1, 2]. 
 
Various solar technologies are at different levels of 
maturity, each with a significant potential for 
improvement. Non-concentrated solar panels (NCSP) and 
concentrated solar power (CSP) are the two most matured 
technologies and the most commercialized [3, 4]. 
Concentrated thermal photovoltaic (CTPV) energy 
system is of interest for study because of its huge 
potential and its fast-growing usage in the international 
market today [5]. Among many other uses, CTPV is used 
for heating water for domestic usage, in spaces in 
residences and in commercial buildings, in solar assisted 
cooling, the swimming pool, solar-assisted district 
heating, industrial process heat, desalination, agricultural 
products and in services such as drying, hatcheries, chick 
brooders and seed germinators, solar cooking and electric 
power generation to mention but a few [5].  
 
The objectives of this paper is to explore the physics and 
absorption analysis options in concentrated thermal 
photovoltaic (PV) solar energy systems for best system 
operation performance. This is carried out by using 

models and simulation tools to develop and predict 
performance indices of newly designed cells, modules 
and arrays for optimal performance that will contribute to 
accelerated adoption of a carbon-free society. 
 
The method adopted is the use of modelling and 
simulation in designing and developing the CTPV 
system. To achieve this, the tool flow in COMSOL 
Multiphysics, Version 5.1, was utilised to build two-
dimensional models. The relevant physical and material 
properties of these models are then used as variables and 
expressions to apply directly to the solid domains, 
boundaries, edges, and points independently for their 
computational meshes. A CTPV system was modelled 
and simulated for the determination of its thermal 
performance. The parameters for the materials involved 
in thermal energy generation were defined and the 
appropriate physics were applied in the study of various 
operating conditions that affect the system performance 
for the two-dimensional system. The two-dimensional 
geometries of solar photovoltaic were then simulated and 
their performances were evaluated. This was done in 
order to establish the conditions at which the thermal 
photovoltaic systems, like any other power generating 
systems, would maximize the input energy source, 
radiation and heat transfer in order to improve its 
efficiency for better performance and improved energy 
output. The output results in the two-dimensional systems 
are analysed, compared, reported and presented in this 
work. 
 

2. CONCENTRATED PHOTOVOLTAICS 
TECHNOLOGY 

Concentrated PV (CPV) is a photovotaic technology that 
generates electricity directly from sunlight energy, using 
the PV effect. In contrast to conventional PV systems, 
lenses and mirrors are used to focus sunrays onto small, 
but highly efficient solar cells with multi-junctions (MJ) 
in CTV technology [4]. Furthermore, CTV systems could 
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use solar trackers or a cooling system to further increase 
their efficiency. Continuous research and development is 
speedily improving their acceptability in the utility-scale 
segment and particularly in the aspect of high solar 
insolation. This type of solar technology is therefore very 
appropriate for use in smaller areas [6, 7]. 
 
CPV systems are classified according to the amount of 
solar concentration involved as indicated in Table 1. 
During the concentrating process, energy is lost but in 
spite of it, CPV can still attain the highest efficiency 
among all kinds of other solar technologies. Commercial 
CPV modules with silicon-based cells offer efficiency 
in the range of 20% to 25% [8]. Other materials such as 
Ge (0.67 eV), GaAs or InGaAs (1.4 eV), and InGaP (1.85 
eV) could also be employed in stead of silicon.  Since 
optics are employed to concentrate incoming solar 
radiation, CPV modules rely on direct sunlight to operate 
by using reflectors to concentrate direct solar radiation 
onto a solar receiver. H e n c e  CSP collectors need to 
be used in regions with clear skies and high direct 
solar irradiation to maximize performance [3]. 
 
At the moment, CPV is not as common as conventional 
PV systems and it is not used in the PV rooftop 
installation. For locations with a high annual insolation of 
2000 kilowatt-hour (kWh) per square meter or more, the 
levelized cost of electricity is in the range of R1.20 to 
R2.24 per kWh [6]. Different CPV energy systems are 
presented below: 
 
Table 1:  Concentrated PV energy system categories [4] 

 
Part Class CPV Typical 

Concentration 
Ratio 

Type of 
Converter 

i High-
concentration, MJ 
cells 

>400X Multi-
junction 

ii Medium-
concentration, 
cells 

~ 3X – 100X Silicon or 
other 
cells 

iii Enhanced 
concentration, 
modules 

<3X Silicon 
Modules 

 

2.1 Concentrating solar thermal energy conversion 
 
Solar energy radiation can be concentrated to produce 
heat which can be collected at sufficiently high 
temperatures to make electricity. The devices used to 
concentrate the sun's radiation on the PV cells are called 
concentrating solar collectors (mirrors or lenses) and the 
radiation is in the form of heat. There are four types 
available, namely: parabolic dish, parabolic trough 
collector, power tower (heliostat field focusing on a 
central receiver) and compact linear Fresnel reflector. 
CTPV is relatively new when compared with PV solar 
energy, but a steady progress is being made when one 
considers the generated CSP in the years 2009 and 2013 

respectively as contained in Table 2. The most developed 
technology is the parabolic trough, with a recorded use of 
over 20 years operation in California. It is the only option 
that has been deployed in commercial service so far [8, 
9]. The other technology options have only been 
constructed in the last few years, but look promising as 
well. For instance, the compact linear Fresnel reflects 
types are much simpler to build, and are potentially 
cheaper on a large scale [3]. 
 

Table 2: Progress in CSP since 2009 [3] 
 
Description End 0f 2009 End of 2013 

Total installed capacity 600 MW 3.6 MW 

Annual installed capacity 100 MW 882 MW 

Annual investment USD 1.8 
billion 

USD 6.8 
billion 

Number of countries 
with 50 MW installed 

2 5 

STE generated during 
the year 

0.9 TWh 5.5 TWh 

  
CSP looks appropriate to be considered as a suitable solar 
energy option for reducing climate change because it 
generates electricity and produces no greenhouse gas 
emissions, hence it could be a key technology. In 
addition, a CSP plant is flexible and enhances energy 
security as it has thermal storage ability that ensures firm 
electric capacities and time-shifting electricity generation. 
It could also be part of a hybrid plant thus lowering the 
cost of solar electricity. CSP technology is diverse, 
ranging from power tower to parabolic trough, Dish-
engines and concentrated linear Fresnel reflector (CLFR). 
In CSP operation, the working temperatures and towers 
are increased with a great variety of designs and 
applications to meet the energy needs in a variety of ways 
[10].  
 
Unlike in solar PV technologies, CSP plants have the 
advantage of using steam turbines that will essentially 
provide all the needed ancillary services. Moreover, they 
have an intrinsic capacity to store thermal energy to 
electricity for later conversion [11]. Combining CSP with 
thermal storage capacity of full-capacity generation that 
will run for several hours will enable CSP plants to 
continue production of electricity and with no disturbance 
even in cloudy conditions, or in the early morning or 
evening when power demand goes up. The CSP 
technology in generating electricity in plants presents 
significant potential for supplying specialized demands 
such as process heat for industry; heating co-generation, 
cooling and power; and water desalination [12]. 
 
3. MODELLING OF CONCENTRATED THERMAL 

PHOTOVOLTAICS ENERGY SYSTEM 
 
The parameters of the materials of the CTPV system 
under study is as presented in Figure 1.  The PV cells 
were cooled by water on their rear surface (the interface 
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with the insulation) to reduce the temperature. Since there 
was flow of heat on the different boundaries, conduction 
was always present. The emitter was simulated with a 
particular temperature called Theater, on the inner boundary 
by the model as indicated in Table 3. In the boundary 
condition, radiation (surface-to-surface) was taken into 
consideration at the outer emitter boundary. The global 
definition for the PV cell was specified as indicated in 
Table 4. The mirrors were simulated and radiation heat 
was applied on all boundaries. The selected physics was 
heat transfer with surface-to-surface radiation interface.  

 

 
Figure 1: Geometry of the modelled CTPV system [11] 

 
The impact of working conditions (flame temperature) on 
the efficiency of the system, the temperature of 
constituents in a typical CTPV system as shown in 
Figures 3(a), (b) and (c) and the output power were all 
investigated in all cases and analysed.  
 
Radiation boundary conditions were applied to the inner 
boundaries of the PV cells and that of the insulation as 
well. On the other hand, the PV cells have a greater 
emissivity value than that of the insulation. Furthermore, 
a fraction of the irradiation was converted to electricity in 
the PV cells. The heat sinks situated on the PV cells inner 
boundaries account for a boundary heat source, q, which 
is defined in Equation (1) as: 
 

                   (1) 
where, 
 
G = irradiation flux (W/m2), and   is the voltaic 
efficiency of the PV cell.  
 
 

Table 3: Global definition for the Heater 
Parameters 
Name 

Expression Value Description 

T_heater 1000 [K] 1000 
K 

Temperature, 
emitter inner 
boundary 

 
Table 4: Global definition for the PV Cell 

Name Expression Unit Description 
eta_pv 
  

if(T<1600[K], 
0.2*(1 - (T/800[K] 
- 1)^2), 0) 

 Voltaic 
efficiency, 
PV cell 

q_out ht.Gm*eta_pv W/m2 Electric 
output 
power 

 

The efficiency of the PV cell depends on the local 
temperature T as expressed in Table 4. The thermal 
properties for the materials used in the model are given in 
Table 5. 
 

Table 5:  Material properties for CTPV modelling [9] 
Component k 

[W/(m·K)
] 

ρ (rho) 
[kg/m3] 

Cp 
[J/(kg·K)] 

ε 

Emitter 10 2000 900 0.99 
Mirror 10 5000 840 0.01 
PV Cell 93 2000 840 0.99 
Insulation 0.05 700 100 0.1 
 
The absorbed solar radiation was partly converted to 
electrical energy while the remaining unconverted energy 
raises the temperature of the PV cells. The heat transfer 
equation of the PV cell layers expressed as an internal 
heat generation, Q, is related to the electrical efficiency of 
the PV panel , the front area of the PV panel  
and the volume of the PV cells in the pane  . The 
heat transferred could be determined from the absorbed 
solar radiation using the equation (3): 
 

     (3) 

 
4. 2D MODELLING AND SIMULATION OF A 

CTPV SYSTEM FOR OPTIMUM 
PERFORMANCE 

 
Due to high cost of silicon PV cells, smaller area PV cells 
were utilized and mirrors were then used to focus the 
radiation from the heat source on these PV cells for 
greater concentration and intensity. However, there is a 
limit to how much of these beams could be focused on 
the PV cells because high radiation intensity could 
overheat and burn out the PV cells. Therefore, there is the 
need to optimize system geometry and operating 
conditions in order to achieve maximum performance 
(efficiency and power output) at minimum material costs. 
 
The model simulated the emitter with an assigned 
temperature, Theater, on the inner boundary. At the outer 
emitter boundary, the surface-to-surface radiation was 
applied in the boundary condition. The mirrors were 
simulated by applying radiation on all boundaries with a 
low emissivity value. Heat loss by conduction was 
continually present and considered on the different 
boundaries. Radiation boundary conditions were 
considered for both the inner boundaries of the PV cells 
(with high emissivity, Ԑ) and that of the insulation (with 
low emissivity Ԑ) as indicated in Table 5.  
 
The heat sink on the inner boundaries of the PV cells 
simulated water cooling on the PV cells to convert a 
fraction of the irradiation to electricity instead of heat.  
These are situated on the PV cells inner boundaries 
account for a boundary heat source, q, which is as defined 
in Equation (1). This was made possible by accounting 
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for a boundary heat source, q, as defined in Equation (1) 
within the ambient temperature .                                                                     
 
The efficiency of the PV cells, is a function of the 
local temperature as defined in Table 2. The local 
temperature of 800 K was applied. The PV cell’s voltaic 
efficiency is a function of this temperature and it turned 
out to have a value of 0.2 at this temperature. This is 
obvious from its generalized equation as expressed in 
Table 4. At the outer boundary of the PV cells, the 
convective water cooling, , was applied for at           

 by the model and setting 
 to avoid PV cells from over-heating. 

 
At the outer boundary of the insulation, convective 
cooling was applied for at  with h defined 
as ). 
 
Any of the various system parameters could be varied to 
investigate the variation effect on the CTPV performance 
output. These variations could be from any of the 
materials listed in Table 5 or the operating conditions 
such as the emitter heat in Table 3 or the operating 
temperature in Table 4.  
 
These three scenarios studied are listed below: 
(a)  A CTPV system with eight pairs of mirror and PV   
       cells which was set as the standard and validated. 
(b)  A reduction in the pair number of mirror and PV cell    
       used from eight to six. 
(c)  An increase in the pair number of mirror and PV cell   
      used from eight to ten. 
 
The mirror/PV cell pair is being referred to as number of 
mirrors for simplicity. The effect of the variations on the 
CTPV system configuration was studied on the system 
efficiency and generated output power. The material 
properties were defined and used in the simulation as 
contained in Table 5 and it remains the same for each of 
the cases considered. Results were generated for the 
stationary temperature distributions, the voltaic efficiency 
and output power in each of the cases. The findings of the 
influence of the configuration variation in the 2D CTPV 
are as presented in Figures 2(a), (b) and (c) to Figures 
5(a), b) and (c).  
 
The influence of geometry changes on the system such as 
the number of materials used or the specifications given 
of these materials was studied. For all the studies carried 
out on the various CTPV configurations, the materials 
selection and specification remain the same. 
 

5. RESULTS, ANALYSES AND DISCUSSION 
 
In Figures 2(a), (b) and (c) all through to Figures 5(a), (b) 
and (c) are the comparative analyses of the three different 
modelled configurations of the 2D CTPV system. Figures 
3(a), (b) and (c) show the visual temperature distribution 
(stationary) for the CTPV systems with eight, six and ten 
mirrors respectively that were subjected to prevailing 

operating conditions with an emitter temperature of 2,000 
K 
 
The structure with eight pairs of mirrors and PV cells was 
set as the standard since the geometry was initially built 
with eight pairs of mirrors and PV cells along with the 
other materials. The results showed that the CTPV system  
 
In Figures 2(a), (b) and (c) all through to Figures 5(a), (b) 
and (c) are the comparative analyses of the three different 
modelled configurations of the 2D CTPV system. Figures 
3(a), (b) and (c) show the visual temperature distribution 
(stationary) for the CTPV systems with eight, six and ten  
mirrors respectively that were subjected to prevailing 
operating conditions with an emitter temperature of 2,000 
K. 

 
Figure 2a:    Geometry and stationary temperature distribution 

(eight mirrors) 

 
Figure 2b:  Geometry and stationary Temperature distribution 

(six mirrors) 

 
Figure 2c:  Geometry and stationary Temperature distribution 

(ten mirrors) 
 
The structure with eight pairs of mirrors and PV cells was 
set as the standard since the geometry was initially built 
with eight pairs of mirrors and PV cells along with the 
other materials. The results showed that the CTPV system 
experienced a remarkable temperature distribution that 
varied almost linearly with the operating conditions.  
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The temperature distributions as graphically represented 
in Figures 3(a), (b) and (c) showed that the PV cells 
reached temperature values of 1,820 K, 1,880 K and 1700 
K for the systems with eight mirrors, six mirrors and ten 
mirrors respectively. These are significantly higher than 
their best operating temperature of 780 K, 1,300 K and 
1,300 K respectively as revealed in Figures 3(a), (b) and 
(c). These would yield system output power of 7,800 
W/m2, 31,800 W/m2 and 29,800 W/m2 respectively as 
indicated in Figures 4(a), (b) and (c) and at the operating 
temperature of 1,200 K, 1,600 K and 1,800 K 
respectively. 
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. 
 
 
 
 

Figure 3a:    Temperature distribution (eight mirrors) 

Figure 3b:    Temperature distribution (six mirrors) 

Figure 4a:    Electric output power (eight mirrors) 
  

Figure 5(a): Voltaic efficiency- temperature (eight mirrors) 
 

Figure 5(b): Voltaic efficiency- temperature (six mirrors) 

Figure 4b:    Electric output power (six mirrors) 
  

Figure 4c:    Electric output power (ten mirrors) 

Figure 5(c): Voltaic efficiency-temperature (ten mirrors) 
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The results obtained for the 2-D CTPV modelling and 
simulation, with a varying number of PV cells and 
mirrors are expressed graphically in Figures 2(a), (b) and 
(c) to Figures 5(a), (b) and (c In all cases, the CTPV 
system attained the same efficiency value of 19.8% as 
seen in Figures 5(a), (b) and (c). From the graphical 
analysis in the figures displayed and the fact that all 
configurations used the same defined modelling 
parameters, the better option was between the six mirrors 
and the ten mirror configurations.  
 
The power generated in the six mirrors was 31,800 W/m2 
and that of the ten mirrors was 29,800 W/m2. 
Furthermore, the percentage temperature deviation was in 
the increase of 45% and 31% for the six and eight mirrors 
respectively. In addition, by comparison of the 
temperature deviation on the subjected operating 
conditions along with those considered as the best 
operating conditions, it was revealed that the percentage 
increase deviations were 16.7%, 12.5% and 11.1% 
respectively for the eight, six and ten mirror 
configurations. It is an established fact that the lower the 
temperature increase, the better for the PV cells in order 
to avoid over-heating and damage to the PV cells.  
 
Based on this reasons, the ten PV cells/mirrors had the 
least temperature rise, which appears to make it 
preferable, but the power generated by the ten mirror 
configuration is lower and the associated cost for the ten 
mirrors and ten number PV cells is another factor for 
consideration, which makes the ten mirror configuration 
not to be eventually competitive. A comparative cost 
analysis on this are for discussion for another time.  
 
However, the six PV cells/mirrors configuration 
generated the highest power output of the three 
configurations. In addition, out of the three different 
configurations, the six mirrors configuration utilized the 
least numbers of mirrors and the PV cells, ultimately 
translating to reduced material costs for the operation.  
 

6. CONCLUSION 
 
Modelling and simulations were carried out on three 
different CTPV configurations having eight mirrors, six 
mirrors and ten mirrors respectively for best operating 
condition determination. The 2D configuration with best 
performance was six mirrors with emitter heater 
temperature 1,600 K and PV cell temperature 1,300 K, 
generating optimal output power 31,800 W/m2 and 
optimal efficiency of 19.8 per cent. The attained 
percentage temperature increase on the PV cell 
temperature was 45 per cent. From the analysis of these 
results, 2D modelling of the thermal CPV system for the 
six mirror configuration would be able to deliver more 
power output than any of the other two (eight or ten 
mirrors) configurations, but care must be taken to ensure 
that the Heater temperature of 1200 K is not exceeded. 
Temperature issue is paramount in determining the 
operation that would yield the best or optimum 
performance. However, studies have shown that in PV 

technology, temperature increase in the system generates 
heat, hence, this must be avoided. The high temperature 
condition and the distribution nature of the power output 
graphs are suggestive of the fact that the operation of the 
CTPV system with six PV cells/mirrors may require 
further studies and improvement in order to make it more 
sustainable.   
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Abstract: This paper presents findings of an investigation into the impact of wind power on power 
system inter-area and local-area oscillation modes. The key findings are that frequencies of inter-area 
and local-area oscillation modes decrease while their damping ratios can increase or decrease when 
wind power replaces conventional generation or wind power is introduced to supply increasing load 
without changing the system inertia. 
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1. INTRODUCTION 

Insufficient power system damping torque leads to small-
signal instability and growing power system oscillations. 
Inter-area oscillation modes involve groups of generators 
from different system areas oscillating against each other 
at frequencies ranging from around 0.25 Hz to 0.8 Hz [1]. 
In contrast, local-area oscillation modes consist of either 
a single generator oscillating against the rest of the power 
system or a group of closely interconnected generators 
oscillating against each other at about 0.8 Hz to 2 Hz [1]. 
These oscillation modes result from heavy power transfer 
over long transmission lines and high responsive and high 
gain excitation systems [1][2]. The use of high responsive 
and high gain excitation systems improves the transient 
stability but this adversely degrades the damping torque 
required to damp the small-signal oscillations. Reducing 
excitation system time responses is one of the obvious 
solutions but this is at the expense of the synchronising 
torque which is vital for transient stability. The widely 
used mitigation approach is the Power System Stabilizer 
(PSS) whose overall objective is to extend power transfer 
limits [1][2]. The PSS is a supplementary control device 
installed as an element of an excitation system to provide 
additional damping at the particular oscillation frequency. 
PSSs allow high responsive and high gain excitation 
systems to be used without compromising the system 
small-signal stability. 

1.1 Contextualization  

Eskom’s Koeberg Power Station comprising 2 x 900 MW 
units is located in the Western Cape. Koeberg reduces the 
electricity supply dependence of the Western Cape on the 
coal-fired power stations in Mpumalanga Province which 
is 1 500 km away. In this context, Koeberg is vital for the 
power system grid in the Western Cape and within the 
Eskom network. A recent study done [4] focused on the 
improvement of the inter-area mode damping between the 
South Western Cape and the North-Eastern Mpumalanga 
areas. This was resolved by the retuning of the Koeberg 
PSS. Further north, about 200 km from Koeberg is the 
100 MW Sere Wind Farm. This proximity has triggered 

an investigation into how the Sere Wind Farm and the 
inclusion of significant amounts of wind power may 
impact on the power system small-signal stability and the 
need to retune the PSSs. 

1.2 Problem statement 

Wind is among the prominent renewable technologies 
used due to its economic and environmental benefit. As a 
result, a large amount of wind power is being integrated 
into power system grids at higher rates than conventional 
generation technologies. This implies that system 
operators need to reassess the power system stability. In 
particular, small-signal stability is important because it 
involves settings of PSSs of the synchronous generators 
that were previously tuned in the absence of wind farms. 
The power system small-signal stability requirements 
with renewable technologies are not even considered in 
currently used grid codes and standard planning practices. 

1.3 Research question 

The main research question to be answered is:  

x What is the impact of wind power on the power 
system small-signal stability damping 
requirements?  

The following sub-questions were outlined to address the 
main question: 

x To what extent can the PSSs provide damping to 
both local area and inter-area oscillation modes?  

x What is the impact of Type 4 WTs on inter-area 
and local-area oscillation modes?  

1.4  Research aim and objectives  

This study aims to investigate the impact of wind power 
on the power system small-signal stability in order to 
determine its impact on the optimal PSS settings. The 
objectives towards the study aim were:  
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x To design optimal PSS settings for a test system 
to damp both local-area and inter-area oscillation 
modes. 

x To establish the test system small-signal stability  
with significant amounts of Type 4 WTs; 

x To assess whether or not the generator PSSs 
require retuning due to the addition of adjacent 
WPPs. 

The remainder of this paper is as follows. Section 2 is an 
overview of the theoretical background to modal analysis 
which is widely used for small-signal stability analysis. 
This section also describes the generic Type 4-WT 
models used as described in the IEC 61400-27-1 standard 
and the modelling of WPPs for power system impact 
studies. Section 3 details the methodology used while 
Section 4 presents and discusses the results obtained.  

2. THEORETICAL BACKGROUND 

For small-signal stability related problems, the power 
system equations are linearized about a selected operating 
point. The linearized equations are given by equation (1) 
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-where: Δx = n x 1 state variable vector, Δy = m x 1 output 
variable vector, Δu = r x 1 input variable vector, A = n x n state 
matrix, B = n x r input matrix, D = m x r feedforward matrix.  

The modal analysis reveals the information relating to the 
system stability by solving the characteristic equation (2). 

0)(  ,� OAdet   (2) 

The roots of equation (2) are called eigenvalues and they 
correspond to the oscillation modes [2]. The eigenvalues 
can either be real or complex. The complex eigenvalues 
occur as conjugate pairs and are of the form:  

ZVO jr  

-where:V = eigenvalue real part, ω = eigenvalue imaginary part 

The eigenvalues must be in the left half complex plane 
for their corresponding oscillation mode to be stable and 
their damping ratio quantifies by how much an oscillation 
mode is damped. A minimum damping ratio of 5 % is 
considered acceptable [3]. The eigenvalue frequency and 
damping ratio are defined by equations (3) and (4) 
respectively.  
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-where: f = oscillation frequency in Hz, ξ = damping ratio 

2.1. IEC-61400-27-1 Type 4 WT model 

The Type 4 WT is a variable speed WT which is able to 
vary its speed in order to extract maximum power from 
the wind [7]. This is achieved by controlling the power 
converter which interfaces the generator to the power 
system. The presence of this power converter determines 
the behaviour of the WPP as seen from the power system 
[8]. Figure 1 shows the configuration of the Type 4 WT. 
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Figure 1: The Type 4 WT configuration  

OEM WT models are confidential and are not available 
for general use. Generic WT models were developed in 
agreement among various WT manufacturers. These WT 
models are documented in IEC 61400-27-1 and they are 
suitable for power system small-signal stability studies 
[6]. These models are realized as templates with default 
settings in DigSilent and the Type 4-WT template model 
was adapted and used in this study. These IEC 61400-27-
1 WT model consists of aerodynamic model, mechanical 
model, generator model, electrical equipment model, grid 
protection and control module. Readers are referred to the 
standard for the detailed description of these components, 
however, a brief description is given subsequently.  

2.1.1. Aerodynamic model  

The aerodynamic model determines the mechanical 
power extracted from the wind energy, given by equation 
(5). 

),(32
2
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-where U = air density, R = WT blade radius, V = wind speed and Cp = 
WT power coefficient 

2.1.2. Mechanical model 

For power system stability studies a mechanical two-mass 
model of the WT rotor and generator should be used [6]. 
The IEC 61400-27-1 consists of two Type 4 WT models. 
Type 4B WT model consists of the mechanical two-mass 
model thus it was used. The two masses are of the WT 
rotor and of the generator system which are represented 
using the WT rotor and generator inertias. These inertias 
are linked with a shaft modelled as a spring and damper.  

2.1.3. Generator system 

Type 4-WTs connect to the power system through fully 
rated power converters. For this reason, static generators 
are used to model IEC 61400-27-1 Type 4-WT generators 
since their behaviour is determined by the converters. 
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2.1.4. Electrical equipment and protection  

The electrical equipment includes the WT step-up 
transformer and a circuit breaker. The IEC 61400-27-1 
standard does not specify models for the transformer and 
circuit breaker. The standard power system simulation 
tool models are employed. The protection models protect 
against over- and under- voltages and -frequencies.  

2.1.5. Control module 

The IEC 61400-27-1 Type 4-WT control module consists 
of P-control and Q-control. The P-control determines the 
WT aerodynamic power and generator active current. The 
WT operation modes (constant reactive power, constant 
power factor or constant voltage modes) are set in the Q-
control module. The IEC 61400-27-1 WT models have a 
Q limitation function for determining the WT reactive 
power limits [6]. 

2.2. Representation of WPPs for grid impact studies 

In order to determine the impact of the wind power on the 
power system, an aggregated model of the wind farm is 
needed [5]. Aggregated wind farm models are favoured 
over detailed models because of their ability to reduce the 
simulation time. The aggregation involves combining all 
the WPP wind turbines into a single machine and lumped 
transformer connected to an aggregated collector system. 
The collector system impedance and susceptance are 
calculated using equation (7) and (8) respectively. 

 

 
(7) 

 

 
(8) 

-where I is the total number of branches in the WPP collector system, Zi 
and ni are the impedance for the ith branch, and N is the WPP total 
number of WTs.  

In DigSilent, WPP aggregation is achieved by using a 
single WT generator and transformer and specifying the 
number of parallel WTs and transformers. The WPP 
reactive power compensation and station transformers are 
modelled explicitly.  

3. METHODOLOGY 

The research methodology employed was in two phases. 
Phase 1 considered integrating wind power into the test 
system without PSSs installed on the generators. Phase 2 
considered the system generators equipped with PSSs. In 
this paper, focus is only on phase 1 which included:   

Step 1: Adapt and implement the Two Area Multi-
Machine test system and establish the local-area and 
inter-area oscillation modes 

Step 2: Develop a Type 4 WT based WPP using the IEC 
61400-27-1 generic WT models and integrate the WPP 
into the TAMM test system considering:  

- Case 1: Wind power replacing conventional 
generation; and 

- Case 2: Wind power to supply load increase  

Step 3: Establish power system small-signal stability 
with significant amounts of Type 4-WT WPPs installed. 

3.1. Power system model  

The test power system model adapted for this study is a 
multi-machine system shown in Figure 2 [2] consists of 
two interconnected areas via parallel 230 kV transmission 
lines. Each area consists of 2 x 900 MVA generators, 
modelled using a 6th order generator model and equipped 
with IEEE AC4 excitation systems. The generator 
normalised inertias were 6.5 s and 6.175 s for generators 
in area 1 and area 2 respectively. The AVR time constant 
settings were 0.05 s with an exciter gain of 200. The 
loads (967 MW at bus 4 in area 1 and 1767 MW at bus 14 
in area 2) are modelled as constant impedance.  

 

Figure 2: Two-Area Multi-Machine system 

3.2. Aggregated WPP model 

A 100 MW aggregated WPP model using IEC 61400-27-1 
for Type 4-WTs was developed using the aggregated WPP 
parameters adapted from [5] shown in Table 1 given on a 
100 MVA apparent power base and collector system 
voltage base.  

Figure 4 depicts the simulated aggregated WPP model 
load flow results. The WPP was set to operate under 
constant voltage mode. The aggregated WPP model real 
power loss is 3 % which is within the acceptable limits.  

Table 1: Equivalent collector system parameters 

Plant size 
(MW) 

Collector 
voltage (kV) 

R  
(pu) 

X  
(pu) 

B  
(pu) 

100 34.5 0.017 0.014 0.030 
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4. RESULTS AND DISCUSSION 

Load flow analysis was conducted prior to the eigenvalue 
analysis to establish the steady-state system behaviour. 
The load flow analysis results of the test system without 
wind power had an inter-area power flow of ~400 MW. 
This power was being exported from area 1 to area 2 as a 
result of the higher load in area 2.  
 
Table 2 provides the calculated eigenvalue analysis 
results of the test system in the absence of wind power. 
The eigenvalue analysis results show that the inter-area 
mode is unstable due to the positive real part of the 
eigenvalue. This inter-area oscillation mode involved all 
the system generators oscillating at 0.61 Hz. Generator 3 
from area 2 had the highest participation factor |PF|.  

Table 2: Eigenvalue analysis results without wind power 

 Inter-area Area 1 Area 2 
Eigenvalue 0.05±j3.82 -0.64±j7.02 -0.64 ±j7.23 
Frequency 0.61 Hz 1.12 Hz 1.15 Hz 
Damping ratio -1.2 % 9.1 % 8.8 % 
    
G1 0.387 0.766 0.006 
G2 0.230 0.880 0.016 
G3 0.614 0.029 0.419 
G4 0.498 0.012 0.526 

The inter-area oscillation mode damping ratio is -1.2 % 
which is below the minimum acceptable criterion of 5 %. 
The results indicate that the generators in each of the two 
areas are oscillating against each other (local-area mode) 
at 1.12 Hz in area 1 and 1.15 Hz in area 2. The damping 
ratios of the two local-area modes are 9.1 % and 8.8 %. 
Based on these eigenvalue results, it is confirmed that 
synchronous generators with higher inertias contribute to 
low oscillation mode frequencies. This is supported by 
generators in area 1 with inertias of 6.5 s oscillating at 
1.12 Hz while generators in area 2 with inertia of 6.175 s 
oscillating at 1.15 Hz. In addition, a PSS on a generator 3, 
with the highest inter-area mode participation factor will 
improve the system small-signal stability.  

4.1. Case 1: Wind power replacing conventional 
generation 

An equivalent amount of the conventional generation was 
gradually replaced with wind power. In this case, it was 
convenient to choose a particular generator to replace.  

4.1.1. Inter-area mode behaviour 

Generator 3 with the highest participation factor towards 
the inter-area oscillation mode was replaced with wind in 
steps of 100 MW (implies Generator 3 is an aggregation 
of individual generators with ratings of 100 MW). The 
inter-area oscillation mode and power flows were 
observed for each wind integration stage. Table 3 shows 

the inter-area oscillation mode eigenvalue and frequency 
(in Hz) with increase in wind power. Initially, the inter-
area oscillation mode eigenvalue real part is positive 
indicating an unstable mode. When the wind power level 
penetration is increased to 300 MW (42% of the initial 
generator output) the inter-area mode becomes stable as 
demonstrated by the eigenvalue real part which becomes 
negative. 

Table 3: Inter-area mode wind increasing wind power 

Wind power 
(MW) 

Eigenvalue 
(α ± jω) 

Frequency 
(Hz)  

100 0.029 ± j 3.797 0.604 
200 0.012 ± j 3.780 0.602 
300 -0.005 ± j 3.763 0.599 
400 -0.021 ± j 3.747 0.596 
500 -0.033 ± j 3.735 0.594 
600 -0.041 ± j 3.726 0.593 
700 -0.042 ± j 3.726 0.593 

 

Figure 3: Inter-area mode damping variation with gradual 
integration of wind power 

Further increase in the wind power penetration, resulted in 
the eigenvalue real part increasingly becoming negative. 
In addition, Table 3 provides the inter-area oscillation 
mode frequency which decreased with the integration of 
wind power which simultaneously reduces the damping 
ratio of the inter-area oscillation (see Figure 3). 

4.1.2. Local-area oscillation mode behaviour 

Generator 2 and generator 4 with the highest participation 
factors towards the two local-area oscillation modes were 
gradually replaced with wind power in separate cases. 

The eigenvalue and frequency of the local-area oscillation 
modes increasingly became more negative with 
decreasing frequency (see Table 4). Figure 5 shows the 
local-area oscillation modes damping with the integration 
of wind power. The figure shows that damping of local-
area modes increases 
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Figure 4: Simulated 100 MW WPP plant power flow 

Table 4: Local area oscillation mode behaviour 

Wind power  
(MW) 

Area 1 local-area 
mode 

Area 2 local-area 
mode 

100 -0.765 ± j 6.391 
f = 1.10 Hz 

-0.763 ± j 7.178 
f = 1.14 Hz 

200 -0.878 ± j 6.829 
f = 1.09 Hz 

-0.855 ± j 7.042 
f = 1.12 Hz  

300 -0.968 ± j 6.719 
f = 1.07 Hz 

-0.941 ± j 6.931 
f = 1.10 Hz 

400 -1.031 ± j 6.613 
f = 1.05 Hz 

-1.005 ± j 6.828 
f = 1.09 Hz 

500 -1.068 ± j 6.531 
f = 1.04 Hz 

-1.046 ± j 6.751 
f = 1.07 Hz 

600 -1.081 ± j 6.487 
f = 1.03 Hz 

-1.068 ± j 6.719 
f = 1.07 Hz 

700 -1.075 ± j 6.496 
f = 1.03 Hz 

-1.071 ± j 6.744 
f = 1.07 Hz 

 
Figure 5: Local-area modes damping ratios with gradual increasing in 

wind power 

4.1.3. Power flows 

Case 1: Insignificant power flows were exhibited because 
generator 3 replacement only changes generation in area 
2 by an amount equal to the WPP loss. Hence the amount 
of power exported from area 1 remains almost the same.  

Case 2: Significant power flows occurred when generator 
2 in area 1 is replaced. This is because the WPP losses are 
compensated hence the reduction in the power flows so as 
to maintain the same demand in area 1.  

Based on the results presented when wind power replaces 
conventional generation the damping of both inter-area 
and local-area oscillation modes improves. Since the 
synchronous generator rotor inertia contributes towards 

the oscillation modes the replacement of the conventional 
generation, consequently changes the system inertia. This 
results in the oscillation mode frequencies decreasing and 
in this case led to increased damping of the inter-area and 
local-area oscillation modes. Changes in the power flows 
cannot adequately explain the previously obtained results 
in comparison to the change of the system inertia. The 
author decided to maintain the inertia and integrate wind 
power in order to establish its effect on the power system 
oscillation modes when the inertia is unaltered.   

4.2. Case 2: Wind power supplying increasing load  

In order to maintain the system inertia, it was decided to 
introduce wind power to supply an increasing system 
load without replacing the existing generators. 

4.2.1. Inter-area oscillation mode behaviour 

Table 5 shows the behaviour of the inter-area oscillation 
mode when wind power supplies an increasing load.  

Table 5: Inter-area oscillation mode behaviour when wind power is 
supply increasing load 

Wind power 
(MW) 

Eigenvalue 
(α ± jω) 

Frequency 
(Hz)  

100 0.051 ± j 3.791 0.603 
200 0.056 ± j 3.766 0.599 
300 0.063 ± j 3.741 0.595 
400 0.072 ± j 3.717 0.592 
500 0.081 ± j 3.693 0.588 
600 0.090 ± j 3.669 0.584 
700 0.101 ± j 3.644 0.580 

 
Figure 6: Inter-area damping ratio with wind power supplying 

increasing load 
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The results illustrate that the integration of wind power 
without changing the system inertia has an opposite effect 
on the inter-area oscillation mode properties. When wind 
power supplies increasing load the inter-area mode moves 
into the right-half complex plane thus decreasing the 
inter-area damping (see Table 5 and Figure 6). 

4.2.2. Local-area oscillation mode behaviour 

Local-area oscillation mode behaviour when wind power 
is used to supply increasing system load is given Table 6.  

Table 6: Local-area oscillation mode characteristic when wind power 
supply increasing load 

Wind power 
(MW) 

Area 1 local-area 
mode 

Area 2 local-area 
mode 

100 -0.633 ± j 6.995 
f = 1.113 Hz 

-0.618 ± j 7.236 
f = 1.15 Hz 

200 -0.629 ± j 6.978 
f = 1.111 Hz 

-0.609 ± j 7.235 
f = 1.151 

300 -0.623 ± j 6.963 
f = 1.108 Hz 

-0.599 ± j 7.234 
f = 1.151 Hz 

400 -0.618 ± j 6.950 
f = 1.106 Hz 

-0.588 ± j 7.234 
f = 1.151 Hz 

500 -0.612 ± j 6.938 
f = 1.104 Hz 

-0.577 ± j 7.234 
f = 1.151 Hz 

600 -0.606 ± j 6.928 
f = 1.103 Hz 

-0.565 ± j 7.235 
f = 1.151 Hz 

700 -0.600 ± j 6.918 
f = 1.101 Hz 

-0.552 ± j 7.234 
f = 1.151 Hz 

 
Figure 7: Local-area damping ratio with wind power supplying 

increasing load 

The eigenvalue results indicate that when wind power is 
integrated the local-area oscillation mode frequency and 
damping decreases (see Figure 7 showing the decreasing 
local-area oscillation mode damping). Similarly the 
power flows were changing with wind power integration. 
As such, when the system inertia is unaltered the change 
in the power flow can be used to justify the changes of 
inter-area and local-area oscillation modes behaviour. In 
both cases investigated in this paper, it was also revealed 
through the system participation factor matrix that Type 4 
WTs do not participate towards power system oscillation 

modes. This is explained by the presence of the converter 
between the Type 4 WT generator and the power system. 
The findings of this paper are consistent with those of [9] 
and [10] where they used doubly fed-induction generators 
(DFIGs)-based wind farms with partially rated power 
converters. 

5. CONCLUSION 

In this paper, the impact of large amounts of wind power 
on inter-area and local-area oscillation modes has been 
studied. Modal analysis, participation factors and tracking 
of the oscillation modes under integration of wind power 
were used in this study. The results show that increasing 
wind power decreases the frequency of both the inter-area 
and local-area oscillation modes due to changes in system 
inertia and power flows. It is suggested that wind power 
integration improves the damping of inter-area and local-
area modes when wind power replaces conventional 
generation. The inter-area and local-area modes damping 
is decreased when wind power is used without changing 
the system inertia (which is the more realistic scenario). 
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Abstract: Outdoor wireless mesh installations are becoming increasingly popular for multiple 
building communications due to its ease of installation, flexibility and redundancy. This paper 
assesses the effectiveness of a wireless mesh network in providing communication links from 
electrical distribution substations to the control centre. More specifically, measures such as reliability, 
latency and throughput are used to determine if this form of communication methodology is suitable 
for eThekwini Municipality’s distribution automation requirements. The results show that these 
measures fall within the industry accepted benchmarks for distribution system monitoring and 
maintenance data from field devices. However, the cost effectiveness and quality of service of the 
wireless mesh network for distribution automation is yet to be proven when additional municipal 
services are added onto the network.   
 
Key words: wireless mesh network, distribution automation, reliability, latency, throughput, electric 
utility case study. 
 
 
 

1. INTRODUCTION 
 
Distribution automation of electrical power grids 
incorporates the automation of electrical infrastructure in 
various facets of the distribution power system with the 
aim of reducing outage times. Distribution automation 
also integrates into the various stages of implementation 
including planning, design, construction, operation, and 
maintenance. It includes interactions with the 
transmission system, interconnected distributed energy 
resources, and automated interfaces with end-users [1]. 
The various components of the power grid are 
geographically spread over a large area.  Hence, 
communication networks that interconnect these 
components is an essential requirement to enable 
distribution automation [2]. 

While the scope of distribution automation is vast, it is 
necessary for a utility to extract its own distribution 
automation vision based on its particular needs. At 
eThekwini Municipality’s Electricity Unit, distribution 
automation is interpreted as an integration of technologies 
and protocols that can remotely control and monitor the 
electrical distribution system operations. Distribution 
automation in this context shall be deployed to 11kV 
distribution substations (DSS), ring main units, auto-
reclosers, through-fault indicators, kiosks and mini 
substations in order to improve visibility, power quality, 
reliability, efficiency, asset utilization and performance of 
the electric power system. To achieve the above vision, a 
supporting communication network needs to be specified 
and developed as an enabler. 

 

 
Figure 1: Tier 2 distribution area network showing interface to tier 1 backbone. 

SAUPEC 2017 488



A review of different communication technologies for 
distribution automation is presented in [3]. The variety of 
technologies reviewed indicates that it is important to 
first define the requirements of a network deployment in 
the context of the terrain, the density of sites to which 
services will be deployed and the prioritisation and 
performance benchmarks for these services. A best fit 
communication network deployment may then be chosen.  
 
At eThekwini Municipality a communication network 
strategy based on the tiered approach has been adopted 
and is in the process of being implemented [4]. The 
Electricity Unit has an extensive technical fibre optic 
network that spans throughout the eThekwini 
Municipality electrical supply region, providing 
communication links to all major 132kV and 275kV 
substations. The current backbone fibre optic network 
forms the first tier. The second tier (Distribution Area 
Network, DAN) as depicted in figure 1 will provide 
communication to the distribution substations, mini-
substations, advanced metering infrastructure and other 
automated electrical network monitoring equipment, by 
integrating seamlessly into the existing tier 1 network.  
This tier consists of a mix of communication media 
including, fibre optics, pilot copper and wireless. The 
third tier (Neighbourhood Area Network) is intended to 
reach the advanced meters. The fourth tier (Home Area 
Network, HAN), will provide communication links to 
devices within the home. 
 

2. WIRELESS MESH COMMUNICATION 
NETWORK 

 
The main benefit of including wireless mesh in the tiered 
communication network strategy is the simplicity and 
speed of installation over traditional fixed line networks. 
Apart from its self-healing and self-forming property, the 
mesh network achieves the following benefits [5]: 
x Has high bandwidth capacity to handle multiple, 

concurrent services/applications. 
x Provides a high level of security over multiple layers 

using proven, industry-standard security technologies. 

x Delivers high availability. 
x Provides automatic fail-over protection at multiple 

levels, including the wireless link and the connection 
to the control/data centre. 

x Offers protection against local environmental 
disrupters and resiliency to interference. 

x Each wireless device in the network is able to offer 
low hop latency. 

x Offers a path for potential expansion.  
 
2.1 Description of a wireless mesh network 
 
A wireless mesh network [6] consists of radio 
communication devices installed in such a configuration 
as to allow each device to communicate to each other, 
even if one or more of these devices or communication 
links become unavailable. Thus this type of 
communication network is commonly referred to as a 
self-healing or self-forming network. The radio devices 
may be classified as mesh gateways, mesh nodes and 
mesh clients, as shown in Figure 2, which communicate 
to each other on a specific radio frequency. The mesh 
gateways form the interface from the wireless network to 
the main control or data centre. Self-healing is achieved 
by installing the mesh devices at strategic points such that 
each device has a radio link to at least two other devices. 
Finally, the mesh clients are connected to the end devices 
to provide required services. 
 
2.2 Wireless Mesh Communication Requirements for 
implementing Distribution Automation at eThekwini 
 
Table 1 presents general communication requirements for 
various distribution automation applications that are 
under consideration at the Electricity Unit. From the 
table, the worst case latency through a communication 
network system ought to be less than 4s and the reliability 
at least greater than 99.5%. The required network 
throughput is the product of the data size and sampling 
requirements, and depends on the scale of end devices 
that are supported by the network.  

 

Figure 2: Typical wireless mesh deployment on an electrical network [7]. 
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Table 1: General Communication Requirements for Distribution Automation Functions [3]. 
Distribution automation 

Application 
Typical data size 

(bytes) 
Typical data sampling 

requirement Latency (s) Reliability (%) 

Distribution system 
monitoring and 

maintenance data from field 
devices to DMS 

100–1000 

CBC: 1 per device per hour (24×7) 

<5 >99.5 Feeder fault detector: 1 per device per week (24×7) 
Recloser: 1 per device per 12 h (24×7) 

VR: 1 per device per hour (24×7) 

Volt/VAR control (command 
from DMS to field devices) 150–250 

Open/close CBC: 1 per device per 12 h (24×7) <5 >99.5 Open/close Switch: 1 per device per week (24×7) 
Step up/down VR: 1 per device per 2 h (24×7) <4 >99.5 

Distribution system demand 
response (DSDR) (command 
from DMS to field devices) 

150–250 

Open/close CBC: 1 per device per 5 min <4 >99.5 
Open/close switch: 1 per device per 12 h 

<5 >99.5 Step up/down VR: 1 per device per 5 min (1–6 h 
duration, 4–8 times a year) 

Fault detection, clearing, 
isolation and restoration 

(FCIR) (command from DMS 
to field devices) 

25 1 per device per  isolation/ reconfiguration event (<5 
s, within <1.5 min of fault event) <5 >99.5 

 
In [7], eThekwini Municipality Electricity Unit’s 
requirements for the wireless mesh deployment is 
encapsulated. The primary application for the Electricity 
Unit’s wireless mesh network is to provide 
communications to support multiple concurrent services 
with each individual link being able to accommodate a 
minimum throughput of 2Mb/s (1Mb/s uplink and 1Mb/s 
downlink). From table 1, the maximum throughput per 
end device is in the order of kilobytes per second.  The 
higher throughput requirement specified for the network 
allows for additional municipal services to be added at 
each end point. 
 
It is also a requirement for the mesh to be scalable for 
additional capacity to be added as more services are 
required in the future. The network shall provide fully 
redundant coverage to support communications for at 
least 95% of eThekwini Electricity’s substations in the 
deployment area. It shall also offer a path for potential 
expansion of the geographical area of service. 
 
As per table 1, the reliability for a distribution automation 
service shall be 99.5%. This translates to the link from 
the control centre to the substation end device having the 
same reliability statistic and shall include any intrinsic 
delays, such as channel hopping, in the wireless mesh.  
 
Each wireless device shall be able to offer a per hop 
latency of less than 20ms. From table 1, the overall 
system latency required for distribution automation 
services is 4s however a more stringent per hop latency 
was specified to enable future services such as CCTV. 
 
The mesh shall provide automatic fail-over protection at 
multiple levels, including the wireless link and the 
connection to the wired tier 1 network. 
 
The network shall offer protection against local 
environmental disrupters and resiliency for interference. 
To enable this, the system shall use distributed 
intelligence to optimise the network, make path selection 
and routing decisions, and enforce security and QoS 
policies. Furthermore the hardware components shall also 

be installed and housed such that the risk of theft and 
vandalism is minimised. 
 
Finally, the system shall have a fault, configuration, 
accounting, performance, security (FCAPS) management 
system for centralised management and access to the 
entire wireless mesh network. This management system 
shall be able to retrieve network performance statistics 
for each wireless mesh device and the network as a 
whole. 
 
2.3 Wireless Mesh Deployment at eThekwini Municipality 
 
In 2013, the Independent Communications Authority of 
South Africa (ICASA) granted eThekwini Municipality’s 
Electricity Unit a license exemption to construct, 
maintain and operate a private wireless electronic 
communication network.  
 
As a result, a proof of concept pilot was successfully 
completed in December 2015, where a wireless mesh 
network was installed in the Pinetown/New Germany 
region. This network is now able to pick up services from 
34 distributor substations within this area and has already 
been commissioned for SCADA services at 10 of these 
substations. The wireless devices are able to 
communicate with each other on two frequencies in the 
open/Industrial Scientific Medical (ISM) bands, namely 
2.4GHz and 5GHz.  
 
The mesh network consisted of 7 mesh gateways and 71 
mesh nodes/clients. The mesh gateways, installed at 
selected major substations in the area, are connected via 
the tier 1 fibre optic cable network to the control centre at 
Electricity Headquarters. The selected wireless path 
chosen from each client to the mesh gateway is 
determined on a path quality calculation which is 
automatically calculated and updated periodically by the 
mesh network. Typical installation of the mesh radio 
devices are shown in Figure 3 and Figure 4 and a 
connectivity map in Figure 5. 
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Figure 3: Mesh gateway installed at a fibre tier 1 site. 

 

 
Figure 4: Mesh client installed at a substation from which 

services will be picked up 
 

3. METHOD 
 
Several key performance indicators (KPI’s) were used to 
assess the performance of the wireless mesh system. 
KPI’s such as signal to noise ratio, throughput, latency, 
packet loss, channel changes, packet success probability 
and percentage uptime are collected from the field 
devices by the FCAPS management system. These KPI 
measurements are available for each wireless mesh 
device for the last 30 days.  
 
A management of management systems installed at the 
control centre was used to gather statistics for each mesh 
device and end service. By correlating the statistics 
available from the two management systems for the 10 
sites that have services commissioned, it was possible to 
obtain an overall indication of the performance of the 
mesh system.  
 
Tests conducted with independent hardware such as 
spectrum analysers and open source software such as 
iperf [8] and nuttcp [9] have indicated that the results 
presented by the management systems are accurate. 
Furthermore, specialist dedicated measurement tools 
would be needed to measure KPI’s such as channel 
changes, packet success probability and percentage 
uptime. However, these measures are readily available as 
statistics on the wireless mesh devices at no additional 
cost. 

 

 
 Figure 5: Wireless mesh network connectivity map. 
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(2) 

(1) 

4. RESULTS & DISCUSSION 
 
4.1 Performance Evaluation of Wireless Mesh System 
 
The throughput, latency and reliability were evaluated at 
the 10 sites at which SCADA services were 
commissioned. The results over the wireless mesh 
network are presented in Table 2, Table 3 and Table 4 
respectively.  
 
Reliability is interpreted as the measure of the percentage 
uptime, considering the downtime due only to faults over 
an operational cycle, equation 1. 
 

 
 

Operational availability is a measure of availability that 
includes all experienced sources of downtime, such as 
administrative downtime and logistical downtime as 
represented in equation 2. 
 

 
 

The total downtime on the mesh network from 
commissioning has only been due to faults as no tactical 
work has been scheduled yet. Therefore, the reliability 
and operational availability are equivalent and for the 
purposes of this research, the operational availability as 
represented by equation 2 is used as an indicator of 
reliability for the results presented in Table 4. 

The minimum throughput capability of the mesh client is 
1 Mbit/s either upload or download. The total usage per 
day for upload or download is of the order of megabits 
and the average bit rate per site is in the order bytes/s as 
represented in Table 2. This indicates that there is 
sufficient capacity to increase the number and type of 
services that utilise the wireless mesh communication 
system. It also indicates that relative to the throughput 
capability, there is sufficient capacity to accommodate 
multiple distribution automation functions.  
 

Table 2: Throughput statistics measured over a 30 day 
cycle for 10 sites on the wireless mesh communication 

system with SCADA services. 

Site 
Ref 

Total 
Upload 

Data 
(Mbit/day) 

Total 
Download 

Data 
(Mbit/day) 

Average 
Upload & 
Download 

(kbit/s) 

Average  
usage 
per 5  

min poll 
(kbytes) 

1 13.53 13.76 0.31 11.67 
2 22.28 20.91 0.50 18.75 
3 12.28 12.89 0.29 10.97 
4 13.36 9.91 0.27 10.00 
5 26.01 16.81 0.50 18.61 
6 22.33 20.77 0.50 18.75 
7 0.56 0.56 0.02 0.83 
8 6.40 0.56 0.09 3.33 
9 13.43 9.93 0.27 10.00 
10 11.44 3.51 0.18 6.67 

 
Figure 6: Plot of throughput statistics in terms of average 
kilobyte usage for each site reference per 5 minute poll, 

as extracted from Table 2. 

Table 3: Latency results of 10 sites with SCADA services 
on the wireless mesh communication system as measured 

over a 30 day cycle. 

Site 
Ref 

90th 
Percentile 

(ms) 

Max 
(ms) 

Min 
(ms) 

Avg. 
(ms) 

Avg. 
Hop 

Count 
1 2.68 10.71 1.21 1.88 1 
2 6.35 47.98 3.15 4.69 2 
3 12.90 127.32 3.81 8.65 2 
4 8.24 40.38 2.52 5.21 2 
5 3.81 14.93 1.92 3.00 1 
6 10.24 43.21 3.70 6.84 3 
7 19.73 1751.84 5.61 20.95 5 
8 7.48 20.02 3.55 5.55 2 
9 6.72 324.50 2.10 6.14 2 

10 12.09 39.52 3.72 8.14 4 
 
 

 
Figure 7: Plot of latency statistic (90th percentile) and 
corresponding hop count for each site reference, as 

extracted from Table 3. 
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Table 3 presents the latency measurements between the 
mesh gateways and mesh clients. The worst case required 
latency for distribution automation as reflected in Table 
1, is 4s. The latency through the wireless mesh link is 
typically in the order of milliseconds. This indicates that 
the mesh exceeds the distribution automation latency 
requirement. It may also be observed that the latency 
increases with average hop count. Site Ref, 7 has the 
highest hop count and hence the latency at the 90 

percentile is the highest at 19.73ms. However, the 
maximum latency recorded at the site over the 30 day 
window is 1.75s. This indicates that even though the 
latency is within 20 ms, 90% of the time, over the 30 day 
window, there are outlier latency values in the order of a 
second.  These outliers may be attributed to the channel 
congestion or the path quality degradation. The wireless 
devices correct this by an automatic channel change or 
route change to the mesh gateway. 

 

Table 4: Reliability (operational availability) statistics of 10 sites with SCADA services on the wireless mesh 
communication system as averaged over a 30 day period. 

Site 
Ref 

Measured Operational 
Availability of SCADA 

service 

Difference(Measured 
Operational 

Availability,Required 
Reliability) of SCADA 

service 

Corresponding 
Mesh Link 
Operational 
Availability 

No. of SCADA 
communication  

failures 

No. of 
corresponding 

mesh link 
failures 

1 99.839% 0.354% 99.848% 18 17 
2 99.949% 0.471% 99.953% 8 7 
3 99.833% 0.389% 99.852% 29 20 
4 98.103% -1.020% 99.937% 37 8 
5 99.925% 0.447% 99.938% 9 10 
6 99.555% 0.368% 99.938% 11 8 
7 99.822% 0.376% 99.834% 21 21 
8 99.957% 0.482% 99.982% 5 2 
9 99.666% 0.462% 99.900% 8 8 

10 99.875% 0.397% 99.960% 5 5 
 

 
Figure 8: Plot of operational availability statistics for 

each site reference, as extracted from Table 4. 

 The overall reliability requirement as per Table 1, is 
99.5% for the distribution automation applications. This 
equates to a 3 hour and forty minute tolerable downtime 
over a 30 day window. All sites meet this requirement as 
per Table 4, except Site Ref 4. Further investigation into 
this statistic indicated that the corresponding mesh link 
operational availability is 99.937% while the SCADA 
service statistic is 1.834% less. This difference may be 
attributed to poor redundancy design for the SCADA 
service in terms of VLANs which does not affect the 
wireless mesh link operational availability. Going 

forward, a design correction has been proposed for 
implementation. This difference in the operational 
availability statistics is also correlated by the number of 
SCADA communication failures and number of 
corresponding mesh link failures.  
 
The number of mesh link failures peaks at 21, for Site 
Ref 7, over a 30 day window, however the operational 
availability remains within the reliability requirement 
because the downtime during these link failures is very 
small comparatively.  For example, at a 99.834% mesh 
link operational availability for Site Ref 7, the average 
downtime per link failure, given that there were 21 link 
failures is three minutes and thirty seconds. In order to 
maintain a high level of reliability, the wireless mesh 
nodes monitor the ambient noise levels and automatically 
change to channels with lower interference. Before 
deployment, a channel scan at the intended node location 
was done as to assess the number of other operators and 
channel usage. 
 
It was found that there were on average 15 other 
operators in the 2.4GHz ISM band whose received power 
levels were between -90dBm and -55dBm. The 
operational channel range was chosen as the minimal set 
of channels with the lowest number of operators and 
noise floor. Figure 9 shows a plot of 2.4 GHz channel 
changes with the indication that the optimum operational 
channel is selected based on the channel noise and 
latency.
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Figure 9: Plot of 2.4 GHz channel number and 2.4 GHz noise over a 30 day period for site ref 7. 

4.2 Cost of Wireless Mesh Deployment 
 
Table 5 gives an indication of the cost of deployment and 
the corresponding cost of the DSS electrical equipment.  
The total deployment cost is not only the cost of wireless 
mesh equipment but the cost of a full turnkey project 
including site survey, wireless mesh design, installation, 
commissioning and the management system. This 
however does not take into account the costs of deploying 
the fibre backbone network between the deployment area 
and the control centre. The costs indicate that to have a 
wireless mesh network to 34 DSS substations in the 
geographical area, the average cost per DSS is R320 000.  
This is approximately 10% of the cost of electrical 
equipment contained within the DSS. The value derived 
from this investment shall be increased as more services 
are transmitted on the mesh from each DSS. Installing 
client nodes at other DSS substations and MV equipment 
in the deployment area will also improve the return on 
investment. It is important to note that one has to consider 
a deployment of this nature not only from a cost 
perspective. The impact of factors such as risk mitigation, 
cost of unserved energy to the public and total life cycle 
costs of the DSS electrical assets need to be considered.    
 

Table 5: Cost comparison between wireless mesh 
deployment and DSS equipment. 

Total cost of wireless mesh system 
deployment R10 910 000 

Per DSS Cost of Deployment for 34 
DSS sites R320 000 

Typical Cost of Electrical Equipment in 
DSS R3 500 000 

 
5. CONCLUSION 

 
In this paper, a case study on the effectiveness of an 
outdoor wireless mesh communication system for 
distribution automation applications has been presented.  
Three KPI’s, namely reliability, throughput and latency 
were used to assess the mesh in providing SCADA 

services, which may be regarded as a primary distribution 
automation service [1].  The results presented showed 
that the wireless mesh was able to meet and surpass the 
required KPI benchmarks. However, these KPI’s do not 
take into consideration the deployment cost and system 
configuration complexities.  Furthermore, the installed 
wireless mesh network was over specified to meet 
eThekwini Municipality’s Electricity Unit’s present 
distribution automation requirements. The true measure 
of the success of this deployment will be dependent on 
the addition of other services from the Municipality 
which will increase the return on investment and enable 
more effective usage of the wireless mesh system. The 
capability of the wireless mesh to maintain the 
benchmark KPI levels and quality of service when high 
bandwidth services are added, needs to be evaluated. This 
evaluation will also need to address prioritisation of 
services. Another area of further research is the 
computation of a cost-benefit analysis of the system 
taking into consideration whole life costing when 
additional services are added. 
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Abstract—In this paper, we present analytical perfor-
mance evaluation of OFDM broadband power line commu-
nication channel with impulsive noise. A random signal is
generated, modulated using BPSK modulation over OFDM
and transmitted through a low-voltage electrical power line
channel with impulsive noise. Herein, we apply the popular
Middleton’s class A noise model in our simulations. By this
way, the real conditions on the PLC channel are portrayed
in an accurate way. Performance analysis of the system is
then done by computing and plotting the Bit Error Rate
(BER) versus the signal-to-noise ratio (SNR) of received
data at the receiver. Finally, the influence and effects of
different inter-arrival times (IAT) of the impulsive noise
on the transmitted data in the PLC channel are examined
analytically.

Index Terms—Power Line Communication (PLC), or-
thogonal frequency division multiplexing (OFDM), binary
phase shift keying (BPSK) modulation, bit error rate
(BER), interarrival time (IAT)

I. INTRODUCTION

Power line communication technology enables the
usage of the existing in-door low-voltage electrical
power supply networks for communication purposes.
The principle idea behind PLC, is the reduced instal-
lation and operational costs for the realization of new
telecommunication networks. The usage of electrical
power supply networks for low data rate transmission
in the Kbits/s range by electrical companies for man-
agement, control and supervision of power plants and
other electrical utilities dates back since the beginning of
the twentieth century [1], [2]. Currently, this technology
has been raised to a next level of exploitation of the in-
door low-voltage power supply networks for networking
functions that include: voice over IP, fast internet access
and entertainment among others, functions that require
data rates of over 1 Mbit/s [2]. However, the power
line network characteristics that include impulsive noise
interference causing bit and burst errors in transmitted
data [3] due to connected electrical appliances, attenu-
ation due to cable losses that increase with frequency

and length and multipath propagation due to the nu-
merous branching and termination points [4], [5], are
the most unfavourable conditions for data transmission.
In contrast with the other well known communication
channels under impulsive noise environments, the power
line channel noise cannot be characterized by additive
white Gaussian noise (AWGN) model [3], [6]. Instead,
Middleton’s Class A noise model is used as it is an
appropriate noise model [3] for such a communication
channel.

Due to the existence of multipath propagation and
frequency selective fading in the PLC channel, a single
carrier modulation scheme transmission is not sufficient
to mitigate against these effects. It is for this reason
that an OFDM technique is implemented. In OFDM,
the available single data stream bandwidth is segmented
into a large number of closely-spaced orthogonal sub-
carriers, with each occupying a relatively narrower band-
width [5], [7], [8]. In this way, OFDM is able to combat
frequency selective fading and multipath propagation
effects. Besides OFDM, BPSK modulation scheme is
employed due to its simplicity in implementation and
robustness to withstand communication channels with
harsh characteristics like the power line supply network
as compared to the other available digital modulation
schemes.

Herein, the impulsive noise is modelled with an
arrival process with impulses having random, indepen-
dent and identically distributed (i.i.d) amplitudes and a
certain IAT distribution based on measurements results
presented in [10].

Based on characterization of the power line channel
by evaluation of its impulse response through the known
channel multipath propagation parameters in [4], [9],
and noise IAT measurement results presented in [10]
from the University of KwaZulu-Natal , this paper aims
to provide the gap in terms of an analytical model for
BER of different IAT which can be applied without the
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need for simulations or measurements.
This paper is organized as follows: In Section II, we

review the electrical power line channel and the noise
aspects in Section III, while the modulation and OFDM
transmission presented in Section IV. In Section V, the
results obtained and analysis are also presented with
concluding remarks drawn in Section VI.

II. PLC CHANNEL MODEL

Regarding the model employed in realization of the
PLC channel model, the model presented in [9] is used.
In this model given by (1) [9], the multipath propagation
scenario of the power line channel is presented in terms
of its impulse and time delay characteristics.

h(t) =
NX

p=1
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p

�(t� ⌧
p

)ej✓p (1)

where p = 1, 2, 3, · · ·, N is the number of paths, with
� being the Dirac delta function . The phase-shift, ✓
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9
; (2)

The impulse transfer function is composed of a sum of
N Dirac delta pulses which are delayed by ⌧

p

and have
frequency dependent phase-shifts. Thus, we obtain the
frequency transfer function of the power line channel
through Fourier transformation as given by [11],
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Therefore, the power line channel can be described by,

y = h
�

x+ Z (4)

where, y is the received signal at the receiver, x is the
modulated signal sent through the power line channel,
h
�

is the channel scaling factor for the different paths
followed by the transmitted signal given by (3) and Z is
the impulsive noise random variable described in details
in Section III.

III. PLC CHANNEL IMPULSIVE NOISE MODEL

When investigating the effects of impulsive noise
on data transmission in the power line channel, the
time behaviour of noise can be described by impulse
width, arrival time, t

arr

and IAT. Based on Middleton’s
Class A noise model, the combination of impulsive and
background noise can be described by a series of i.i.d
complex random variables with a probability density
function (PDF) defined by [3], [12], [13],
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where, � is the Gauss impulsive power ratio that
represents the ratio between the variance of Gaussian
noise component �2

g

and the variance of the impulse
component �2

m

[3]. The variance of noise �2
z

is given by
(7) [3] and m is the number of impulsive noise sources
characterized by a Poisson distribution with an impulsive
index I. In this paper, the value of I is computed as
follow;

I = noise impulse( )⇥m⇥ 10 (8)

where  refers to the time length of the noise given as;

 = t
arr

: t
arr

+ IAT � 1 (9)

with,

noise impulse( ) = impulse
⇥ � t

arr

m

⇤
(10)

IV. MODULATION AND OFDM TRANSMISSION

A. BPSK Modulation
For BPSK modulation system, one bit of information

is sent per symbol and transmitted by phase. Since
information is transmitted by phase, BPSK is robust
against levels of fluctuation and noise in the power
line channel [14]. In simulation, the BPSK modulator
is implemented by coding the data stream using non
return to zero (NRZ) coding and multiplying the output
by a reference oscillator running at a carrier frequency
!. A bit of 1 is designated by a positive voltage, while
a bit of 0 is designated by a negative voltage. BPSK
modulation scheme can be expressed as [15];

x0(t) = Acos(!t) (11)

x1(t) = Acos(!t+ ⇡) (12)

where, A is the amplitude of the signal, ! is the angular
frequency of the carrier in radians/second and t is the
instantaneous time. x0 is the carrier signal when a bit
of 0 is transmitted, while x1 is the carrier of the signal
when a bit of 1 is transmitted. Thus, the modulated
transmit signal x(t) is given as follows [15];

x(t) = A(t)cos[2⇡f
c

t± ⇡] (13)

B. OFDM Transmission
Reliable and efficient transmission of high speed data

signal over the power line channel is still one of the
central problems in PLC systems [16]. Recently, one of
the promising approach to achieving this task in PLC
systems, is OFDM transmission technique which has
been used successfully in wireless channels to recover
lost sub-channels or data packets caused by multipath
propagation and fading. The use of OFDM in commu-
nication dates back over a century, where several low
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data rate signals were carried over a relatively wide
bandwidth channel using separate carrier frequencies for
each signal [8], [16]. In OFDM, a high data rate signal
stream is segmented into several lower rate streams and
transmitted simultaneously in parallel over a number
of orthogonal sub-carriers. The orthogonality of these
sub-carriers ensures that the streams do not interfere
with each other causing inter-carrier interference [7]. A
simplified OFDM system is as shown in Fig.(1).

1 Mbps 
data Serial 

to 
parallel 
conv.

BPSK 
mod. IFFT CP 

append

PLC channel

BPSK 
dem FFT CP 

removal

Parallel 
to serial 
conv.

Received 
data

Parallel 
to serial 
conv.

Serial 
to 

parallel 
conv.

Fig. 1. A simple OFDM system

From Fig.1, the OFDM system includes a transmitter
and a receiver that have the following blocks; serial-to-
parallel converters, BPSK modulator and demodulator,
IFFT and FFT sections, cyclic prefix (CP) appending and
removal and parallel-to-serial converters. The splitting
of the high rate data stream into several sub-carriers is
accomplished by Inverse Fast Fourier Transform (IFFT).
The block of serial data bits b

r

(r = 1, 2, · · ·, Q), with
each having a period of T per bit, is segmented into
blocks of Q parallel modulated symbols, {S[0], S[1], · ·
·, S[Q�1]} in the frequency domain with each having a
T
s

= QT symbol period. The {S[0], S[1], · · ·, S[Q�1]}
are modulated in parallel by Q different sub-carriers,
with S[r] symbols modulated by using the rth sub-
carrier. The process of modulation is achieved by using
the 2Q-point IFFT. This block of Q parallel complex in-
put symbols is spread out to create 2Q parallel complex
symbols by using Hermitian symmetry [16],

S[k] = conj{S[2Q� k]}, k = Q+1, Q+2, · · ·, 2Q� 1
(14)

But to reduce the computation complexities at the trans-
mitter, the 2Q-point IFFT operation is implemented
using the Q-point IFFT resulting to a new complex
sequence Y [k]. For k = 0, 1, · · ·, Q � 1, we let [16]

L[k] = S[k] + conj{S[2Q� k]}, (15)

and

H[k] = [S[k] + conj{S[2Q� k]}]W�k

Q

, (16)

The new complex sequence Y [k] is then formed by

Y [k] = L[k] + jH[k], k = 0, 1, · · ·, Q� 1 (17)

Thus, the Q-point IFFT operation for the new complex
sequence Y [k] is as follows [16];

y[q] =
1

Q

Q�1X

k=0

Y [k]W�kq

Q

, q = 0, 1, · · ·, Q� 1 (18)

The output y[q] in (18) is a complex series given by

y[q] = l[q] + jh[q], q = 0, 1, · · ·, Q� 1 (19)

Therefore, the 2Q-point real series x[q] can be formed
by examining

x[2q] = l[q], q = 0, 1, · · ·, Q� 1 (20)

and
x[2q + 1] = h[q], q = 0, 1, · · ·, Q� 1 (21)

This process accomplishes the 2Q-point IFFT process
by employing the Q-point IFFT operation for the OFDM
technique at the transmitter. Appropriate CP blocks are
attached to the parallel outputs of the 2Q-point IFFT
and changed back into a digital serial form, {x

k

}.
The resulting waveform is then transmitted through the
power line channel with impulsive noise. At the receiver,
transmitted signal with noise is received as given by (4).
The received serial signal is converted to parallel format
and the CP abstracted to produce the parallel digital
received series which are passed through the Fast Fourier
Transform (FFT) demodulator. The FFT demodulator
converts the 2Q-point real values as an input series
x[q](q = 0, 1, ···, 2Q�1) to generate a Q-point complex
value discrete-time digital sequence. This input sequence
is then split into even-indexed points x

e

[q] given by [16],

x
e

= x[2q], q = 0, 1, 2, · · ·, Q� 1, (22)

while the odd-indexed points x
o

[q] given as,

x
o

= x[2q + 1], q = 0, 1, 2, · · ·, Q� 1. (23)

The 2Q-point FFT conversion into Q-point FFT (k =
0, 1, · · ·, Q� 1) is as follows [16];

S[k] =
2Q�1X

q=0

x[q]W qk

2Q (24)

=
Q�1X

q=0

x[2q]W 2qk
2Q +

Q�1X

q=0

x[2q + 1]W (2q+1)k
2Q (25)

=
Q�1X

q=0

x
e

[m]Wmk

Q

+W k

2Q

Q�1X

q=0

x
o

[m]Wmk

Q

(26)

= FFT{x
e

[m]}+W k

2Q[FFT{x
o

[m]}] (27)
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where m = 2q and FFTs in (27) are the Q-point
FFT operations. These discrete-time digital sequence are
then converted back to parallel symbol sequence in the
frequency domain. To eliminate the need for equalization
due to the effects of delay spread at the receiver, the
symbol rate per sub-carrier of the OFDM system is
designed to be lower than the serial bit rate.

V. SIMULATION RESULTS AND PERFORMANCE
ANALYSIS

As pointed earlier in this paper, the BER factor
affect the performance of modulation scheme and we
thus determine the BER of the receiver. Because of
the impulsive noise nature of the power line channel,
noise is added into our transmitted data stream resulting
to transmission errors. These transmission errors are
evaluated in terms of BER. The number of bit errors
which refers to the number of received bits of a data
stream over the PLC communication channel that have
been affected by noise, interference and distortion is
obtained and plotted against the SNR as shown in Fig.2
below.
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Fig. 2. Simulation results for BER versus SNR for an OFDM system
with BPSK modulation for IAT=0.0001µsec

In this performance analysis, the BER is obtained
by dividing the total number of conveyed bits during a
studied time interval as,

BER =
number of errors

total number of bits sent
(28)

BER, a unit less performance measure, is often
expressed in percentage. The bit error probability which
is the expectation value of the BER, can be taken as
an approximate estimate. This estimate is accurate for a
long time interval and a high number of bit errors.

At the receiver, the received digital data stream are
determined whether to be 1 or 0 based on the signal
level, which is greater or less than a threshold level,
at symbol sample points and set to be 0 for this work.

Given the probabilities of sending code 0 and 1 to be
both 1/2, the BER can be written as follows;

BER =
1

2
erfc{ Ap

2�
} (29)

where, erfc(x) =
2p
⇡

R1
x

e�t

2

dt is called the co-error

function, and A being the amplitude of the signal.
From Fig.(2), we consider the BER against SNR for

the lowest IAT=0.0001µsec. It is observed that a good
performance of the OFDM system can be obtained at a
SNR per bit of approximately 34 dB wherein the BER is
10�4.8 for erroneous bits in our transmission. The same
can also be observed from Fig.(3) and (4) with SNR per
bit of approximately 32.5 dB and 27 dB with BER of
10�3.9 and 10�4.4 respectively for the different noise
IAT. In addition, it can also be seen that the theoretical
BER are tightly bound with the simulated BER for all
the IAT.
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Fig. 3. Simulation results for BER versus SNR for an OFDM system
with BPSK modulation for IAT=0.005µsec

From these observations, the effects of changing IAT
of the impulse noise on transmitted data is evident.
At the lowest IAT=0.0001µsec, the amount of noise
interference on our transmitted data is greatest since
noise is generated at every 0.0001µsec interval. This in
turn leads to an increase in the signal power to drive
the signal through the noisy channel and hence a high
number of erroneous bits incurred. As we increase the
IAT of noise, we realize that data streams transmitted
suffer noise interference after a longer time interval. This
results to lower signal power required to transmit data
through the power line channel, hence low number of bit
errors at the receiver. This is well illustrated in Fig.(5).
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Fig. 4. Simulation results for BER versus SNR for an OFDM system
with BPSK modulation for IAT=0.01µsec
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Fig. 5. Simulation results for BER versus SNR for an OFDM system
with BPSK modulation for different IAT

VI. CONCLUSIONS

In this paper, implementation and performance eval-
uation of an OFDM system in PLC with impulsive
noise is carried out through the BER performance over
the low-voltage power supply networks. The channel
characteristics obtained from measurements in earlier
research results have shown that an OFDM transmission
technique is necessary to cope with the impulsive noise,
multipath propagation and fading of the power line
channel. In addition, an appropriate impulsive noise
model and its characteristics has also been discussed
briefly. Our simulation results revealed that a power line
channel with higher degree of impulsive noise, lead to
an increase in the signal power required to transmit data
with lower bit errors. We have also shown that noise
IAT is of great importance due to impulsive noise and
increasing this parameter lead to an improved overall

performance to a good extent.
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Abstract: In todays’ era the smart grid (SG) requires communication between energy generation, its 
transmission, end to end distribution and utilization at user premises. This needs integration of an 
excellent communication technology to intelligently control and transfer large amount of information 
from one node to another without affecting underlying electricity distribution systems.  Cognitive 
radio networks (CRNs) is a promising technology which can address issues of controlling, collecting 
and transfer data in large amounts and with an improved utilization of available spectrum. A CRN 
based communication scheme for SGs is proposed in this paper, which prioritize the traffic. The 
traffic is classified as prioritize and non-prioritize, the preference to access the spectrum is given to 
prioritize traffic and non-prioritize may be placed in queue or blocked. Simulation and results 
demonstrate considerable reduction in blocking of prioritize traffic and utilization of spectrum.   
 
Key words: Cognitive radio, spectrum utilization, smart grid, smart meter, security. 
 

1. INTRODUCTION 
 

The SG is a rational system for power transmission, for 
which the communication technologies are utilized for 
transfer of information and to enhance capability. These 
information technologies include wireless 
communication, sensing using embedded systems, 
adaptive, automated and management control to achieve 
reliability and bring sustainability in the interconnected 
power networks [1-3].Using communication technologies 
in SG’s introduce many new services and functions like 
meter reading from remote locations, unauthorized 
utilization detection, control of SG’s remotely. SGs can 
detect and control appliances remotely. It can also 
diagnoses faults in housing complexes or business 
complexes which bring down the energy cost and safety 
for consumers [4], which includes traditional generator 
with or without emerging renewable distributed generator 
(DGs), industrial consumer and home consumers 
controlling thermostats, vehicles run by electricity and 
smart appliances [5]. 
Many communication technologies can be implemented 
for SGs like wired communication, powerlines which use 
the current wiring infrastructure for electrical power. It 
suffers from [6], [7]. Wireless communication is the heart 
of all the communication in today’s era and it is still 
developing, which makes it an obvious candidate for SG 
communications. Wireless technology was initially 
restricted to small distances and associated with low data 
rates [2].  However, wireless sensor networks (WSNs) 
can be utilized for several SG applications by adequate 
implementation of its sensor nodes [8]–[10]. 
Traditionally, wireless networks are typically regulated 
and provided access to licensed users only which resulted 
in inefficient utilization of spectrum. The spectrum 
utilization can be improved by dynamically providing 
access of this spectrum to unlicensed users, CRNs is 
operating on this principle [11]. It not only addresses the 
requirements for communication but also addresses issues 

related to the standardization and security for SG 
communications [12]-[14]. The utilization of spectrum is 
limited to 15% normally and upto 85% in peak hours by 
licensed users. The CRNs also supports different traffic 
types like multimedia, real time while maintaining their 
quality of service (QoS) requirements which will become 
more stringent in future SGs.  
 

2. BACKGROUND TO EMPLOY CRN IN SG’s 
CRNs can flexibly support many applications and needs 
of SGs employing it. Recently, some surveys on SGs and 
CRNs paved the path for SG’s communication using 
CRNs. The survey in [15-17] briefly mentions use of 
CRNs in SGs and its applications without mentioning the 
method of utilization.  
SGs using CRNs are quiet efficient in collection and 
transporting the bulk of data with improved utilization of 
spectrum. The SG communications of  today includes all 
housing complexes and business entities. CRNs with 
reconfiguration capability can manage and control varied 
service types. CRNs uses the unused spectrum as a 
secondary user (unlicensed) (SU) in the absence of a 
primary user (licensed) (PU) which provides less delay in 
communication to time sensitive or real time data in SGs. 
CRNs also leads to reduction in power consumption 
which influences cost of the network, reduced congestion, 
better indoor propagation of signals etc. In this paper an 
assignment Smart Grid- Priority (SG-P) scheme is 
proposed for CRNs used as underlying communication 
medium for SGs. This scheme differentiates SGs data 
transfer on the basis of their importance and amount. 
There are certain SGs applications like fault, failure, 
system failure etc. which are like alarm conditions which 
needs immediate attention, this type of data is given 
priority and are termed as priority calls and remaining as 
non-priority calls.    
The remainder of the paper is organized as follows: the 
CRN parameters are given in section 3. The proposed 
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SG-P scheme for SGs using CRNs as communication is 
given in section 4. The simulation and performance 
analysis of SG-P scheme is given in section 5. The paper 
is concluded in section 6. 
 
3. COGNITIVE RADIO NETWORK PARAMETERS 

AND SMART GRID DATA 
The network has N channels and capacity of channels is 
the same. The network is also equipped with a buffer 
(queue) with a capacity of nB. The data or information 
CRNs transfers for SGs vary.  

a) Alarm messages: This includes fault, error 
messages which needs immediate attention. 
Also, neglecting them might lead to complete 
failure of grid partially or fully. These messages 
are given highest priority and are considered as 
real time calls (which cannot tolerate delay) and 
are denoted by 1SU . 

b) Monitoring of Sensors: The sensors are on 
continuously monitored for security from any 
sort of destruction. These messages are 
considered at level 2 in priority and considered 
as multimedia calls (they can tolerate small 
delays). These are usually large volumes of data 
and are denoted by 2SU . 

c) Meter Readings: The meter reading are given 
lowest priority and can withstand delay. These 
are denoted by 3SU . 

For CRNs all these calls are secondary user calls. The 
SUs can only get access to the channel when a PU is not 
using it. If a channel is in use by SU and a PU arrives, SU 
are kept on hold or may be blocked if buffer is full. A PU 
can only be blocked if and only if Nnpu  , where 

 
pun are the number of PUs. The remaining characteristic 

of CRNs also exists in the network. For e.g  
a) A channel is used by one call at a time.  
b) A SU call is assigned randomly. 
c) A  PU call can use free or a channel assigned to 

SU on arrival. 
 

4. SMART GRID PRIORITY SCHEME IN 
COGINTIVE RADIO NETWORKS 

 
For SG-P scheme, the arrival of data requests of PU calls 
and SU calls ( 321  and, SUSUSU ) at sensor nodes is 
assumed to be Poisson’s distributed denoted by sp OO  and  

respectively. While sp PP  and  are their service time 
respectively and they are considered as exponentially 
distributed. In mobile communication environment 
arrival and departure of calls is a random process, in a 
similar way the information which SGs nodes need to 
transfer is also a random process. Each node has its queue 
and base station also maintains a queue with capacity of 
nB calls. Let the capacity of buffer at any instant is 
denoted by nBt. 

4.1 Primary User Arrival and Departure  
4.1.1Arrival Process 

Case 1. If Nnpu   and a new PU request arrives, the call 
will be blocked.  

Case 2. Nn pu z  

a. One or more channel is free, assign PU call to 
any of them randomly. 

b. All channels are occupied by PUs and SUs. 
Arrange the SUs in order of their priority and 
place the SU with lowest priority in buffer for 
buffer current capacity nBt<nB. If buffer capacity 
at node is full block the call. For two or more 
SU calls of same priority, shift or block the call 
with minimum elapsed time in network.  

4.1.2 Departure Process 

 When a PU call ends. Check the status of the queue at 
the base station (BS), if 0zBtn . Assign this free channel 
to the SU with the highest priority. If two or more SUs of 
same priority exist in the buffer, assign channel to the SU 
with maximum elapsed time in the buffer.  

4.2 Primary User Arrival and Departure  
4.2.1 Arrival Process 

When a SU arrives, the algorithm works as follows. 

a. Check the priority level of arrived SU.   

b. If ( 1SU ) 

List all the channels assigned to 2SU and 3SU . 

If (no SU with priority 2 and 3 available) 

     If (nBt<nB) 

     Place the new SU call with elapsed time  

     0
1
 E

SUt units in buffer and update nBt= nBt+1. 

      Else  

      Block the 1SU call. 

      End 

Else  

Select the SU with lowest priority and minimum 
elapsed time in network i.e ( 2SU | 3SU  && 

( )min(
32|

nE
SUSUt ).  

If (nBt<nB) 

Place the SU call with elapsed time      
nE

SUSU
E

SUSU tt
3232 ||  units in buffer and update 

nBt= nBt+1. 

Else 

Block the SU call.  
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End.  

End 

c. Else if ( 2SU ) 

List all the channels assigned to 3SU . 

If (no SU with priority 3 available) 

     If (nBt<nB) 

     Place the new SU call with elapsed time  

     0
2
 E

SUt Units in buffer and update nBt= 
nBt+1. 

      Else  

      Block the 2SU call. 

      End 

Else  

Select the SU with lowest priority and minimum 
elapsed time in the network i.e ( 3SU && 

( )min(
3

nE
SUt ).  

If (nBt<nB) 

Place the SU call with elapsed time      
nE

SU
E
SU tt

33
 units in buffer and update nBt= nBt+1. 

Else 

Block the SU call.  

End 

End 

d. Else 

If (nBt<nB) 

    Place the new SU call of lowest priority with 
elapsed time 0

3
 E

SUt units in buffer and update 
nBt= nBt+1. 

End 

e. End 

In this algorithm, SU calls are originating from different 
sensor nodes placed on SGs. The calls are again a random 
process like simple mobile communication.  

Consider a SGs network with 10 nodes with a centralized 
monitoring centre which make decision on the basis of 
the information it receives from different nodes. Let the 
CRN network is equipped with N=5, channels. The 
current status of network is np=2, ns=2 and nBt=0 i.e all 
the channels are currently occupied.   

Let one SU is of priority 2 with 5
2
 nE

SUt  units of time 

and two SUs ( 31SU with 6
31
 nE

SUt units of time 

and 32SU with 5
32
 nE

SUt units of time) are of priority 3.  

Scenario 1: If a PU or SU1or SU2 arrives the 32SU is 

placed in buffer with 5
3
 E

SUt  and channel assigned to the 

arriving call.  

Scenario 2: If a 3SU , arrives it will be placed in the 

Figure 1. Performance of Smart Grid Traffic in presence of PU (a) Without Priority (b) With 
Priority,(c) With Priority and Buffer=2 and (d) With Priority and Buffer=4. 
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buffer with 3
3
 E

SUt . 

5. SIMULATION AND RESULTS 

For performance analysis using simulations and results, 
the following assumptions are made: 

x Number of channels of CRNs are L=10. 

x The service times of primary users 
is 50.0 sP and service times of secondary users 
are 10.01  sP , 60.02  sP and 20.03  sP for 

1SU , 2SU and 3SU respectively.  

x Arrival rate of primary users is only 20% of the 
SUs, times more than primary users i.e 

sp OO 2.0 . 

x Maximum buffer size is 4 Bn , buffer size is 
also varied 0, 2 and 4 for performance 
evaluation. 

1) Blocking Probability: The blocking probability 
for a call is the ratio of the blocking rate and 
arrival rate. 

a) PUs: A PU call will only be blocked if Nnp t  
and PU call arrives.  The blocking probability 
for PU users is given by 

p
Nn

pp
p

P OSO /¦ � 
t

                                         (1) 

Where, S is a function of pn and Btn . 

b) SUs: For secondary users, it is defined as the 
ratio of the total blocked calls to total arrived 
calls: 

  s
nn

sBt
nn

ss
BBtBBt

nP OSPSO /][ ¦ ���¦ � 
d 

                             (2) 

whereS is function of pn , sn and Btn . 

 A CRN is deployed using above defined parameters and 
faults, alarms, voltage outage, metering etc. are generated 
which are calls for CRNs. The results are the average of 
ten simulations. The results in Figure 1 are obtained with 
and without priority and value of buffer as 0, 2 and 4. The 
results justify that by giving priority to alarm messages 
blocking probability for them reduces significantly. 
However, it increases for lowest priority calls.  In Figure 
1 (c) and Figure 1 (d), the blocking probability of  

2SU and 3SU are overlapping each other, the 2SU calls 
are multimedia calls which takes more time to complete 
and even though their priority is higher than 3SU , their 
blocking probability is higher. It’s due to the calls which 
left buffer after a threshold time in buffer. 

6. CONCLUSION 

Smart grids are the backbone of electrical distribution 
networks, due to sustainability and better control of 

resources at a centralized or distributed location. The 
paper proposes a SG-P scheme which gives priority to 
alarms messages over other type of information, the 
blocking of them reduces considerably. In future, work 
can be done to analyze the blocking at specific nodes of 
SG, serial transfer of metering information from one 
sensor node to another and added metering information at 
each node or sending metering information on CRNs at 
the time of the day when PU arrivals are minimum. It can 
also be extended to calculate waiting time in the buffer, 
by varying information size in each type of data 1SU , 

2SU and 3SU . 
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Abstract: The aim of this project was to analyze the performance of a G3-PLC device to determine
whether its a suitable communication technology to use for smart grid communication. A study done
in the initial stages of the project provided insight into the field of PLC communication. Then the
specific PLC device used was simulated using schematics provided by the device’s manufacturer.
These simulations provide a deeper understanding of the issues in regards to communication over
a single-phase power line. These simulations were also compared with physical measurements to
determine their accuracy. The conclusion of this report is that there are situations where PLC
communication will not function and thus it is more likely that smart grid communication networks
will use other communication technologies in conjunction with PLC, or simply without it.
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1. INTRODUCTION

This project is focused on evaluating a G3-PLC device
as a possible solution to facilitate communication for a
smart grid. The particular application of the smart grid
will be to communicate with smart meters in real-time.
The evaluation will take a quick look at the background of
Power Line Communication (PLC), analyze the G3-PLC
devices themselves and then confirm the analysis with
practical readings from said devices.

While the bit rate of communications is an important factor
for a smart grid, it is paramount that we first look at
the strength of the PLC device’s communication signal.
The signal should be able to pass through a transformer
from both the primary and secondary sides, while still
being strong enough to be demodulated. Effective range
of communications may also be a problem, as long power
lines may attenuate the communication signal past the
point of recognition. This project will only consider
communications on a single power line phase.

2. POWER LINE CHANNEL

During the study of PLC, a few important factors were
discovered regarding a power line as a communication
channel:

2.1 Power line impedance

Maximizing the power factor of a PLC modem’s trans-
mitter/receiver is paramount for strong communication
signals. The problem with power supply networks is that
the impedance of a line can vary significantly due to a few
different factors, thus making it difficult to maximize the
power factor:

The most prominent factor is that medium-to-low-voltage
transformers in a power supply network have many loads

connected in parallel. These loads are different from
area to area due to the density of buildings around the
distribution transformer. Not only does this result in
an impedance that can vary from area to area, but this
impedance is also time-variant due to devices that are
connected and disconnected during the day.

Other factors that cause a variance in the impedance of a
low voltage power network are as follows [1]:

• Distribution transformers that introduce a frequency
dependent impedance to the network.

• A wide variety of cables are used in a power supply
network, thus resulting in different impedance values
in a network.

• Connected devices can have impedances that typi-
cally vary from 10 W to 1 kW.

2.2 Power line signal attenuation

Low and medium voltage networks experience very high
levels of attenuation. Low voltage networks have a rough
attenuation estimate of 100 dB/km and medium voltage
networks a rough attenuation estimate of 10 dB/km. Of
course these are estimates and can be far worse depending
on the quality of the power line, the devices connected to it
and environment interference. These estimates taken from
Ferreira [1] bear no mention of the attenuation introduced
by transformers, which could also attenuate the signal due
to internal impedances of the transformer. Needless to say,
repeaters and smart modulation schemes will be necessary
to transmit signals over long distances.

2.3 Power line channel noise

Power line channels have a wide variety of noise sources.
Fortunately, with the effective use of different modulation
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techniques and proper filtering circuitry, power line noise
isn’t the largest threat to power line communication.

2.4 Transmission power

To limit electromagnetic radiation and interference and to
protect devices connected to the power supply network,
CENELEC specifications state that a maximum of
134 dBµV (⇡ 5.012 VPeak) can be injected into the power
line for CENELEC A frequencies. This can be seen in fig
1.

Figure 1: Frequency bands an power levels for the
CENELEC 50065-1 standard. Adapted from [1].

In a conversation with Dr. Johan Beukes, he stated that
the load impedance of a low-voltage (230 V) power line
is about 10 W. He also mentioned that the impedance
is mostly resistive, thus we can approximate it with a
10 W purely resistive impedance. This 10 W magnitude
corresponds with the average impedance magnitude of a
West-German power line for 43 kHz. (Shown in [1])

We can assume from fig 1 that the CENELEC specification
limits the voltage applied to a power line in order to limit
power levels applied during signal transmission. Using
Ohm’s law in conjunction with the power law equation,
we can determine the power dissipated in the maximum
impedance magnitude (25 W) of a West-German power line
for 30 kHz [1]:

P =
VRMS

2

R
=

5p
2

2

25
= 500 mW (1)

The applied power is slightly above the maximum limit
for 30 kHz shown in fig 1. The calculation is also for a
best case scenario: As the impedance of the line decreases,
the power applied during transmission increases. If we
repeat the calculation for R = 10 W we get P = 1.25 W ,

which is outside of the specified limits. Reducing the
applied voltage should bring transmission power within
the CENELEC limitations. Using P = 500 mW and R =
10 W, we get VRMS = 2.24 V and VPeak = 3.16 V . If
the line impedance decreases, the applied voltage will
have to decrease as well, resulting in a weaker voltage
based signal, which doesn’t provide room for unwanted
attenuation.

3. ANALYSIS OF PLC SYSTEM COMPONENTS

3.1 Operation frequency

The TMDSPLCKITV4-CEN development kit uses the
CENELEC frequency range (As stated by the product
name). More specifically, the development kit uses the
frequency range between 35.9 kHz and 146.9 kHz. This
range is broken up into the CENELEC A, B, BC, BCD
bands, with the CENELEC A band intended for use by
energy suppliers. The specific frequency ranges for the
development kit are represented in table 1.

Table 1: Operational CENELEC frequencies for the
TMDSPLCKITV4-CEN development kit [2].

CENELEC
Band A B

Frequency (kHz) 35.9 to 90.6 98.4 to 121.9
BC BCD

98.4 to 137.5 98.4 to 146.9

3.2 Coupling circuit

The development kit’s complete coupling circuit is shown
in fig 2. Information for the complete circuit was
found in [3] and [4]. This circuit was used to simulate
the frequency response for a single PLC device. This
simulation doesn’t include an equivalent line impedance
for a connected power line, so the simulation isn’t a truly
accurate representation of operating conditions, but it gives
us a good indication of how the board will perform under
ideal circumstances.

The physical circuit also has various testing points for a
probe. One such component is the ”TP1” testing point in
fig 2. TP1 was used in the physical tests to measure the
signal received by the PLC device, thus it was also used to
measure the received signal in simulations.

The simulation of the coupling circuit receiving a signal
(Fig 3) shows the filtering characteristics of the entire
coupling circuit. The two points on the figure are the two
end frequencies of the CENELEC frequency range used
by the development kit. One can clearly see that the 50
Hz power line supply signal is filtered out completely. The
majority of the filter’s pass band is over the CENELEC A
frequency band, but the frequency response may change
when a power line is connected to the coupling circuit.
Still, one can observe how the board’s coupling circuit
will filter signals coming from the power line. The more
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Figure 2: The full equivalent coupling circuit in LTSpice
set up to test the frequency response for received signals.

severe attenuation of signals in the CENELEC B,BC and
BCD frequency ranges could possibly be used to filter
out electromagnetic interference picked up by the power
line or to attenuate the signal to adhere to set CENELEC
standards regarding transmission power.

Figure 3: Bode magnitude plot of the coupling circuit in
fig 2 receiving a signal. The circuit probe was placed at
”TP1”.

3.3 Transmission power

Maximum allowed transmission power is different for
every CENELEC frequency range. This can be seen
in fig 1 in section 2.4. To simplify the discussion of
transmission power, only the case of CENELEC A 36 will
be considered. Thus we’ll be working with a maximum
transmission power of 500 mW, or a signal with VRMS =
2.24 V and VPeak = 3.16 V .

CENELEC A 36 divides the CENELEC A frequency
range into 36 different subcarriers by using Orthogonal
Frequency Division Multiplexing (OFDM) modulation. To
meet the maximum transmission power, the transmission
power is divided between the 36 subcarriers. This results
in subcarriers for which each has a signal with VRMS =
0.062 V and VPeak = 0.088 V .

3.4 Modulation scheme

The development kit uses a combination of OFDM and
Phase Shifted Keying (PSK) modulation. The develop-
ment kit uses OFDM to divide it’s allocated bandwidth
into multiple smaller sub-carriers, thus removing the need
for a large continuous band of frequencies that is free
of noise. These sub-carriers can then be set to use one
of the four PSK modulation techniques supported by the
development kit: BPSK, QPSK, 8PSK, ROBO. (DBPSK
modulation combined with bit repetition and heavy error
correction [5]) ROBO is the most robust of the available
PSK modulation techniques.

3.5 Simulated transformers

Simulating the impact a transformer will have on a signal
is difficult, as the impedances of the power network
connected to the transformer will be different in every
test case. Still, by simulating the transformer at different
load levels, it is possible to get a general idea for how
the transformer will have an impact on the signal passing
through it. At low voltage, power lines normally have a
low, mostly resistive equivalent impedance; thus a resistive
load was connected to the secondary terminals of the
simulated transformer. Each transformer was simulated for
five load conditions:

1. Overloaded (10W)
2. 100% Load
3. 50% Load
4. 25% Load
5. 1% Load

Three single-phase transformers were used during simu-
lations and tests. US2 & US3 have a capacity of 300
VA and US1 has a capacity of 1 kVA. The parameters
of these transformers were measured and calculated using
open-circuit and short-circuit tests. The transformers were
then simulated in LTSpice, as shown by figs 4 and 5.

By simulating the equivalent circuit for transformer US2
, we obtain the simulation result shown in fig 4. The
first thing that we can notice from the simulation is that
the attenuation of the signal increases as the load on
the transformer increases. Secondly, the currents in this
simulation are unbounded, so the PLC device might not
be able to supply the current required to achieve these
results, which should result in an even more heavily
attenuated signal for very high loads on the transformer.
The simulation for transformer US3 shows a similar result.

The simulation of transformer US1 (Fig 5) shows that
attenuation is less for a transformer with a higher capacity
rating. Still, there is a large amount of attenuation present
when the transformer is overloaded. The currents in this
simulation are also not bounded, so the attenuation may be
more for an overloaded state of the transformer.

The signal attenuation over the transformer experiencing
a high load could possibly stop the signal transmitted
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Figure 4: Bode magnitude plot of the US2 transformer
model.

Figure 5: Bode magnitude plot of the US1 transformer
model simulation.

by a PLC from crossing in a recognizable state. Two
transformers should also be enough to entirely destroy the
PLC signal.

4. TEST CASE SIMULATIONS

In this section we will look at the various test scenarios
that will be tested with practical readings. Fig 6
provides equivalent circuits for all the test cases. All
of the simulations use a voltage supply connected to the
”TxLine” point (See fig 2) on one of the two PLC devices.
The voltage supply is simulated with an amplitude of
VPeak = 0.088 V (Calculated in section 3.3) to mimic the
transmission power of a single sub-carrier. The received
signal is measured from ”TP1” (See fig 2) on the other PLC
device. The axis scales of the simulation results are also
set up to mimic the way that an oscilloscope will display
a similar reading to facilitate easier comparison between
measured and simulated results.

4.1 Single transformer (US2)

By using the transformer models from section 3.5 between
the coupling circuits of the PLC devices, we can simulate
two PLC devices connected with a transformer. By adding
a shunt resistance between one of the coupling circuits and
the transformer we also simulate a connection to the power
supply network on one of the sides of the transformer.

There are two sub-cases for this test case: Transmitting
a signal from the side of the transformer connected to

Figure 6: Equivalent circuits of all the simulated test
cases. From top to bottom: Single transformer (US2), two
transformers (US2 & US3)

the power supply network (Simulation result in fig 7) and
transmitting from the side that isn’t directly connected to
the power supply network. (Simulation result in fig 8)

Figure 7: Bode magnitude plot of the simulated received
signal in a configuration with a single transformer. The
signal is transmitted from the power supply network side
of the transformer.

The signal in fig 7 is heavily attenuated by the transformer,
especially when the transformer is under high load (Low
impedance load). This attenuation is less for transformers
with higher capacities, but a heavily loaded transformer
will still attenuate a signal significantly. It is also important
to note that -60 dB is the lowest strength that a signal can
have before the PLC device starts to struggle demodulating
the signal. Thus the signal in the simulated result is almost
too weak to be demodulated. If there was a long cable
between one of the PLC devices and the transformer, the
extra attenuation would destroy the signal.

By transmitting from the side of the transformer that isn’t
directly connected to the power supply network, such as
in fig 8, the transformer can be seen as overloaded when
viewed from the transmitting coupling circuit. The shunt
resistance on the other side of the transformer lowers
the equivalent impedance of everything connected to the
side of the transformer that is connected to the power
supply network. This increases the perceived load on
the transformer and results in a stronger attenuation of
the signal than that experienced in fig 7. The stronger
attenuation is enough to destroy the transmitted signal,
which is too weak for the receiving PLC device to
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Figure 8: Bode magnitude plot of the simulated received
signal in a configuration with a single transformer. The
signal is transmitted from the side of the transformer that
isn’t directly connected to the power supply network.

demodulate.

4.2 Two transformers (US2 & US3)

The last test case looks at two PLC devices that are
both connected to the power supply network through
a transformer. To see whether the two devices can
communicate with each other over both transformers, two
transformer models were placed between the models of the
coupling circuits. The shunt resistance representing the
power supply network was then placed between the two
transformers.

The results of the simulation (Fig 9) aren’t surprising
as both of the coupling circuits now see an overloaded
transformer, as was the case at the end of section 4.1. The
transmitted signal is destroyed beyond recognition.

Figure 9: Bode magnitude plot of the simulated received
signal in a configuration that mimics two transformers
connected in parallel to the power supply network.

5. SYSTEM TESTING AND RESULTS

The results of the simulations can now be confirmed by
experimental practical measurements.

5.1 Single transformer (US2)

By using the same configuration as in section 4.1 we can
simulate the effects a single transformer can have on the
communication between the two PLC devices. One of the

PLC devices was connected to the power supply network
in parallel with the transformer. The other PLC device was
connected to the other side of the transformer.

Transmitting a signal from the power network side of the
transformer performs as predicted by the simulation in
fig 7. The measurements in fig 10 shows very similar
attenuation to the simulations. The attenuation is rather
low, but should be less for transformers that have a larger
capacity. Thus it is possible to communicate over an
transformer from the powered side.

Figure 10: Bode magnitude plot of the received signal
over a single transformer. The signal was transmitted
from the powered side of the transformer and received on
the isolated side. Configuration used: CENELEC A 36
frequency range and ROBO modulation.

A problem arises however, when the direction of
communication is reversed and a signal is transmitted from
the isolated side of the transformer. The measurements
in fig 11 show that it isn’t possible to discern the signal
from the noise. The test was also done using the most
robust modulation technique available to the PLC device,
thus we know that other modulation techniques would’ve
fared even worse. While higher capacity transformers
may have less attenuation, we can now assume that some
transformers will be able to destroy signals in at least one
direction of communication.

The simulation in fig 8 also confirms the measurements, as
the simulation indicates a signal that is attenuated past -60
dB, below the level of noise present on the channel.

5.2 Two transformers (US2 & US3)

Finally the attenuation of a transmitted signal can be tested
over two transformers. If the simulation is fig 9 is correct,
there should be a very large amount of attenuation on the
transmitted signal, large enough to completely destroy it.

Two transformers were connected in parallel to the power
supply network, with the two PLC devices connected to
the isolated sides of the transformers. After transmitting a
signal, the resulting measurements in fig 12 show that the
signal can’t possibly be separated from the noise and be
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Figure 11: Bode magnitude plot of the received signal
over a single transformer. The signal was transmitted
from the isolated side of the transformer and received on
the powered side. Configuration used: CENELEC A 36
frequency range and ROBO modulation.

demodulated. Thus the transmitted signal is unable to pass
through two transformers.

Figure 12: Bode magnitude plot of the received signal over
two transformers. Configuration used: CENELEC A 36
frequency range and ROBO modulation.

6. CONCLUSION

PLC technologies have come a long way since their
conception in the early 1920’s. The application of
modulation techniques such as OFDM drastically reduce
PLC’s vulnerability to noise on a power line and increase
the amount of attenuation that can be tolerated by a
transmitted signal. Standards such as G3-PLC also serve
to focus engineering efforts on the development and
implementation of PLC as a communication technology
for the smart grid dream.

Unfortunately a power line as a channel still poses one
big obstacle to this technology: Signal attenuation. While
signals can pass through reasonably long stretches of wire

without the signal being destroyed through attenuation,
transformers still pose a big challenge for transmitted
signals. Low capacity transformers under high load will
attenuate signals a lot more that transformers that are under
a relatively small amount of load. The attenuation over
a transformer combined with the attenuation over a few
hundred meters of electric cable will be more than enough
to destroy G3-PLC signals in certain areas.

The fact that G3-PLC will simply be unable to work
in some areas, stops it from being the sole facilitator
for smart grid communication. In reality, it would
probably be necessary to use G3-PLC in conjunction with
other communication alternatives to facilitate a complete
network over the entire power supply network. Such a
communication network using multiple technologies will
require new interfacing standards and further engineering
efforts.

Lastly, this report doesn’t even look at the challenges
regarding a PLC network that is implemented over
three-phase power supply networks. The fact that PLC
communication can’t pass between phases without special
bridging connections will complicate PLC implementa-
tions even more. The costs regarding three-phase PLC
networks will also be higher than that of single-phase PLC
networks.
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Abstract: Five imputation algorithms (Mean, Last Value Carry Forward, Hot-Deck, Hot-Deck with
Similarity and Simple Linear Regression) are compared for their ability to be used as fault detection
algorithms. Six distinct failure states are identified for sensors and simulated using real-world data
from the Naledi Trust Fuel Cell Rural Electrification project in Kroonstad between 11 December
and 01 January 2015. The selected methods are shown to be generally ineffective with the best
performing algorithm achieving less than 40% successful detections. Analysis of the data reveals that
the implemented algorithms are poorly optimised for smart grid sensor network due to being unable to
characterise short-term behaviour
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1. INTRODUCTION

Smart grids eschew traditional, centralised power gener-
ation schemes in favour of distributed generation using a
variety of methods, each of which have unique limitations
and generation characteristics. In order to achieve
similar reliability and stability to traditional power grids,
emerging smart grid standards aim to incorporate a wide
range of sensors along the whole path from generation
to consumption. This is intended to be achieved by
integrating a range of existing sensors sources from the
SCADA systems found in power generation facilities to
smart power meters and appliances found in consumers’
homes with new sensors along the distribution network
into an expansive sensor network which is used for
monitoring, prediction and control in the generation
elements of the grid [1].

All sensors have a limited lifetime dependant on the type
of sensor and the conditions under which it is used after
which the sensor will fall into a faulty state. [2] With the
large number and variety of sensors, it is unfeasable to
manually verify the correct operation of all the sensors
in a smart grid. Thus it becomes important to consider
automated fault detection to prevent detrimental effects to
the stability of the grid [1].

One approach to sensor fault detection is to continuously
estimate the value of a sensor as if it were missing (a
technique called overimputation [3]) and compare the
estimated value to the observed value to determine if the
sensor is behaving as expected.

Further details on imputation and the techniques imple-
mented for the purpose of the research are presented below.
Thereafter, the classification system employed for sensor
faults is detailed, followed by the details of the simulation
technique used. Finally, the results of the research are

presented and analysed, finishing with the conclusion.

2. IMPUTATION TECHNIQUES

Imputation refers to the field of statistics that aims to
accurately estimate missing values in a set of observations.
The data produced by the sensor network of a smart grid
offers a unique perspective and challenge to imputation
due to the nature of the data it produces.

There are many different approaches to imputation, one
method of classification is according to the data used.
Multivariate imputation techniques estimate the missing
value by performing calculations on other variables in the
same set of observations that contains the missing data.
Temporal imputation techniques operate by performing
calculations on historical values of the missing variable.
When these attributes are combined, calculations may be
performed using historical values of variables other than
the missing variable as well as the data above. [2]

These techniques can be further classified according to the
basic calculation methodology used:

2.1 Constant Imputation

These imputation techniques operate by calculating a value
using all available observations and replacing any missing
values with the calculated value. [4] Mean imputation has
been implemented [5].

2.2 Donor Imputation

These imputation techniques involve using another value
present in the data set in place of the missing variable.
[5] Two different donor imputation techniques were
implemented:
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Last Value Carry Forward (LVCF): The most basic
temporal donor imputation algorithm involves substituting
the most recent non-missing value for the missing variable.
[5]

Hot-Deck Imputation (HDI): A multivariate donor
imputation technique, this technique involves randomly
selecting another variable in the current observation to
substitute for the missing variable. Along with this, a
variant of this algorithm is implemented where the variable
to substitute is selected as the variable with the smallest
root mean square error (RMSE) to the missing variable. [5]

2.3 Regression-based Imputation

These techniques operate by performing a regression
calculation on the available data and substituting the
corresponding value using the calculated regression curve.
[5] Two different techniques were implemented:

Simple Linear Regression (SLR): This technique involves
performing linear regression on historical values of the
missing variable and time. The generated regression line
is then used to estimate the missing value. [5]

3. SENSOR FAULTS

Sensor faults can be classified according to the pattern of
their occurrence as well as the nature of the incorrect value
that they return [2, 6].

The occurrence pattern of the fault may be:

• Continuous where incorrect values are returned for
every observation after a specific time

• Discontinuous/Random where either correct or
incorrect values are randomly returned.

The value pattern of the fault may be:

• Fixed Value where the incorrect value returned is
a fixed value within the measurement range of the
sensor. This type of fault is observed and speculated
to be caused by network errors [7].

• Bias where a percentage of the full scale value of the
variable is added/removed from the true value. This
type of fault is observed in [2, 6, 7]

• Drift where the amount added/removed from the
true value is a function of time. This type of
fault is observed in [2, 6, 7]. This failure state has
not been evaluated in this study due to the number
and diversity of drift functions needed to accurately
evaluate algorithmic performance.

• Outlier where the returned value is a fixed value that
is either much higher or lower than the corresponding
sensor is capable of measuring. Typically, this type
of value is returned when a sensor detects that it

Table 1: The combination of occurrence and value
patterns for sensor faults

Bias
Positive Negative Fixed Value

Continuous Continuous
Positive
Bias

Continuous
Negative
Bias

Continuous
Fixed Value

Random Random
Positive
Bias

Random
Negative
Bias

Random
Fixed Value

has become faulty or fails completely and an invalid
default value is substituted during data aggregation.
[6] This failure state has not been included in the
evaluation as it can be easily detected during data
aggregation or using a preprocessing step.

Furthermore, except for Fixed Value, each of the value
patterns can be Positive or Negative depending on whether
the value is added or subtracted from the correct value.

The six sensor fault conditions simulated in this paper are
produced by combining the occurrence and value patterns
as seen in Table 1

4. SIMULATION

4.1 Data

The data used for the simulations was generated by
injecting faulty values into data collected from the
Naledi Trust Fuel Cell Rural Electrification project [8] in
Kroonstad between 11 December and 01 January 2015.

The data consists of measurements from a hydrogen fuel
cell-based, islanded, microgrid delivering power to 34
households. 32 different sensors were sampled at intervals
ranging between 2 and 13 seconds. These samples were
then averaged to generate 28780 1-minute intervals.

4.2 Implementation

The simulation code was written in javascript using
Node.js [9]. The language was selected for its extensive
package library and the ease of data manipulation.

The simulation package operates by first generating data
sets with faulty data from the source data set. The data sets
are then passed to each imputation algorithm sequentially.
Algorithm 1 shows the basic operation of each imputation
algorithm. The resultant, imputed, data sets are then
compared against the initial set containing faults by
comparing each imputed value to the corresponding value
in the initial data set. Values are considered to match if they
are within 10% of each other. Algorithm 2 summarises the
comparison process.
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Value
Pattern

Occurrence
Pattern

LVCF Mean HDI HDI
with
RMSE

SLR

Fixed Value Continuous 3.72 10.71 30.3 8.13 10.71
Discontinuous 5.79 4.95 13.76 6.43 4.95

Positive Bias Continuous 1.12 4.79 13.79 4.58 4.79
Discontinuous 3.59 3.69 9.57 4.68 3.68

Negative Bias Continuous 0.69 3.35 7.52 2.8 3.35
Discontinuous 2.18 2.86 5.83 3.36 2.86

Table 2: Percentage fault identification rates for each imputation method and fault type

Value
Pattern

Occurrence
Pattern

LVCF Mean HDI HDI
with
RMSE

SLR

Fixed Value Continuous 52.53 45.54 25.95 48.11 45.54
Discontinuous 19.21 20.05 11.24 18.57 20.05

Positive Bias Continuous 17.07 13.4 4.39 13.61 13.4
Discontinuous 8.91 8.81 2.93 7.82 8.82

Negative Bias Continuous 10.15 7.49 3.32 8.04 7.49
Discontinuous 6.15 5.47 2.51 4.97 5.47

Table 3: Percentage false positive rates for each imputation method and fault type

The simulation was repeated for fault value magnitudes
from 5% to 25% in 5% graduations and fault occurrence
rates from 10% to 90% in 10% graduations.

Declare an array for results: resultantFaults;
for each element in sensorArray do

impute value using imputation algorithm;
if
imputedValue�observedValue  matchPercentage
then

set the corresponding element in resultantFaults to
FALSE;

else
set the corresponding element in resultantFaults to
TRUE;

end
end

Algorithm 1: Fault Detection using Imputation

5. RESULTS AND ANALYSIS

Tables 2, 3 and 4 show the average percentage
identification rates of faults, false positives and valid
values respectively for each imputation method and fault
type. The values have been averaged over both the fault
magnitude and fault occurrence percentage ranges. From
the tables it can be seen that the techniques are generally
unsuccessful in detecting faults with Hot-Deck imputation
being the most successful at a peak of 13.79% success for
Continuous Positive Bias faults.

Furthermore, false positive rates are in the region of 50%
for Continuous Fixed Value faults for all algorithms, but
Hot-Deck imputation.

for Every fault condition do
Generate a data set containing faults foreach
Imputation technique do

Use the faulted data set to impute every value
Compare the imputed data set to the original
faulted data set to determine the number of
positives and false positives

end
end

Algorithm 2: Fault Detection using Imputation

Since, Hot-Deck imputation is largely a random contem-
porary selection. The high detection rate is taken to be a
sign that the data has many similar variables, causing a the
similarity between two random variables in an observation
to be similar.

The patterns seen above are also seen in Figures 1 and 2
however, little change is seen as the fault occurrence rate
increases, this indicates that the algorithms are failing to
effectively characterise the data patterns.

In Figure 3, the expected response pattern is seen, with a
sharp drop as the failure occurrence rate approaches 100%.
Furthermore, Hot-Deck imputation has the lowest success
rate by a significant margin, as should be expected for a
random technique.

6. FUTURE IMPROVEMENTS

The results demonstrate the capability for imputation
algorithms to be used as a method for fault detection.
However, the algorithms implemented performed poorly.
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Value
Pattern

Occurrence
Pattern

LVCF Mean HDI HDI
with
RMSE

SLR

Fixed Value Continuous 41.11 34.76 16.27 32.94 34.76
Discontinuous 19.16 18.41 9.48 17.63 18.41

Positive Bias Continuous 14.09 11.77 5.26 11.76 11.77
Discontinuous 8.9 8.92 4.21 8.41 8.91

Negative Bias Continuous 8.54 7 3.12 6.71 7
Discontinuous 6.15 5.47 2.83 4.95 5.47

Table 4: Percentage valid identification rates for each imputation method and fault type
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Figure 1: Graph of the percentage fault identification rate as the
occurrence rate increases for each imputation technique
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Figure 2: Graph of the percentage false positive rate as the
occurrence rate increases for each imputation technique
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Figure 3: Graph of the percentage valid data identification rate
as the occurrence rate increases for each imputation technique

By analysing the source data seen in Figure 4, it can be
seen that there are patterns that occur during the course
of single days as well as longer term trends. While the
implemented algorithms are capable of accounting for the
longer term trends, they perform poorly on the short-term
patterns. [5]

Thus it is recommended that future work be done to
incorporate techniques such as windowing to allow the
imputation techniques to account for short term patterns.
[5]

Furthermore, more modern imputation techniques such
as Multiple Imputation and Full Information Maximum
Likelihood [4, 5, 10] should be implemented and tested.

The data set used only spans a single month, preventing
patterns such as those seen in Figure 4 from being
effectively accounted for. The implemented algorithms
should be tested on larger datasets.

Cold-Deck imputation was removed from testing due to
the processing time involved in implementing it, however
it is expected to perform well due to the relatively small
range of values for each sensor and extensive historical
data. These properties increase the probability that similar
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Figure 4: Heatmap of the power usage for the Naledi Trust Fuel Cell Rural Electrification project

situations to the observation under imputation will be
found.

7. CONCLUSION

This paper details research into the use of five imputation
algorithms for fault detection in sensor networks. The
algorithms were tested against simulated faults in
real-world data sourced from the Naledi Trust Fuel
Cell Electrification Project .The implemented algorithms
performed poorly as fault detecting tools, having low
detection rates and high percentages of false positives.
Based on analysis of the data, it is believed that the
algorithms are unable to characterise the short-term
patterns in the data, causing inaccuracy as the data varies
throughout days.
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Abstract: Photovoltaic energy generation has become a popular renewable alternative to 
conventional energy generation that utilise fossil fuels. However, given the diversity and complexity 
of these PV plants, it is imperative that such plant equipment be protected against the greatest 
contributor to equipment failure; surges.  Software simulation using EMTP-RV version 3.3, this paper 
implements a proposed methodology for the insulation coordination study of a PV plant. The 
overvoltages associated with the opening of vacuum circuit breakers, at various test points along the 
network are considered in order to recommend possible selection criteria of surge arresters as well as 
location thereof. The study finds that for a reduction of surge magnitudes from 8 p.u to within 1.2 p.u   
would require surge arrester energy capabilities to be greater than 2.8 kJ/kV for the medium voltage 
(MV)  arresters , and capabilities exceeding 259kJ/kV for the low voltage (LV) arrester. For the high 
voltage (HV) section of the plant, no surge propagation was identified thus exempting it from the 
insulation coordination.  The above mentioned, along with surge current and overvoltage levels 
comprise the findings of the study providing parameter guidelines for arrester selection.

 Keywords: Insulation Coordination, PV, Surge arresters, 
EMTP-RV 

1. INTRODUCTION 

With major focus on renewable energy, PV solar has become 
a more sought after and implemented form of renewable 
energy generation in South Africa. With the introduction of 
the Renewable Energy Independent Power Producer 
Procurement Program (REIPPPP), large international and 
national companies have invested great capital in these plants 
[1]. In order to maximise the return on investment, 
maintenance on the plant must be at the lowest cost possible, 
with the longevity of the plant being a key priority. This 
implies taking all necessary precautions to protect the system 
from damage.  

Damage to network equipment may be, and is often 
contributed to surges as a result of Vacuum Circuit Breaker 
(VCB) switching as they generate very fast-fronted 
overvoltages (VFFOs) [2, 3]. These surges become of great 

concern when considering the nature of a PV power plant. A 
PV plant is more complex than conventional, prime-mover 
employed power plants in terms of electrical diversity; the 
PV plant takes sun generated potential in the form of a DC 
voltage, converting it to AC and transforming it with its many 
inverters and transformers. Protection of network equipment 
against overvoltages employs the use of Surge Protection 
Devices (SPDs) such as metal oxide (MO) surge arresters. 
The aim of these devices are to clamp the surges to within the 
Basic Impulse Level (BIL) of the equipment to be protected.  

2. PV PLANT LAYOUT AND PARAMETERS 

The PV plant layout considered in this study is based on a 
generic representation of a portion of the complete PV plant, 
as a direct result of restrictions imposed by EMTP 
educational licence, limiting the number of components 
implementable. The considered layout is depicted in figure 1 
below.  

Figure 1: The PV Plant layout considered 
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The network particulars taken are summarised in table 1  

Table 1: Network Parameters taken for simulation 

Description Constituents Parameters 

PV Array 
Ideal DC Voltage 
source.  

1000VDC; C = 1nF 

Inverter 
PWM Based DC 
to AC Converter 

x VDCMAX = 1000V 
x VAC = 300VRMS 
x Pout = 1.4MW 

Transformer 
trfr2 

2-winding 
Transformer 

x Configuration: YD 
x 0.3/22kV  
x X”  = 6% 

Cable 
MV XLPE 
Insulated Power 
Cable 

x Length: 240m 
x R= 0.1 Ω/km 
x C= 0.367 μF 
x XL= 0.094 Ω/km 
x 300mm2  

Transformer 
trfr1 

2-winding 
transformer 

x Configuration: DYg 
x 22/132kV 
x X”  = 11% 

Grid 
3-phase AC 
source (Slack) 
Lumped load 

x 132kV 
x P = 650 kW 
x Q = 800 kVar  

 

It must be noted at this point that the stray capacitance of the 
PV power plant had been neglected. Furthermore, the 
breakers, brk1 and brk2 were the only breakers considered at 
the medium voltage (MV) level, and were assumed to only 
operate as part of the protection scheme implemented in the 
network. As such the breakers operate under fault conditions, 
and thus when opened, disconnect under fault levels. The 
faults implemented were typical earth faults as they are 
considered more commonly to occur and pose great fault 
current levels.  Their respective switching is discussed in 
greater detail under the methodology of the study. Lastly, it 
was noted that various lengths of cable were encountered 
from the inverter container fields (between bus 3 and bus 2). 
It is well documented that cables, due to their reactive 
properties are capable of mitigating the transients imposed on 
an electrical network [3, 4]. Hence the shortest cable found in 
the network was selected in order to observe the maximum 
transient levels at the Medium-Voltage (MV) level.  

 

3. METHODOLOGY 

The approach to the analysis of the switching transients 
employed in this study closely follows the recommended 
procedure provided in [5]. The outcomes of the study were 
furthermore correlate with the arrester classification as 
stipulated in [6]. The methodology is summarised in the 
flowchart provided in figure 2 below. The conduction of this 
study made use of EMTP-RV v3.3 for simulation and 
analysis purposes, as it is renowned for its transient 
observation capabilities. 

START

Fault bus 
2

Fault bus 
3

Breaker 1 
opens;

Breaker 2 
remains 
closed

Breaker 2 
opens;

Breaker 1 
remains 
closed

Breaker 1 
opens;

Breaker 2 
remains 
closed

Breaker 2 
opens;

Breaker 1 
remains 
closed

Selection of worst case Overvoltage

Implementation 
and Coordination 

of SPDs

END

YES

NO Is Protection 
Adequate?

 

Figure 2: Flowchart summarising the methodology employed 

With reference to the figure above, every branch of the 
flowchart was explored. Considering case 1 for instance; 
firstly, an earth fault was placed on bus 2. A typical earth 
fault was chosen due to its characteristically large fault 
current magnitude. The fault was initiated through an ideal 
switch between the fault points (chosen to be bus 2 and 3) 
and earth. An arbitrary time of 0.3 seconds was chosen for 
the occurrence of the fault. The breaker, brk1, was then 
opened in a mean time of 40ms after the occurrence of the 
fault, while maintaining breaker brk2 closed. However, given 
that the breaker may open at any point within a period of the 
supply voltage, random breaker operating times were 
employed within the desired tripping time. This was possible 
through a statistical study of overvoltage at each of the test 
points over 15 randomly timed simulations, with respect to 
each case considered. This value of 15 simulations was 
selected in order to obtain supporting and sufficient 
information for analysis. Apart from the difference in actual 
breaker operating time, each simulation executed involved a 
time-domain simulation for which a time-step of 1μs, over a 
period of 1 second, was chosen for the study. Similarly for 
the second possible case, with bus 2 under fault. Breaker brk1 
was maintained closed, while breaker brk2 was set to open 40 
ms after the occurrence of the fault. The above two cases 
were then repeated, however, with respect to a fault at bus 3. 
This produced four cases of analysis from which the worst 
case could be isolated for further analysis. Upon 
determination of the worst case overvoltages, the simulation 
number representing the maximum overvoltage could then be 
isolated and simulated under a time-domain analysis. In this 
analysis, surge arresters were then employed as a means of 
overvoltage mitigation, defined by their energy absorption 
requirements, overvoltage levels and current levels. 
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4. RESULTS AND DISCUSSION 
 

4.1. Statistical analysis results  

The statistical study was required to determine under which 
circumstances the maximum overvoltage would be 
developed, as well as the probability of such surges occurring 
at each instance of breaker operation under typical earth fault 
conditions.  Table 2 below provides details of the cases 
executed, indicating a reference to the resulting figures to 
follow. 

Table 2: Switching scenarios implemented in simulation 

Simulation Case  Fault Location Breaker operation 

Case 1  Bus 2 Brk1 open (0.34s) 
Brk2 closed 

Case 2  Bus 2 Brk2 open (0.34s) 
Brk1 closed 

Case 3  Bus 3 Brk1 open (0.34s) 
Brk2 closed 

Case 4  Bus 3 Brk2 open (0.34s) 
Brk1 closed 

The statistical study on the above cases revealed that the 
maximum overvoltage was presented under simulation case 
4. The resulting maximum overvoltages levels experienced in 
this case are presented in bar chart form in figure 3 below.  

 

Figure 3: Bar chart depicting the maximum overvoltages over 
15 simulations (case 4) 

For this case a maximum of 8.p.u was encountered twice over 
the 15 simulations, with no simulation yielding less than 5 
p.u. The maximum overvoltages were encountered in 
simulation number 11 and 15, of which 11 was chosen to 
represent the worst case overvoltage data. Conduction of an 
identical analysis for the remaining cases 1 to 3 revealed the 
range of maximum overvoltages as provided in table 3. 

 

 

Table 3: Resulting Overvoltages from statistical Study 

Simulation Case  Max/Min range over 
15 simulations  

Overvoltage (p.u) 

Case 1  
Max. 3.55 
Min. 1.9 

Case 2  
Max. 7 
Min. 4.7 

Case 3  
Max. 2.2 
Min. 1.7 

Case 4  
Max. 8 
Min. 5.5 

From the table above, it was deduced that the operation of 
breaker brk2 produced the larger overvoltages when 
compared to the remaining two cases involving brk1. In 
addition, as it was determined that case 4 resulted in the 
greatest overvoltage, it was used as the worst case scenario 
for further analysis and comparison purposes. As such a 
cumulative distribution function was executed with respect to 
this case, yielding the graph shown in figure 4 below. 

Figure 4: Cumulative distribution function of overvoltage 
with respect to case 4. 

Figure 4 above highlights the probability of occurrence of the 
overvoltage and its magnitude based on the statistical data 
provided in figure 3. It was found that there was an 86.67% 
probability of encountering an overvoltage of less than 
7.9978 p.u, with no probability of encountering a surge of 
less than 5.4642 p.u.  

4.2. Time-domain analysis of worst case (Case 4) 

Under the time-domain analysis, simulation number 11 of 
case 4 was selected as the reference for fixed random data 
simulation in EMTP-RV. In doing so, it allowed the 
contributions to this high overvoltage to be analysed more 
closely. To achieve this, the voltage with respect to time at 
each test point was plotted an analysed to determine the point 
of greatest overvoltage. The 8 p.u surge was detected at test 
point V1, its plot is shown below in figure 5.  
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Figure 5: Voltage versus Time (No SPD) at Test point 

It can been seen that the main contributor to the maximum 
overvoltage encountered was as a direct result of the fault 
being located nearest to test point V1 and breaker brk2, 
yielding a surge magnitude of 8 p.u for phase A, and above 4 
p.u for phase B. A likewise analysis into the remaining test 
points revealed their respective contributions in terms of 
overvoltage. This is provided in table 4 below 

Table 4: Overvoltage with respect to test point 

Test Point  Overvoltage (p.u) 
VINV 

 
3 

V1 
8 

V2 
 

1.95 

Vhv 1 

With respect to the table above, it was found that the surge, 
as a result of brk2 operation, propagated into the LV section 
of the plant according to test point VINV. Furthermore, it was 
noted that at test point V2, an overvoltage of 1.95 p.u was 
seen however as a result of the occurrence of the fault rather 
than that of brk2 operation. It was also found that there was 
no propagation of the surge into the HV section of the plant, 
despite minor distortion to phase C as a result of the earth 
fault.  

4.3. Implementation and Coordination of Surge 
Arrester 

Taking into consideration the findings above, the approach 
was to firstly mitigate the maximum surge presented. This 
was achieved by placing a surge arrester at test point V1, 
between transformer trfr2 and bus 3. Although effective in 
mitigating the surge experienced at test point V1, it was found 
to be insufficient in preventing the surges found at test points 
VINV and V2. Consequently, the implementation of surge 
arresters at these test points was required, coordinated with 
the surge arrester implemented at test point V1. This notion is 
shown in figure 6 below. 

 

Figure 6: Network with MO surge arresters implemented 

Surge arrester models were placed at the test points VINV, V1 
and V2 as shown in figure 6 above.  This approach was found 
to be successful in mitigating the overvoltages encountered, 
not only at test point V1 but at the remaining test points as 
well, clamping the surges to 1.2 p.u and below. An example 
of this mitigation at V1 is shown in the voltage versus time 
plot in figure 7 below. 

 

Figure 7: Voltage versus time at Test point V1. 

In order to verify the protection level offered by the 
implementation of the surge arresters, a statistical analysis 
was again performed, considering 15 simulations as before. 
The results of the statistical analysis are provided in figure 8 
below. 

 

Figure 8: Maximum network p.u overvoltage over 15 
simulations 

The bar chart in figure 8 above demonstrates the 
effectiveness of surge arresters in maintaining the presented 
surges within 1.2 p.u at the four test points throughout the 
network. Consequently, the resulting cumulative distribution 
of these results are provided in figure 9 below.  
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Figure 9: Cumulative distribution function of overvoltage 
with respect to implemented surge protection 

From the cumulative distribution function above it was found 
that a there was a 93.33% probability of experiencing surges 
with a magnitude less than 1.234 p.u. The above results 
indicated the importance and necessity of implementing surge 
arresters as a means of ensuring system longevity and 
stability. The arrester criteria to achieve this protection level 
was then to be determined as presented in the section to 
follow.  

4.4. Arrester Selection Criteria 

Knowing the maximum p.u voltage encountered in the PV 
network, along with the proposed location of the surge 
arresters, the class of surge arrester could then be suggested 
based on the energy absorbed by the arresters as well as their 
surge current under simulation. The energy with respect to 
the surge arresters at their respective locations were analysed 
in the time-domain as was done for the overvoltage. 
Considering the arrester placed at test point V1, its energy 
versus time plot is shown in figure 10 below. 

 

Figure 10: Arrester Energy with respect to Time at test point 
V1. 

It was determined from the graph above that the energy 
absorption capabilities of the arrester would have to 
withstand energy levels of up to 400kJ at test points V1. A 
similar analysis into the energy capability of the arresters at 
test points VINV and V2 revealed peak energy requirements of 
160kJ and 41kJ respectively. At this stage of the analysis, the 

thermal energy rating (or Energy capability) of the arresters 
was calculated using the following relationship outlined in 
equation 1 below 

                              𝑊𝑡ℎ = 𝐸(𝑘𝐽)
[(𝑉𝑝𝑢 ∗ 𝑘𝑉𝑏𝑎𝑠𝑒) − 𝑈𝑟]                   (1) 

Where 

x Wth is the thermal energy rating 
x Vp.u is the p.u Overvoltage measured at the test 

point of interest 
x kVbase is the nominal/base voltage with respect to 

the location (300V for LV and 22kV for MV or Us 
may be taken) 

x Us is the nominal operating voltage of the relevant 
section of the network 

x Ur is the rated operating voltage of the surge 
arrester 

The p.u overvoltages as presented in table 4, along with Ur of 
the arresters (taken as 1.2 x Us) were implemented in 
equation 1. The resulting minimum energy capability of the 
arresters were found to be 259.259 kJ/kV for arrestor at 
location VINV, 2.685kJ/kV for arrestor at V1 and 2.579kJ/kV 
for arrester at V2. The latter two were found to be achievable 
according to the arrestor classification in [6], however 
concerns had been raised regarding the energy capability 
required for the LV arrester at VINV.  

Along with the energy capability of the arresters, their surge 
current was analysed. The current versus time plot of the 
arrester located at V1 is shown in figure 11 below. 

 

Figure 11: Surge current versus time at test point V1 

A look into the surge current presented in the plot above 
indicated a peak surge current of 250A. The surge currents 
encountered at VINV and V2 were found to be 10kA and 510A 
respectively. The resulting surge arrester selection criteria, 
deduced from the obtained results presented in this document, 
are provided in table 5 below.  
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Table 5: Surge Arrester Selection criteria 
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The information was evaluated with the intended purpose of 
providing guidance in the selection process of suitable 
arresters to mitigate the transient surges presented in the PV 
plant simulated. The tabulated results above, suggest class 2 
surge arresters as possible candidates to achieving the 
necessary insulation protection of the plant. 

 

5. CONCLUSIONS  

Through the simulation and analysis of four possible MV 
breaker switching scenarios, the maximum overvoltage 
presented was found to be due to breaker brk2 opening as a 
direct result of an earth-fault at bus 3. The overvoltage 
generated was found to be in the region of 8 p.u, much larger 
than an expected overvoltage of approximately 3 p.u. Further 
analysis into the contributions found that the surge also 
propagated into the LV section of the plant. No evidence was 
found regarding the propagation of the surge into the HV 
section. Consequently, the surge arrester criteria developed 
through the results was found to restrict the entire network 
overvoltage to 1.2 p.u, with a probability of 93.33% chance 
of a surge having a magnitude of 1.234 p.u or less, from a 
probability of 86.67% encountering a surge of 7.998 p.u. 
Assuming a basic switching impulse insulation level (BSL) 
of 1.2 p.u for the plant equipment would imply successful 
protection. The thermal energy ratings required of the 
arresters, in order to achieve the above mentioned protection, 
were found to be 259 kJ/kV, 2.69 kJ/kV 2.58kJ/kV for 
arresters at test points VINV, V1 and V2 respectively. The 
results obtained through this study merely provide a guideline 
of parameter values to ensure successful mitigation of 
switching impulses in PV plants. Concluding, indeed circuit 
breakers imposed transients into the network as a result of 
opening operations, and furthermore that arresters with the 
minimum requirements as stipulated by the finding would be 
able to mitigate these transient surges, possibly class 2 surge 

arresters. However, much work can still be performed, and is 
encouraged, specifically regarding the LV section of the 
plant. Its complex equipment requires further modelling 
enhancements to improve the accuracy of the obtained 
results. 
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Abstract: When electrical faults occur, a high amount of energy is often released; which may result
in pressure rises at rates tantamount to those caused by explosive devices. The designers of
switchgear try to make it such that the assemblies can contain as much of this energy as possible
without harming the people working in the vicinity of the switchgear. This paper discusses the effect
of the size of fuse wire used to introduce an internal fault into the switchgear during type testing, on
the actual energy that will be experienced by the test object. The results obtained, within the ranges
used, suggest that the arc is affected by the test voltage, rather than the fuse wire size; since most of
the tests done at 450 V or less had the arc extinguishing before 200 ms.

Key words: Testing, Arc Flash, Fuse wire, Switchgear, Protection.

1. INTRODUCTION

Switchgear ranges from simple off load isolation, to load
switching and to the disruption of high short-circuit
currents [1]. Types of switchgear include circuit breakers,
fuse switch and fuse contactor combinations, earth
switches and disconnectors [2]. Switchgear plays an
important role within the power supply industry, by
controlling electrical equipment during normal operation
and isolating faulty equipment in abnormal situations; as
well as dividing large networks into sections. This helps
minimise damage and disruption. Switchgear is vital to
the convenient and extensive use of electrical power [1,
2].

In order for switchgear to function efficiently, it has to
swiftly and reliably make and break both normal load
currents and the very high currents which it may
encounter in the event of short-circuits. The conductors
also need to be sufficiently insulated to withstand the
operating voltage of the circuit and carry the load current
continuously. The design of switchgear therefore is
centred on insulation and current carrying capacity,
mechanical reliability and short circuit operation [1].

When electrical faults occur, a high amount of energy can
be released; which may result in pressure rises at rates
tantamount to those caused by explosive devices [1]. It is
therefore crucial to ensure the proper functioning of
switchgear in isolating faulty equipment quickly; so as to
minimise the damage caused by this energy to electrical
equipment and safeguard the people working around it.
Switchgear should be such that it does not negatively
affect the performance of the electrical system of which it
forms part [2].

Test laboratories, such as the South African Bureau of
Standards – National Electrical Test Facility (SABS-
NETFA), test the ability of such switchgear to function as
they should, by checking their compliance to national and
international standards. One such test that is performed is
an internal arc test; to see how switchgear will behave in
the event of arcing due to an internal fault. There is still
much research that needs to be done on how to properly
do this test, because actual field incidents are few even
though the effects can be devastating.

This paper presents a study into how the size of the fuse
wire employed, to create a fault, during arc flash testing
affects the duration of the induced arc, the current, (and
consequently the actual energy) that the test object sees.
In the background in section 2, arc flash testing is
discussed as well as the importance of conducting this test
on switchgear assemblies. In section 3 the results obtained
using the different sizes of conductors to introduce the
internal fault are discussed. Section 4 presents a
discussion on these findings, before conclusions are
drawn in section 5.

This study is important because tests need to be truly
representative of the type of arc that the switchgear would
actually face at rated short circuit currents in operation.

2. BACKGROUND

Objectives: The main objective of this work is to provide
answers to the following question: What are the effects of
the size of fuse wire used during internal arc testing, on
the arc duration and consequently on the thermal energy
experienced by the test object?

Scope: The tests were performed in the same test
laboratory with the same, calibrated equipment, and on
identical test samples; according to the South African
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National Standard SANS 1973-7:2008 Edition , “Low-
voltage switchgear and controlgear assemblies Part 7:
Requirements for testing under conditions of arcing due to
internal fault [3]. The only factors that were changed were
the test current and the size of the copper conductors
employed as fuse wires. The frequency was kept at 50 Hz.

2.1 Internal Arc Testing

An arc is defined by the International Electrotechnical
Commission (IEC) as a “free burning short-circuit
through air arising from a fault between live parts of
different potential and/or between live parts and other
conductive parts within an assembly” [4].

The prevention of incidences of internal arcing in
switchgear assemblies is really important and is
progressively becoming a major aspect of concern for
design engineers [4], because although the likelihood of
incidence is low, it has a devastating impact once it does
occur. Traditionally the focus, in terms of individuals’
safety, has been on accessibility of live parts and
mechanical withstand of short circuit currents; while arc
flash hazards were not given much thought. Due to
increased frequency of operation of switchgear, this has
changed and the danger posed by arc flash hazards, to
individuals and to the switchgear, as well as the
possibility of supply or production interruptions is being
taken seriously [4].

Because the assumption was that faults were likely to take
place on the load side of switchgear, efforts were mostly
put in to assure that switchgear could withstand short
circuit currents on bolted short circuits. As a result the
tests for short circuit withstand are well established and
have been carried out for decades. Studies have shown,
however, that when a short circuit takes place within the
switchgear assembly it usually develops as an internal arc,
which can destroy the switchgear and result in
downtime [4].

Internal arc testing on low voltage switchgear assemblies
is conducted in a high power laboratory to check how the
assemblies will react to an arc flash incident. A thin
copper wire joining all three phases is used to trigger the
arc, when the current is supplied from the test lab. The
test set up is as show in figures 1 and 2. The test usually
lasts for 300 ms, during which the arc may extinguish
itself. Designers of switchgear assemblies need to make
provisions for release of the large amount of pressure and
energy that result from an internal arc. Many of them
make use of pressure relief flaps on the top or at the back
of the assemblies [5]. Compliance with the relevant
standard (e.g. IEC/SANS 62271-200) is checked by a
number of criterion, which includes not burning the
cotton indicators placed on operator accessible sides of
the switchgear assembly [6]. The cotton indicators
represent the clothes worn by the switchgear operator or

people in the vicinity of the switchgear when the
explosion occurs.

Causes of internal arc faults have been found to be:

- Leaving conducting materials in assemblies
while working on them;

- Human error or faulty materials;
- When small animals are able to gain access into

the assemblies;
- Overheating caused by employing the wrong

assemblies for certain uses;
- Unsuitable working environment for the

switchgear;
- Improper use; or,
- Neglecting upkeep of the switchgear. [7]

2.2 Typical Test Set Up

Figure 1: Front view of internal arc test setup [6]

Figure 2: Top view of internal arc test set up

3. RESULTS

The results that will be discussed in this paper were
obtained from tests conducted in the High Current
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Laboratory at SABS-NETFA which operates at a
maximum voltage of 1000 V. The energy seen by the test
object, in this case, an empty box representing switchgear
assemblies, was determined by using the formula:

tIE 2
� (1)

Where:

�E Energy available as a result of current flow

�I the rms current passing through the circuit

�t the arc duration

which is the formula used to calculate the energy
produced by a flowing current. This calculation is used in
situations where heat is assumed to not enter or escape the
system; which for circuit breakers is the period between
arc initiation and arc extinction, [8, 9] also known as the
Joule Integral [10].

The sizes of the fuse wires were limited to 1.2 mm to
1.7 mm, for supplied currents between 19 kA and 28 kA.
All the tests were run for 0.5 ms, with settings for a
symmetrical three phase current. The test object was a
60 cm x 40 cm x 40 cm box, with three copper busbars, to
represent an assembly compartment. No indicators were
used in the tests, as the purpose was not to check for
compliance.

Figure 3 below shows the object at SABS-NETFA before
the shot is made. The wire in the picture was 1.7 mm.

Figure 3: Showing fuse wire on test object

The test current reported is the average of all the rms
currents of the three phases at the beginning of the test
and at the end. In some of the tests the arcs extinguished
too soon; making it impossible to get an rms reading of
the current. The emission of flame and smoke was
moderate to high in all the tests conducted.

3.1 Tests at 20 kA

The oscillogram showing the trace for one of the tests that
were done with a test current of 20 kA is shown in Figure
4.

Figure 4: Showing current and voltage traces at 20 kA

Table 1 below shows the arc times and joule integrals
obtained at that current; using 1.3 mm fuse wires. The
expected I2t for 20 kA is 200 MA2s.

Table 1: Showing arc times at 20 kA

From table 1 above, we can see that the conductor size
does not seem to affect the arc duration. An early
observation seems to suggest that this may actually be
affected by the supply voltage during the test.

Fuse
Wire
Size
(mm)

Measured
Current
(kA)

Test
Duration
(s)

I2t
(MA2s)

rms. line
voltage
(V)

1.2 16.03 0.052 13.36 378.4

1.3 14.15 0.0687 13.76 378.4

1.4 17.02 0.13 37.64 411.5

1.5 14.95 0.505 112.92 514.4

1.6 21.08 0.661 293.82 499.6

1.7 16.39 0.0815 21.89 378.4
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3.2 Tests at 25 kA

Table 2 below shows a comparison of the test durations
and thermal energies obtained using different fuse wire
sizes, at a test current of 28 kA. It also shows the
measured current and the supply voltage during the tests.
The expected I2t at 25 kA for 500 ms is 312.5 MA2s.

Table 2: Comparisons at 25 kA

Fuse
Wire
Size
(mm)

Measured
Current
(kA)

Test
Duration
(s)

I2t
(MA2s)

rms.
line
voltage
(V)

1.2 18.73 0.507 177.80 608
1.3 20.56 0.506 213.89 557.3
1.4 15.16 0.508 116.67 471.6
1.6 19.65 0.503 194.12 483.7
1.7 19.34 0.505 188.92 499.6

The arcs did not extinguish until the end of the tests when
the breaker on the supply side opened at ~500 ms.

3.2 Tests at 28 kA

Similar results were obtained for tests at 28 kA, as can be
seen in table 3 below. The arc durations were similar for
all fuse wire sizes.

Table 3: Comparisons at 28 kA

Fuse
Wire
Size
(mm)

Measured
Current
(kA)

Test
Duration
(s)

I2t
(MA2s)

rms.
line
voltage
(V)

1.2 22.58 0.506 258.06 697.6
1.3 22.31 0.509 253.23 657.6
1.4 15.87 0.505 127.16 573.1
1.5 18.57 0.507 174.80 608
1.6 22.60 0.506 258.41 573.1
1.7 21.65 0.506 237.21 557.3

4. DISCUSSION

This research looked at the effects of the size of wire used
to initiate an internal fault during arc flash testing for
switchgear. The goal was to check whether, all things
being equal, the fuse wire size would affect the arc
duration and consequently the thermal energy seen by the
test object.

In order to protect the test plant, the test duration was
limited to 500 ms. The applied currents were between
19 kA and 28 kA. This was for the purpose of
comparison. For repeatability all tests were conducted

with instruments traceable to national standards, and all
the ratios documented.

The results shown in table 4 in appendix A seem to
suggest that the arc durations are actually affected by the
supply voltage instead of the fuse wire size. The
highlighted times were below 200 ms, and the voltages
less than 450 V. This will be interesting to explore
further.

4.1 New Standard Adopted

South Africa has, through SABS, adopted the IEC
Technical Report 61641:2014 “Enclosed low-voltage
switchgear and controlgear assemblies - Guide for testing
under conditions of arcing due to internal fault”[7]; to be
the new national standard for conducting internal arc
tests, SANS 61641:2016. The new standard actually gives
the size of wire that needs to be used for each level of
current being supplied. This is what inspired this study; to
see if the wire size actually makes a difference. The new
standard gives the wire sizes in mm2, whereas this study
took the diameter of the wires used (in mm).

4.2 Study Limitations

The test facility used for the study can only go up to
1000 V. It would be interesting to see if there is any effect
at higher voltages.

The study did tests for 500 ms. For a more extensive
results, it might be necessary to do the tests for longer
periods.

5. CONCLUSION

There is need to increase the range of wire size. The
1.2 mm to 1.7 mm range seems too small to draw
conclusions.

The duration of the tests seems rather to be affected by
the test voltage and device operation times on a given
day. The results show most of the tests done at 450 V or
less extinguishing before 200 ms (see table 4 in Appedix
A). There is need to look into this further.
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Appendix A: Table 4

Fuse Wire
Size/mm

Test
Currents/ kA

Measured
Current/
kA

Test
Durations/ s

Rated I2t/
MA2s

Thermal Energy
I2t/ MA2s

rms. line
voltage/ V

1.2 19 16.03 0.05196 180.5 14.904 378.4
1.2 19 12.664 0.124 180.5 19.888 411.5
1.2 25 19.117 0.598 312.5 218.423 608
1.2 25 18.727 0.507 312.5 177.799 608
1.2 28 22.583 0.506 392 258.064 697.6
1.3 19 10.080 0.504 180.5 51.210 411.5
1.3 20 - 0.062 200 - 411.5
1.3 25 16.443 0.508 312.5 137.355 557.3
1.3 28 22.305 0.509 392 253.234 657.6
1.3 25 20.560 0.506 312.5 213.893 557.3
1.3 28 20.379 0.507 392 210.566 657.6
1.3 20 17.017 0.13 200 37.644 411.5
1.3 25 17.28 0.689 312.5 205.734 543.4
1.3 20 14.953 0.505 200 112.919 514.4
1.3 25 21.465 0.51 312.5 234.981 697.6
1.3 28 20.002 0.507 392 202.845 657.6
1.3 25 13.898 0.505 312.5 97.548 573.1
1.3 28 11.72 0.505 392 69.366 657.6
1.3 20 11.190 0.332 200 41.573 433.7
1.3 28 20.252 0.507 392 207.936 657.6
1.3 20 17.677 0.164 200 51.244 433.7
1.3 28 24.348 0.505 392 299.385 657.6
1.3 20 13.317 0.503 200 89.206 532.1
1.3 28 23.318 0.529 392 287.641 806.8
1.3 20 16.39 0.0815 200 21.894 378.4
1.3 25 19.087 0.507 312.5 184.705 530
1.3 22 18.52 0.074 242 25.381 411.5
1.3 28 28 0.128 392 100.352 557.3
1.3 18 15.16 0.104 162 23.902 411.5
1.3 28 22.193 0.524 392 258.093 715.1
1.4 25 15.155 0.508 312.5 116.674 471.6
1.4 28 15.868 0.505 392 127.161 573.1
1.4 25 20.12 0.503 312.5 203.622 499.6
1.4 28 21.77 0.285 392 135.071 573.1
1.5 28 29.387 0.407 392 351.476 338.5
1.5 28 18.568 0.507 392 174.805 608
1.6 20 21.083 0.661 200 293.819 499.6
1.6 25 19.645 0.503 312.5 194.121 483.7
1.6 28 19.958 0.508 392 202.354 557.3
1.6 25 18.528 0.504 312.5 173.023 499.6
1.6 25 13.466 0.078 312.5 14.143 499.6
1.6 28 22.598 0.506 392 258.406 573.1
1.6 28 28.463 0.434 392 351.589 338.5
1.7 25 19.342 0.505 312.5 188.921 697.6
1.7 28 19.025 0.504 392 182.423 557.3
1.7 25 17.387 0.505 312.5 152.660 483.7
1.7 28 21.652 0.506 392 237.210 557.3
1.7 25 20.398 0.502 312.5 208.878 483.7
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Abstract: Whilst Partial Discharges have been a known high voltage phenomenon for quite
some time, their analysis has seen continued improvements. This is largely due to the rapid
improvement of technology and thus the tools available for analysis. The current tools with
regard to capturing data still have some problems, mainly with the data available to the user.
There is a need to expand the data set available to the user, preferably without incurring
additional cost. A possible solution may lie in the use of post image processing and the idle
compute cycles available in almost every lab. The possibilities of using the expanded data
set, made available via the techniques discussed in this paper, may allow for new information
about known phenomena to be found.

Key words: Partial Discharge, Phase Resolved Pattern, Data Analytics, PD time evolution

1. INTRODUCTION

Partial Discharge (PD) detection remains one of the
more challenging measurement tasks in high voltage
engineering. Small scale laboratory environments
have achieved good measurements of PD phenomena
but outside the laboratory remains a challenging
obstacle to engineers for maintenance purposes. These
challenges enhance the need for accurate and in depth
analysis available at laboratories. The question then
becomes, are engineers maximising the data available
from measurement equipment or can it be expanded
to allow for more information and thus better decision
making. Before the possibilities of expanding on the
available data, some detail of what is currently on offer
is necessary.

2. PARTIAL DISCHARGE DATA ACQUISITION

Almost all PD data acquisition occurs through one
of two methods: IEC 60270 measurement circuit;
or antenna based detection [1]. Of the two
the IEC 60270 is accepted as the more reliable
technique as antenna based measurement techniques
have challenges associated with bandwidth as well as
near- and far-field assumptions in the measurement
methodology [2]. For this reason, IEC 60270 based
methodologies will be examined more closely as
it is the most applicable, but the same proposed
schemes can be developed for other measurement
methodologies.

Figure 1 displays the basic circuit configuration for
PD testing. With the measurement box allowing
for accurate measurements of the voltage spikes that
occur due to any partial discharge. For the purposes

of this paper the test device is not very important as
the data analysis does not worry whether the PD is
occurring where expected.

Figure 1: Partial Discharge testing circuit based off of
IEC 60270 [2].

The more interesting components are the computer
interfaces that allow the recording of the partial
discharge measurement equipment data.

2.1 Current Data Available

Currently, most PD detection equipment (based on
the IEC 60270 method) records Partial discharges
in one of two ways: time evolution of various
PD statistical parameters; or cumulative PD Phase
Resolved Patterns (PDPRPs).

The statistical parameters tend to be values such as
the average, maximum and minimum of the mean
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PD magnitude over a time interval. To be specific,
the average of the mean of the PD magnitudes for
each cycle measured over some time interval such as 1
minute. These statistical parameters introduce several
problems, for the example above the parameter is
merely an average of a lot of data points. Thus data
loss occurs as no other measures are taken beyond the
maximum and minimum for the same time interval.
The availability of only these statistical parameters
makes representing the data accurately difficult. This
may also be because of the nature of the measurements
the data represents. It can be quite difficult for the
equipment to both transmit the data to the associated
program and record it simultaneously.

As a quick affirmation, if the base voltage is a 50 Hz
sinusoid and the device can split the PDPRP into
100 phases, the measurement equipment is required
to measure a minimum of 10 kHz to be able to
fully reproduce the original signal. This signal would
still need to be convolved and processed to produce
the original so either the processing would become
more intensive or the measurement speed of the
equipment would be very high. This is also in
contrast with the real-time nature as many researchers
require real-time feedback on the PD behaviour of
the system for various reasons. Furthermore, the
equipment is already quite expensive in most cases
and any upgrading of the equipment to handle a higher
specification would inflate the cost exponentially. To
help combat this by getting more information with
little to no upgrades, the cumulative PDPRP method
was also developed.

PDPRPs have developed into colourized, cumulative
data plots such as in Figure 2. The limitation of this
technique is the cumulative nature removes the time
dependency of the PD occurrences. Furthermore, the
data is binned to allow for counting PD sizes causing
possible discretization errors. More information may
be extractable if the time dependency could be
maintained. Essentially if one were able to stretch this
cumulative plot out into the 3rd dimension removing
the necessity for colour.

Figure 2: Example of a cumulative PDPRP.

2.2 Analysis Techniques Currently Used

Operating on this data can yield interesting results for
the discerning experimenter. For some time PDPRPs
have been under scrutiny for identification purposes.
Specifically if the PDPRPs can be used to identify
what kind of fault is generating the PDs in the first
place. This identification can simplify maintenance
to a large degree as it may narrow down where the
fault is actually located without doing complex Time
Domain Reflectometry (TDR) analysis.

Some of this work has found significant PDPRP
correlations with faults [3, 4] and literature has seen
AI networks developed to aid in the identification of
fault types [5].

From the author’s own work, unique patterns have
been identified to exist in the PD time evolution plots
for nanodielectrics in electrical tree time-to-failure
tests [6], such as in Figure 3. This research also looked
at whether electrical tree growth could be tracked or
identified by their partial discharge behaviour.

Figure 3: An example of the PD time evolution plots
found for nanocomposites [6].

One notable limitation is the ability to correlate the
PD time evolution plots and the PDPRPs. PDPRPs
done over time tend to be done as cumulative
data removing time-dependency of the PDs as in
Figure 2. This cumulative form of the PDPRP
forms the primary basis for most of the Artificial
Intelligence (AI) fault detection schemes. Expanding
this data out in time to present PDPRP time
evolution plots could offer far more information for
these same detection schemes. Especially when
long-term experiments lasting days are conducted,
the cumulative aspect removes many interesting
features that are time-dependent. The difficulty
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as mentioned before is extracting this data without
inhibitive costing. The modern high voltage lab
however has several major advances, most notably
in computational capability. In most cases, the
computer recording the data is only recording, which
is a simple data stream read and write procedure
which does not require much of its resources. The
idle processes of the computer may be leveraged to
enhance the data equipments and programs native
recording capabilities.

3. POSSIBLE DATA EXTRACTION

The query must return back to how the researcher can
extract more data than the equipment and program
provide natively. An often overlooked aspect of data
recording is that whilst the equipment is working
relatively hard, the computer is arguably idle. These
spare cycles can be utilized to record even more data.
As the data stream from equipment is often encrypted,
there exists one aspect that is easily accessible: the
PDPRP view on the program.

It is proposed that the window of the program
containing the frames of the PDPRP be recorded
using a basic screen recorder. The video can then be
analysed frame-by-frame and from this the PDs per
phase recorded as a function of frame count. As all
videos have their frame rate embedded as metadata,
the frame count can quite easily be converted to
discrete time steps.

The analysis of the video to achieve this is not a simple
task and involves a copious amount of image analysis.
There are several steps required to achieve this kind
of result and example frame is provided in Figure 4
for reference.

Figure 4: A frame of the PDPRP before any image
analysis is performed.

There are several aspects that must be taken into
account before starting. Notice the only area of real
interest with regard to PDPRP data is above the x
and y axis lines. Also there is a single sinusoidal wine
sine to aid in reading the phase location of specific
discharges, as well as dotted lines to aid in reading
the graph. Whilst these are important background
information, they are unnecessary visual aids in image
processing as long as the value per pixel is known.

For the phase, this is relatively simple as the entire
line is only ever 2p radians long and the rad per pixel
count is fixed. For this specific device however the
y scale changes depending on size of the discharges.
Also known as an automatic scaling function, this
introduces some challenge, but the scale per division
is always displayed in the lower left hand of the screen
and the pixel per division is constant. This allows
for the extraction of the size per division as an image
to be extracted and passed to an Optical Character
Recognition (OCR) program. This will resolve the
discharge as a function of phase into Coulombs and
radians respectively. Lastly at the top right of the
plot area is the current voltage reading which can is
useful for almost all analysis.

Figure 5: Areas of interest in the PDPRP frame for
analysis.

This identifies several areas of interest that can be
focused on for various aspects as in Figure 5. Area
A is the actual data to be captured whilst area C
contains the data to convert pixel data to Coulomb
values. Area B is there to capture the voltage applied
during that frame. It must be mentioned that area
B may present challenges as it can possibly obscure
some of the data although the auto-scaling function
of the equipment should make this a rare occurrence.

Focusing on area A, the background lines and sinusoid
are not needed for image data extraction purposes as
they are merely visual aids. Ignoring the background
can be achieved using a blank background frame
with a method called Background Subtraction that
is common in most image processing systems [7, 8].
A diagram of the background subtraction process is
shown in Figure 6. This method is necessary for
motion tracking on videos which this application can
be modelled as in a basic way. Notice for simplicity,
area B with the voltage text has been excluded entirely
but this can be refined with more work to include this
area in the analysis.

This process produces a background mask as displayed
in Figure 6. This essentially allows the program to
exclude the background (or static) part of the image
and only focus on the differences. As can be seen
some of the lines are broken due to this process but
this can be tweaked with the thresholding. It may be
that the next step invalidates all need for tweaking the
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Figure 6: Areas of interest in the PDPRP frame for
analysis.

thresholds.

The next step is for the program to detect the lines,
for which the Hough Line Transform can be used. The
Hough Line Transform essentially takes edges and,
using polar conversions, attempts to detect lines [8].
In this case, the Canny edge detector was used as it is
accepted as the most efficient and best edge detector
and is used in many image editor programs [8, 9].
Using this methodology is necessary to reduce the
number of artefacts and false positives in the image [8].
This produces data which can be shown as an image
as in Figure 7.

Figure 7: Display of the lines detected through Canny
edge detection and Hough Line Transform.

At this point the only step left is to measure the length
of each line and its horizontal position. These pixel
values can then be converted to Coulomb and phase
readings via the following conversions:

PD

mag

[C] = h

line

[pixels] · k
mag

(1)

Phase[rad] = x

line

[pixels] · k
phase

(2)

This is where the OCR of area C is necessary to find
the conversion factor k

mag

. For this frame, the factor
is calculated as k

mag

= 3·10�12[C/DIV ]·6[DIV ]
482[pixels] . The 6 is

introduced as the value obtained from area B is the
charge magnitude per division and for the plot there

are 6 divisions. The value of the phase conversion
factor k

phase

however is merely dependent upon the
number of horizontal pixels between the borders and
thus would not change for an entire video. In the case
of this image, k

phase

= 2p[rad]
230[pixels] . This technique allows

for the magnitude of each PD to be captured, with
relatively high accuracy as a function of phase also at
quite high accuracy.

Combining this data with quantified floor noise
recorded before the experiment also enhances the
data. As there is consistent noise, an actual
zero is very uncommon and the standard practice
is to treat any measurement below the noise
level as inconsequential. repeating this process
frame-by-frame produces a PD magnitude vs time vs
phase plot. Furthermore any other statistics that are
used can also be calculated from this data set, such as
average PD magnitude over a period. This expanded
data set also automatically includes current standard
data for analyses. For example cumulative plots can
still be produced via binning and colourisation. The
number of discharges can also be directly calculated
from the expanded data set as PD count is what
current 3-dimensional plots usually use as the 3rd
dimension. This technique offers more data for more
thorough analysis whilst allowing for the current
values of interest to still be found and used.

4. FUTURE WORK

Now that a technique that unlocks and expands the
data set available from the PD measurement equip-
ment, current analysis techniques can be modified to
allow for a greater flexibility and capability. Most
of the AI systems take PDPRPs either as static,
time independent data or as a cumulative data that
removes the time-dependency. Expanding the data
available offers multiple opportunities to also expand
the analysis systems and investigate what information
the expanded data offers. Every indication from
research is that it will offer more information,
especially as insulation media become more diverse
and complicated such as in nanodielectrics.

5. CONCLUSION

Current PD data acquisition is quite controlled and
limited from a data analytic perspective. The
reasons behind this control is understandable given
the limitations of the current equipment. The
introduction of modern computer interfaces and
computational idle time offer unique opportunities
to expand the data capturing capabilities with
no extra cost. The program interface can be
recorded via a basic screen recorder and post
image-processed frame-by-frame. This would generate
true PDPRP-time data that will allow for more
complex analysis. Whether more complex analysis
reveals more useful information remains to be shown

SAUPEC 2017 533



but all indications are that it could reveal previously
hidden information.
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Abstract:  The influence of fires on power transmission lines has been investigated in South Africa, 
Brazil, Canada, USA and other countries. The occurrence of fire under transmission line is responsible 
of power outage. Fires under power under lines reduce the insulation strength of air and drastically 
decrease flashover voltage. Generation of high corona and increase of radio noise have been reported 
in the area where fires are present. This paper presents a brief review on the influence of fire under 
power transmission lines. The factors influencing flashover voltage and the influence of fire on the 
performance of power line are presented.  
 
Keywords: Fire induced-corona, fire induced-flashover, Corona Noise. 
 
 
 

1. INTRODUCTION 
 

Fire is a natural phenomenon that can affect the quality of 
electricity supply. The presence of fire reduces the 
insulating properties of air. Since air is the main insulation 
of transmission lines, the reduction of the dielectric 
strength of air can drastically affect the performance of 
transmission lines. The occurrence of fires near or beneath 
high voltage transmission lines has been reported to cause 
flashovers and power outages in many countries [1]. Sugar 
cane fires, grass fires, forest fires, oil fires, refuse burnings 
and natural gas fires, are the types of fire that causes the 
power outages [2]. The influence of fire in the vicinity of 
power transmission lines on the electrical strength of air 
and possibility ground faults was studied in South Africa, 
Canada, Mexico, Brasilia, USA, and Australia. In terms of 
fires affecting the commercial forest industry and electrical 
utilities, the frequency of grass fires appears to be higher 
in South Africa than in countries such as the United States, 
Brazil and Australia. In approximately 90 000 hectares of 
a South African forest, more than 500 fires were reported 
in a year however only 36 fires were recorded in an 
Australian forest of the same size, for the equivalent period 
[1]. Sugar cane fires are responsible for several flashovers 
each year in South Africa. Sugar cane fires are common in 
the KwaZulu-Natal and the Mpumalanga provinces of 
South Africa [3]. 
 
Annually Eskom records almost 3000 to 6000 fires near 
transmission lines with a rate of 100 to 150 of fire-induced 
flashovers per annum [1]. Previous research performed by 
Eskom has shown that fire under transmission lines 
produces enough ionised air to cause about 20� of the total 
number of flashovers [4]. 
  
In a study conducted by A. Sukhnandan on a theoretical 
and experimental investigation into fire induced flashover 
of High Voltage Transmission Lines. He presented the 
flame theory conductivity and the effect of fire and flame 
on the air gap space-charge [3]. It has been shown that the 

study of fire-induced flashover is dynamic and complex 
and not completely understood.   
 
Three factors have been identified as the main causes that 
reduce the breakdown strength of air in the presence of 
fire. These factors are: 

x The reduced air density. 
x The particles generated as a result of combustion. 
x Flame conductivity theory. 
 
 

2. INFLUENCE FACTORS ON BREAKDOWN 
STRENGTH OF AIR 

 
2.1. Reduced air density  
 
The increase of temperature due to fire causes the decrease 
of the dielectric properties of air. The air density is 
decreased in the presence of fire. The temperature and the 
humidity are the two factors that influencing the 
breakdown strength of air; however, the humidity 
correction factor H is not considerable in the presence of 
fire. Hence the flashover voltage will be given by [5]: 
 

D
HVV ts                                                                       (1) 

 
Where:  

 sV  the flashover voltage under standard conditions 

 tV  the flashover voltage under actual conditions 

 H  the humidity factor 

 D the relative air density 
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                                                                    (2) 

 
Where: 

 p  the barometric pressure in kPa 

 op  101.3kPa 

 T  the temperature in degrees K  

 oT  293K 

The relative humidity is negligible in the presence of fire 
this yield to the following expression: 

T
pVV st

392.0
                                                                  (3) 

 
Equation (3) shows that the flashover voltage is directly 
proportional to the barometric pressure and indirectly 
proportional to the temperature. This theory shows that the 
reduction of air density caused by the heat from fires has 
as consequence the reduction of the insulation strength of 
air. Test conducted using a 5mm sphere to-sphere gap has 
shown that the flashover voltage may be a function of air 
density and gap size in the temperature range of 20° to 
500° C [6]. The results from field measurement have 
shown that at a constant barometric pressure and 
temperature of ~900° C, the air density can be reduced to 
0.25 of its nominal value [7]. It has been shown 
experimentally that while the relationship holds at lower 
temperatures, it does not apply to the higher temperatures 
typically found in fire with adiabatic flame temperature of 
over 2000°K. The reduction air density theory is not 
sufficient to account for the reduction of flashover voltage 
at very high temperature [7]. 
 
2.2.  Particles Generated as a Result of Combustion 
 
A large number of particles (such as smoke, ashes, soot) 
are generated within the gap in the presence of fire and 
reduce the dielectric strength of air [8]. The amount of 
particles generated depends on the source of fire. The 
amount of particles is greater, for example, in a forest fire 
or a sugar cane fire than for a gasoline fire or refuse 
burning. Introducing particles into the flame reduces the 
air breakdown voltage. It has been found that forest fires 
have a great influence on air quality and this because of 
smoke, dust and total suspend particulate (TSP). In 
addition, some toxic gases such NOx, CO, Sulphide, can 
hold on particulate and extend to long distance. In case of 
fire with smoke, the smoke can even have an influence in 
the region where fires does not occur because the smoke 
extends more widely than a fire does [9]. The effect of the 
particles on the dielectric strength is strongly affected by 
the size and concentration of the particles and can be more 

significant in smaller gaps. It has been stated clearly that 
the breakdown strength decreases drastically as the length 
of particle increases [10]. Thermionic emission 
phenomena can also be considered at high temperatures; 
however, this phenomenon is only more significant under 
laboratory conditions where the gap space is short [7].   
  
2.3. Flame Conductivity  
 
The flame conductivity is a result of ionisation that takes 
place within the flame. Thermal ionisation and chemio-
ionisation were considered as the main cause of flame 
conductivity. 
  
Thermal ionisation: The flame is plasma where the air 
molecules are thermally and chemically ionized [11]. The 
main source of ions and electrons in the flame are the 
molecules with a low ionization potential, such as carbon. 
The increase in temperature of 100K increases the rate of 
ionisation by 2-4 times. Thermal ionisation is considered 
as possible factor contributing to the increase in corona 
when fire is under transmission lines [12]. 
 
In Saha’s equations, it has been demonstrated that the ion 
concentration increases with a temperature increase. The 
thermal ionization becomes significant for temperature 
above 1000K [12]. 
 

KTeVieTp /2/54
2

2
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1
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·
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                       (4) 

 
Equation (1) is Saha equation for thermal ionisation where: 
 

 T  Ratio of ionised particles to total number of 
particles. 

𝑒𝑉𝑖 =  Ionisation energy of the gas 

𝑝 = Preseare(mm HG) 

K = Boltzmann constant 

T = Temperature (K) 

 
Studies made on wildfire have shown that wildfires are 
exothermic oxidation reaction in nature, so very high 
temperatures up to 2000°C are produced in the reaction 
zone. The thermal ionisation is due to high temperature 
lead to thermal excitation of flame particles to produce 
ions and electrons [13]. The produced ions and electrons 
are proportional to the flame temperature and the 
ionisation potential. It has been found that certain species 
such as alkali and alkaline earth metals undergo thermal 
ionisation in a wildfire environment. These include K, Na, 
Ca, C and C [14]. The graphite carbon and the potassium 
have a low ionisation potential and work function of 4.35 
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and 4.34 eV respectively. The thermal ionisation in the fire 
is assumed by numerical simulation to be predominately 
due to species [14]. Assuming the local thermal 
equilibrium conditions, the ionisation equilibrium constant 
(KI) is given by the relation [14]:  
 

� �
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¹
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3

2

S
                            (5) 

 
 
Where: 

K = Boltzman’s constant 

T = Absolute temperature 

iE = Ionisation potential 

em = masse of Electron. 
  
It has been shown that the electron density (ne) due to 
thermal ionisation of the alkali metal K is related the 
ionisation equilibrium constant and total number of ionised 
potassium (K) particles (Na) in the flames as [15]. 
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Where:  
 

aN  = is the total density of K particles, atoms and ions 
present in the flame. 
 

3
2110335.7 �u

 cm
T

Na
G

                                            (7) 

 
Where:  
 
G = The number of density atoms in wildfire. 
  
The electron density due to the graphitic carbon’s 
thermionic emission will be given by [16]: 
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cI = the graphite work function which is taken to be 
4.35eV. 
 
It has been found that thermal ionisation is weak for the 
vegetation fire with temperatures in the range 500°C to 

1000°C [17]. In South Africa the measured temperatures 
under power lines have been recorded to be in the range of 
150 to 250°C at the conductors. As temperatures higher 
than 800°C are required for a change of only one volt, it 
appears unlikely that thermal ionisation plays any major 
role in the inception of the breakdown process [12]. The 
contribution of thermal energy may rather be considered in 
the increase of energy in molecules. 
 
The flame may be conductive because of the thermal 
ionisation of the air and the presence of ions from fuel 
oxidation reactions. 
 
Chemi-ionisation: Chemi-oxidation is another mechanism 
which causes significant ionisation within the flame.  
In sugar cane fires which is classified as diffusion flames. 
The chemi-ionisation reaction below is the cause of the 
ions found in the hydrocarbon flames of sugar can fire [5]: 
 

�� �o� eCHOOCH                                             (9) 

Followed by the charge reaction: 

COOHCH �� �
2                                                      (10) 

The oxidation is a complex process with the creation of 
H3O+ ion from the chemical ionisation reactions between 
a hydrocarbon flame, oxygen and water. 
 
H3O+ is the dominant ion in lean fuel such as slightly rich 
hydrocarbon flames 
CH3

+ is the dominant ion in very rich and near soothing 
flames formed by: 

�o� 3322 HCHCCH                                              (11) 

The principal reactants CH and O are produced by 
decomposition and other reactions of the fuel oxidant. [5]. 
 
Considering wildfires, the dissociation reactions below 
have been taken in account because they are exothermic 
and provide part of energy required for ionisation [14]: 

2COeCCOOC aa ��l� ��                                (12) 

2COeKOCOK ��l��                                       (13) 

Because of his lower ionisation potential, the potassium is 
the dominant contributor in the chemi-ionisation [13]. 
High potassium content of 3% could raise the electrical 
conductivity in high intensity flames to 0.05S/m [13].   
 
3. EFFECT OF FIRE ON THE PERFORMANCE OF 

POWER TRANSMISSION LINE 
 

The performance of power transmission line can 
significantly be affected by the by fire burning near or 
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underneath it. Generation of flashovers and corona have 
been reported where fires occur [18]. 
 
3.1. Fire induced flashover 
 
The flashover voltage of air insulation is reduced under the 
presence of fire. Test conducted in Mexico using a 
conductor to plane configuration at various fire sources 
and different temperatures have given the results below 
[8]: 
 
Table 1: flashover voltage for power frequency voltage of 
a 3m conductor to plane configuration. 
 

Gap Conditions  Flashover voltage kV/m (rms) 
Without fire, t = 15 ̊C 
Without fire, t = 100 ̊C 
Without fire, t = 170 ̊C 
Fire with gasoline 
Fire with alcohol  
Fire with sugar canes 
leaves 

250 
190 
170 
100 
80 

 
50 

 
The results in the table above show that the flashover 
voltage is low when the gap is under the influence of sugar 
cane fire. 
 
The experiments on the fire under transmission line have 
that the influence of thermal ionisation on the flashover 
voltage of the air is negligible over the entire temperature 
range between 20̊ C and 500̊ C [6]. The reduction of the 
dielectric strength in this case is due to the floating 
particles generated in the gap. The flashover can be 
considered then as a function of the gap size and the air 
density only [6].  
 
Tests were performed in Brazil using fire from sugar cane 
leaves, in a 1m conductor-conductor and conductor-plane 
configuration with AC voltage. For each configuration, the 
withstand voltage has been determined as being the highest 
voltage at which three withstand were obtained from a 
maximum of 4 applications [8]. 
 
The results of the tests present the dielectric strength of a 
sugar cane fire under two different configurations. The 
voltage was applied before the beginning of the fire and 
was kept constant. 
 
Table 2: Dielectric strength of a 1 m conductor-conductor 
and conductor plane configuration, under fire. 
 

Configuration Withstand voltage 
kV/m (rms) 

Conductor-plane 
Conductor-conductor 

35 
35 

 
For the withstand tests the lower values obtained was 
attributed to the test procedure. For the flashover test the 
voltage was continuous increased up to flashover (table 1) 
[19]. The breakdown voltage is independent of electrode 
configuration but it is significantly reduced by the 

presence of combustion particles within the gap [19]. The 
presence of solid particles can introduce additional charges 
into the gap so the flashover voltage is also is greatly 
reduced at high temperatures because of the positive 
charges in the gap [20].  
 
3.2. Fire induced-corona  
 
Corona discharges result from the partial electrical 
breakdown or ionization of air surrounding a power 
conductor [21]. Corona discharge is pulsatory in nature 
producing corona current pulse with large amplitudes and 
lower repetition rates and gives rise to acoustic waves and 
large audible noise [22]. Research done in South Africa 
has shown that floating particles and extreme temperatures 
introduced by the fires under or near an energised line 
generate enhanced corona [23]. Corona is known to 
generate audible noise and radio frequency [24].  
 
An investigation on the corona current under different 
environment conditions, were conducted on a short test 
line using a small corona cage at the University of 
KwaZulu-Natal. Two different conditions namely no fire 
condition and fire condition were considered, the corona 
current pulses were studied. The test results revealed that 
for the same applied voltage, under fire condition corona 
current pulses amplitude was almost 10 times higher than 
the corona pulse under no fire condition. The analysis of 
the pulses has shown that at certain range of frequency 
which was considered as characteristic frequencies the 
corona current magnitudes were increasing more with fire 
than they were with no fire [25]. It has concluded that the 
presence of fire increase corona current and the magnitude 
of noise under transmission lines.  
 
The experimental study on dry, rain and fire induced 
corona noise have been performed in order to quantify the 
magnitude and wave shapes of conductor corona for the 
three conditions [26]. Sugar cane fire (fire with particle) 
and Liquid Petroleum Gas fire (without particle) was used 
for the tests. The experiments were performed for different 
conductor bundle. The result indicated clearly the creation 
of large streamers in the presence of the LPG flame. With 
sugar cane fire applied the streamers were more increased 
in both number and size, that was due to the large 
conductor exposure length [27]. The data recorded show 
that the streamers related to fires were significantly larger 
than the rain streamers [26]. A study on the discrimination 
between electromagnetic noise generated by sugar can fire 
was done by AC Britten et Al. Corona conductor and 
polluted insulators were considered as source of noise [28].  
A theoretical model of single wire transmission line used 
to show various noise sources these include conductor 
corona noise, fire noise and polluted insulator noise. It has 
been established that fire noise was distinguishable from 
dry noise for a line length at least of 200 km. However, in 
the presence of heavy rain the fire noise was not easy 
detectable. It has also been find that the polluted insulator 
noise could not exceed the noise of conductor corona [28]. 
It is important to understand fire-induced corona noise. 

SAUPEC 2017 538



This require more information on temperatures that 
generate corona under fire condition.  
 
The research done on the discrimination of 
electromagnetic noise has opened a gap of detecting fire 
under transmission line using corona. Previous works on 
fire induced corona have shown a possibility to detect the 
presence of fires under power lines using corona 
frequencies signals. However, the development of a fire is 
not yet accurately defined. A real time detection of fire 
under transmission lines is needed.  A faster and accurate 
system can be implemented using new technology on high 
frequency radio noise.   

4. CONCLUSION 
 
This paper briefly explains the influence of fire under 
power transmission lines. The factors influencing the air 
breakdown under fire condition and the influence of fires 
on the performance of power lines are explained. 
 The factors influencing the air breakdown can be 
summarized as follow: 
 

1. The reduced air density theory: it has been shown 
that under the influence of fire the density air is 
reduced. The reduction of air density results to the 
reduced flashover voltage but this theory is 
applicable only when the temperature is below 
1200° C.  
 

2. The particles generated by combustion: the 
presence of particles affects the breakdown 
voltage of air. The reduction of the insulation 
strength of air due to particles depends on the type 
of fire and the length of particle. 

 
3. Flame conductivity: two type of ionization were 

considered as main cause of flame conductivity. 
Thermal ionisation and chemio-ionisation are the 
main cause of flame conductivity. Thermal 
ionisation is more considered in fires of flame 
with high temperature means above 1000°C. In 
case of temperature lower than 1000°C the flame 
conductivity is due to combustion thermal energy 
caused by the increase of energy molecule. 

     
The influence of fires on power transmission lines can be 
summarised as follow: 
 

1. Fire induced flashover: the fire induced flashover 
has been found to be independent of the air gap 
size and the electrode shape but it is reduced by 
the presence of combustion particle in the gap. 
 

2. Fire induced corona: It has been concluded that 
the presence of fire under transmission lines 
enhances corona this results to the increase of 
radio noise in the environment of power 
transmission lines.  

 

This review on fire under transmission line was done in 
order of to develop a system to detect fire under power 
lines. 
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Abstract: The shield wires of modern transmission lines are nowadays replaced with optical ground 
wire (OPGW) allowing the utility to obtain the benefit of communication bandwidth with no 
corresponding compromise on the shielding provided to the line. When existing lines are refurbished it 
is however more complicated as the equivalent OPGW with regards to fault current rating is thicker 
than a traditional shield wire. As a redesign of the tower is costly from both a testing and material 
perspective, utilities have rather opted to reduce the fault clearance time thereby allowing the OPGW 
to sustain a higher fault current as it would be for a shorter duration. This study aims to explore that 
option both electrically using an equivalent ATP model and thermally using finite element analysis. 
The thermal study is important to confirm that there is no degradation of the fibre cores as a result of 
the increased fault current. 
 
Key words: OPGW, lightning, fault current, ATP, FEMM, current distribution, earth resistance, finite 
element modelling. 
 
 
 

1. INTRODUCTION 
 

Overhead power lines are equipped with shield wires to 
protect the phase conductors from direct lightning strikes 
and provide a return path for short-circuit currents. An 
optical ground wire (OPGW) is a composite optical fibre 
and metallic ground wire cable, having the added role of 
telecommunications [1]. In preparation for the 
deregulation of the telecommunications industry in South 
Africa, existing shield wire was replaced with OPGW, 
mainly where mechanical integrity of the shield wire was 
not up to standard [2]. 
 
In most cases, the OPGW overall diameter tends to be 
larger than that of the shield wire which would normally 
be fitted as it has a reduced fault current rating and 
lightning withstand capability. By including the optical 
fibre and its protective enclosure in the shield wire, the 
cross-sectional area (a) of the conductive materials is 
reduced. Thereby, reducing its ampacity and hence its 
thermal capability. Thermal heating, caused by the flow of 
current (I) depends on the time (t) said current is present 
on the conductor. Hence, the required fault current rating 
is usually the determining factor for the overall diameter 
of the conductor, as the event of a lightning strike is of a 
much shorter duration [1]. 
 

𝐼 =
𝑘𝑎
√𝑡

 
( 1 ) 

𝐽𝑜𝑢𝑙𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝐼2𝑡 ( 2 ) 
 
The larger diameter can impact significantly on overall 
tower loading and if necessary, certain towers may require 
the installation of additional strength members [1]. A 
simpler alternative, which is currently in use, is to replace 

the shield wire with an OPGW of similar diameter and 
reduce the fault clearing time [3]. However, this does not 
consider the effects on the optical fibres due to the high 
current and heat the cable will be exposed to, albeit for a 
shorter amount of time. 
 

2. SYSTEM MODELLING 
 
A section of a typical 132 kV overhead distribution line 
has been modelled using ATPDRAW.  
 
2.1 Lightning model 
 
Figure 1 shows a constant distributed parameter line model 
of a 132kV suspension tower (type 273A). It was found in 
[4] that increasing the number of towers in the equivalent 
circuit has a negligible effect on the results. Therefore, a 
single transmission tower was modelled and subjected to a 
direct lightning strike, taking back flashover into account. 
Strikes along the span length were neglected as majority of 
the strikes terminate on the top of the tower [1] [5] [6]. The 
system voltage is set by the three-phase voltage source and 
is used to monitor the line at 132 and 88 kV. The 
parameters of the substation in the simulation are shown in 
Table 1. Where R1 and X1 are the positive sequence 
resistance and reactance respectfully while R0 and X0 
correspond to the zero sequence reactance.  
 

Table 1: Parameters of the substation [6] 
R1 (Ω) X1 (Ω) R0 (Ω) X0 (Ω) Zsub (Ω) 
0.7353 8.5222 0.7822 7.1838 0,5 

 
The tower footing resistance is modelled as a simple linear 
resistance, which usually has a value between 0 to 100 Ω 
depending on the soil resistivity and earth electrodes. Due 

SAUPEC 2017 541



to this simplification, it is recommended to consider 
frequency-dependent effects of wave propagation along 
the tower [7]. Hence, an RL parallel circuit was added to 
each section of the multi-story model [8]. The surge 
impedance corresponding to the main legs (ZT), bracings 
(ZL) and cross arms (ZA) were calculated according to 
Equations (3) to (5) [9]. To ensure that the RL circuit 
represents the attenuation of the correct section of the 
tower, Equation (7) was modified by including the term 
𝑑𝑘, which has been defined by Equation (8). 

 
Figure 1: Equivalent transmission line model used in 

ATP software 

𝑍𝑇𝑘 = 60 (𝑙𝑛
2√2ℎ𝑘

𝑟𝑒𝑘
− 2) ( 3 ) 

𝑍𝐿𝑘 = 9𝑍𝑇𝑘 ( 4 ) 

𝑍𝐴𝑘 = 60 𝑙𝑛
2ℎ𝑘

𝑟𝐴𝑘
 ( 5 ) 

𝑅𝑘 = ∆𝑅𝑘 × 𝑥𝑘 ( 6 ) 

∆𝑅𝑘 =
2 × 𝑍𝑇𝑘

d𝑘
ln

1
𝛼 ( 7 ) 

𝑑𝑘 = ∑ 𝑥𝑘

𝑘

𝑖=1

 ( 8 ) 

𝐿𝑘 = 2𝜏𝑅𝑘 ( 9 ) 

𝜏 =
ℎ
𝑐  (10 ) 

Where: 
 
α = 0.89 (attenuation along the tower) 
c = 300 m/μs (propagation velocity of travelling wave) 

Lightning impulse: The three types of lightning impulses 
relevant to lightning research and engineering applications 
are the first positive impulse, the first negative impulse and 
the subsequent impulse [10]. In South Africa, over 95% of 
the first lightning strokes are negative. Hence, only 
negative impulses were considered [1]. If desired, the other 
impulses may be simulated using the values in Table 2. 
 
The lightning stroke is modelled by a Heidler source and a 
parallel 1000 Ω resistance (which represents the lightning 
path impedance) [4], using equation ( 11 ). 
 

𝐼(𝑡) = 𝐼𝑀 ×
( t

𝜏1
)

𝑛

1 + ( 𝑡
𝜏1

)
𝑛 × 𝑒− 𝑡

𝜏2  ( 11 ) 

 
Where: 
 
IM = peak magnitude of current 
n = current steepness factor 
𝜏1 = time constant determining current rise-time 
𝜏2 = time constant determining current decay-time 
 
Initially, the value of n was set to 10 as in [11]. However, 
the resulting waveform had an incorrect rise time. This is 
because Equation ( 11 ) usually contains a correction factor 
which ATP automatically takes into account. Through 
various iterations, the correct value of n was found to be 
4,5.  
 

Table 2: Heidler function parameters [11] 
Time 
constant 
(µs) 

First positive 
impulse 

First 
negative 
impulse 

Subsequent 
impulse 

𝜏1 1.832 19.053 0.455 
𝜏2 284.844 475.54 143.258 

 
Transmission line: The geometry of the ground wire was 
found from the schematic diagram of the transmission 
tower, corresponding to a RABBIT ACSR cable [12]. 
Details of the phase conductors and OPGW were taken 
from [13] and [14] respectfully. To avoid reflections, the 
line was terminated by a high value three-phase impedance  
 

Table 3: Cable data 
 Rin (cm) Rout (cm) p20 (Ω/km) 
Phase 1 2,862 0,0674 
Ground wire 0,5 1,05 0,5426 
OPGW 0,435 0,765 0,28 

 
The minimum time step required was 6,7 ns. Hence, the PI 
model had to be used due to the limitations of the version 
of ATPDraw used. Usually, this model is used for steady 
state studies, however, since the aim of this analysis is the 
knowledge of the magnitude and current distribution 
during the worst case scenario, the PI model can be used. 
Although, a frequency dependent model such as the JMarti 
model would be more suitable for this investigation and 
was subsequently used in the fault current model [15]. 
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2.2 Fault current model 
 
The previous model is unfeasible for fault current analysis 
due to the small time step. It was simplified by modelling 
the tower as a single impedance according to [4]: 
 

𝑍 = 30𝑙𝑛 (
2(ℎ2 + 𝑟2)

𝑟2 ) (12) 

 

 
Figure 2: Equivalent fault current model 

Faulted phase: To simulate the worst condition, the phase 
closest to the shield wire (phase A) was faulted. This is 
because phase A has the highest mutual impedance 
between the shield wire and itself, causing higher currents 
in the wire [16]. 
 
Dc offset: Current will not change instantly in an inductive 
system. Hence, fault currents can contain a dc offset which 
depends on the X/R ratio as well as the point on the voltage 
wave at which the fault was initiated [5]. To obtain the 
maximum offset, the fault was initiated at the time when 
the voltage of phase A was zero [17].  
 
Fault type: Usually for sensitivity studies, single line to 
ground (SLG)  and double line to ground (LLG) faults 
are considered since other types of faults are rare [16]. 
Only SLG faults were considered as they cause higher 
shield wire fault currents, footing fault currents and ground 
potential rise (GPR) (Table 4). 
 

Table 4: Simulation results of a SLG and LLG fault 
Peak value SLG LLG 
GPR (V) 16436 14148 
Shield wire fault current (A) 26524 21227 
Footing fault current (A) 26548 22852 

 
3. RESULTS OF LINE MODEL ON ATP 

 
3.1 Impact of lightning on current distribution 
 
Minimum current to cause back flashover increases with 
increasing tower footing resistance, span and soil 
resistivity, thereby decreasing the risk of flashover. The 
effects of varying tower footing resistance, span length, 
soil resistivity, system voltage and most importantly 
replacing the shield wire with an OPGW had a negligible 
effect on the current distribution. Approximately 30 
percent of the lightning current splits along each shield 
wire and the rest is absorbed by the earthing system. This 
is true even at higher currents where back flashover occurs.  

 
Figure 3: Distribution of lightning current on shield wire 

3.2 Impact of fault current on current distribution 
 
To investigate the effects of varying different parameters 
on the current distribution; a default case (span length = 
400 m, soil resistivity = 100 Ωm, substation impedance = 
0.5 Ω, 132 kV line) was simulated. Then, the parameter 
under investigation is changed to the value specified in the 
proceeding graphs, while keeping all other parameters as 
per the default. The only noticeable difference is when the 
system voltage was reduced which would lead to lower 
fault currents. 

 
Figure 4: Effect of varying different parameters on fault 

current of shield wire 
 
In order to evaluate the influence of the tower footing 
resistance, 5 different values (20, 50, 100 or 200 Ω) are 
used. With a given tower footing resistance, a SLG fault at 
phase A is applied to towers 1, 8 and 15 respectively. 
 

 
Figure 5: Shield wire fault current vs tower number for 

different tower footing resistances (fault at tower 1) 
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Figure 6: Shield wire fault current vs faulted tower  

 
Peak fault currents at shield wires will occur at the faulted 
tower. As tower footing resistance increases, more current 
flows back to the substation through shield wires due to the 
much smaller equivalent impedance. The same effect 
occurs at the end of the line as it is terminated with a low 
resistance (1Ω). However, when the fault location is 
farther away from the substation, this effect becomes 
negligible. 
 
The maximum current through the tower footing resistor is 
always located at the substation terminal tower (tower 0). 
Some current flows through the faulted tower but with 
much less magnitude. Figure 8 shows that the closer the 
fault is to the substation, the higher the fault current will 
be.  

 
Figure 7: Footing fault current vs tower number for 
different tower footing resistances (fault at tower 1) 

 
Figure 8: Peak Footing Current vs faulted tower number 

for different tower footing resistances 
 

4. AMPACITY AND THERMAL ANALYSIS 
 

FEMM was used to create a magnetic model, in order to 
analyse the current density distribution when a fault 
current is applied to an OPGW and a traditional shield 
wire. The joule losses are calculated and then used as the 
heat source for the heat flow model. A convection 
boundary was applied to the surface of the cable and 
MATLAB was used to calculate the convection coefficient 
by an iterative process as specified in [1], taking into 
account ambient temperature, altitude and wind speed. 
 
The geometry was simplified as in [18] and current is 
applied to the conductive part of the cable. The model of 
the shield wire is similar to that of the OPGW, with the 
exception being there is no fibre optic core. This is done so 
that the OPGW can be compared to a shield wire with the 
same outer radius and similar material composition.  
 
The OPGW under investigation is rated for 12 kA for 1 s 
and has a fault current rating of 144 kA2s [14]. To show 
the effect of reducing the fault clearance time to handle 
higher currents while still in keeping with the rating, the 
following conditions were simulated: 

x 21 kA for 0,3 s 
x 38 kA for 0,1 s 

 
4.1 Results 
 
The OPGW has a higher current density due to the reduced 
volume of aluminium. Its skin effect is also more 
pronounced, giving it a higher resistance which causes 
more joule heating as compared to the shield wire.  
 

 

 
(a) 

 
(b) 

Figure 9: Current density plot of (a) shield wire (b) 
OPGW 

When a fault current is applied, the heat is distributed 
across the conductive part of the conductor and starts to 
dissipate to the surrounding air by convection; and in the 
case of the OPGW, heat is transferred to the fibre optic 
core by conduction. The heat becomes trapped in the core 
until the outer metal part of the conductor is cool enough 
to allow heat transfer away from it.   
 

Density Plot: |J|, MA/m^2
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Figure 10: Temperature distribution of shield wire          

(12 kA for 1 s) 

 

Figure 11: Temperature distribution of OPGW 

5. SHORT CIRCUIT TEST 
 
Three current pulses of 3.43 kA were applied for 3 seconds 
to a sample of OPGW and a bidirectional wavelength loss 
test was conducted at 1310 nm to measure the attenuation 
of the fibre. The maximum surface temperature of the 
OPGW is recorded using the thermal camera, which was 
set to automatically display the hottest spot within an area 
in the image and using a temperature probe to measure the 
temperature here to confirm the camera is calibrated 
correctly. 

 
Figure 12: Thermogram of OPGW after the second pulse 

5.1 Results 
 

Table 5: Results of fault current test 
Pulse 
number 

Fault current 
(kA)2sec 

Surface temperature 
after pulse (°C) 

1 29.40 51 
2 26.39 58 
3 28.89 68 

 
Table 6: Results of the bidirectional wavelength loss test  
Fibre 
core 

Pre-fault 
(dBm) 

Test 1 
(dBm) 

Test 2 
(dBm) 

Test 3 
(dBm) 

1 -0.87 -0.83 -1.08 -1.09 
2 -0.52 -0.07 -0.43 -0.43 
3 -0.51 -0.2 -0.42 -0.38 
4 -0.61 -0.42 -0.59 -0.68 
5 -0.22 -0.01 -0.06 -0.18 
6 -0.25 -0.19 -0.30 -0.37 

 
Test 1 was conducted immediately after the short circuit 
test (after the third pulse when the highest surface 
temperature was 68 °C) and test 2 and 3 were done 22 and 
26 minutes after the last pulse respectfully. The results 
indicate a slight signal gain once the OPGW has cooled 
(signal gains are indicated by a negative loss). 
 
According to [19] there is a transition temperature (in the 
range of 50-60°C) which depends on the shape and 
structure of the fibres and the non-metallic protective 
layers. Above this temperature, any deformations would 
not affect the optical fibres because the buffer tube would 
be soft. As the temperature drops below the glass transition 
point, the deformities are locked in while the buffer tube 
hardens. This explains the delayed optical degradation.  
 
The results may be affected by measurement uncertainty 
arising either from measurement errors or calibration 
errors, as well as due to the lack of adherence to standards. 
[20], [21] and [22]. Most notably, the minimum length of 
the OPGW test sample and fibre test length should be 10 
m and 100 m respectively. The significantly smaller 
sample size and fibre length (1 m) used for this test made 
measuring the optical degradation very difficult. As such, 
the change in attenuation recorded is close to pre-fault 
conditions.  
 
While the results are not conclusive, there is enough 
evidence to warrant further investigation. The results show 
a change in attenuation occurs after the sample cooled, 
suggesting that during this time, heat was transferred to the 
fibre cores (as excessive heating of the fibres would cause 
degradation). This corresponds to the heat distribution 
shown in the FEMM model. The temperature of the fibre 
cores, surface of the OPGW and the attenuation should be 
monitored simultaneously and continuously during the test 
and for a sufficient time afterwards to clearly see the heat 
distribution as well as its impact on the fibre performance.   
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6. CONCLUSION 
 
The primary aim of this study was to investigate the 
practice by some utilities of reducing the fault clearing 
time of OPGW to allow the OPGW to function at higher 
fault levels. It was found using the ATP model for both 
lightning and fault current that the practice was justified 
electrically however the thermal model in FEMM revealed 
that reduction of the fault clearing time results in excessive 
temperature gains in the fibre cores. This could lead to 
degradation of the fibre cores and a corresponding loss of 
performance. A further test according to standards  [21], 
[22] and [20] is being planned to get a better understanding 
of the performance degradation caused. 
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Abstract: Power transformers can exhibit partial discharge activity due to incipient weaknesses in the 
insulation system. Mineral oil is the most widely used liquid in oil impregnated pressboards found in 
power transformers. Ester oils are being considered as a replacement to mineral oils as its advantages 
outweighs the latter. The intent of the present paper is to study how voltage affects the insulating 
property of oil-impregnated pressboards by using an element model that simulates the insulating 
structure of the oil-immersed transformer. It will utilise partial discharge measurement procedures to 
ascertain the character of oil-impregnated-paper (OIP) insulated specimens which have undergone 
aging when subjected to increasing AC voltage. The results indicate that pressboards impregnated with 
ester oil performs better than those impregnated with mineral oil under similar operating conditions. 
 
Key words: Oil-impregnated pressboards, surface discharge, power transformers, ester oil. 
 
 
 

1. INTRODUCTION 
 

Surface tracking is caused by partial discharges (PD) at the 
interfacial region between the oil and the pressboard. It is 
characterized by irreversible treeing patterns of carbon 
deposited on the solid surface as a result of pyrolysis of the 
hydrocarbon molecules due to localized electrical stress. 
These carbon deposits gradually create a conductive path 
which is known as tracking [1]. 
 
Measurement and monitoring of PD is an important 
preventive tool to safeguard the high-voltage equipment 
from unexpected damage as 50% of HV system failure are 
as a result of insulation failure due to transients [2]. Recent 
research indicates that partial discharge is the major cause 
of high voltage insulation failure as they eventually lead to 
voltage flashover and insulation breakdown [3-7]. 
 
Mineral oils are the most widely used oils such in power 
transformers due to their low cost, wide acceptance, and 
reliability. However the exigency of environmentally 
friendly products and unique properties, dredged Esters as 
a potential substitute for electrical insulation. Inter-alia 
natural ester oils combine biodegradability, non-toxicity, 
and resistance against high temperature [8-14]. Many 
researchers have made effort to study in depth pre-
breakdown phenomena in mineral oils [15-20] in order to 
better understand their differences and the breakdown 
mechanisms. Ester oil is generally used in distribution 
level transformers and less common in power transformers 
[21]. 
 
This paper details initial observations obtained by 
comparing effect of sustained PD and time to breakdown 
of samples by analysing generated Phase resolve Partial 
Discharge (PRPD) pattern and physical effect on exposed 
samples. Section 2 gives a brief review of the state of the 
art on partial discharges and their effects OIP insulation. 

The experimental investigation is presented in section 3 
which comprises of electrode setup, pressboard samples 
preparation, PD measurements, surface PD ageing 
procedure of each sample. The results are in section 4 and 
conclusion in section 5. 
 

2. PARTIAL DISCHARGE 
 

Partial discharges (PDs) are localized electrical discharge 
that only partially bridges the insulation between 
conductors [1]. They occur within high voltage (HV) 
insulation material under the influence of electrical stress 
at defects such as voids, metallic inclusions, sharp edges, 
and locations where the insulation has been damaged 
mechanically or electrically. They are indicative of defects 
in the electrical insulation that cause physical and chemical 
damage to materials [22].  
 
PD may be broadly classified based on the mechanism of 
discharge and site of location of discharge [23]. They 
include internal discharges, corona discharges, electrical 
trees and floating part discharges occurring in badly 
grounded components in a high voltage.  Studies show that 
the location of discharge on the waveform is peculiar to the 
type of defect. PRPD can then be used to identify PD 
possible source and aids early diagnosis [24]. 
 

 
 

Figure 1: Typical Surface Discharge PRPD Pattern and 
electrode setup. 
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3. EXPERIMENTAL SETUP 
 
3.1 Electrode setup 
 
A state of the art review of several approach used by 
researchers to study surface tracking and their setbacks can 
be found in [25-30]. A different method has been 
developed to overcome the difficulties of the traditional 
approaches [31]. A needle discharge source is placed at an 
acute angle to the pressboard at some distance (d) from an 
earthed conductor also placed on the pressboard, with the 
system immersed in oil. This method which might be 
extreme case and might not be found in a real transformer 
however will help in analysing the worst case scenario. 
Placing the needle at an acute angle ensures the electric 
field/discharge intensity is made to concentrate on the 
sample under test. 
 

 
 

Figure 2: Test vessel 
 

The advantage of this arrangement is that a localised field 
is generated at the needle tip (as shown by the simulation 
result in Fig. 4) which is influenced by the proximity of the 
earth bar but not influenced by the electric field from the 
high voltage source or remote earth(s). 
 

 
 
Figure 3: Test vessel implementation 
 
3.2 Pressboard preparation 
 
The pressboard samples were cut to size and afterwards 
were impregnated with each oil sample. IEC 60243-1 
standard [32] could not be applied due to lack of equipment 

therefore the samples were each left in fresh oil  samples 
for two hours, afterwards were transferred to the test 
object. Proper impregnation would involve vacuum-drying 
the PB and oil samples for two hours before impregnation 
and re-drying at a lower temperature. 
The resultant surface discharges were a function of the 
needle tip radius, insulation gap distance (d) and the 
voltage across the insulation gap. An electrode gap (d) of 
45 mm and voltage of 30 kV at 50 Hz were determined to 
be optimal for surface discharge ageing of the OIP. This 
method has been found to reliably produce surface 
discharge when the voltage source ranges between PD 
inception and surface flashover [6].  
 
Iterative simulations were done using Finite Element 
Method (FEM) to confirm optimal electrode gap distance 
by placing the needle in angle to the pressboard and the 
electric field plot is shown in Figure 4. The electric field is 
made to concentrate on the pressboard rather than in the 
bulk of the OIP as suggested by [31]. 
 

 
 

Figure 4: FEM electric field plot of the needle-plane 
setup 

 
3.3 Experimental procedure 
 
PD were measured according to IEC 60270 direct 
detection method where the test arrangement is shown in 
Figure 5. It includes a PD-free 50Hz test transformer, 
Hipotonics Digital PD detector capable of displaying the 
measured PD pulses in accordance with stipulations laid 
down by IEC 60270, a variac to control voltage, and a 
coupling capacitor with the test object connected in 
parallel to it. 
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Figure 5: The partial discharge measurement setup 
 
Tests were carried out in a shielded laboratory with low 
electromagnetic interference and average background 
noise of 600pC. Brass electrodes were used as in [33—37] 
rather than polished steel according to [38], since polished 
steel caused a degradation on the breakdown voltage of the 
natural ester oil contrary to mineral; thus polished brass 
electrodes which are established in AC breakdown tests 
[39] were applied.  
 
The setup was calibrated each time there was a change in 
the set up by injecting 100 Pc (maximum allowable value, 
this could have affected result accuracy as calibrated value 
should be within range of expected values) from a 
calibrator connected across the test object. This helps to 
ensure consistency in during data collection. The PD 
inception voltage (PDIV) was determined by slowly 
increasing the test voltage in steps of 1 kV until partial 
discharges above the noise threshold were detected in 
accordance to IEC 61294 [40].  
 
4. RESULT AND DISUSSION 
 
The experiments were qualitative rather than quantitative 
in nature; the objective was to examine surface tracking on 
the oil–pressboard interface for mineral oil and ester oil. A 
typical phase resolved plot of PD activity indicating 
surface tracking activity for each sample taken over 2 
hours. Some of the significant tracking and breakdown 
events, captured are shown in Figures 6 to 12.  
 

 
 

Figure 6: Surface tracking at the needle tip on the surface 
of OIP in ester oil 

 
 

Figure 7: Voltage vs PD plot for Ester oil with time on 
the x-axis. PD level spikes due to system auto re-

calibration. 
 

 
 

Figure 8: Impregnated Pressboard after 2 hours of 
exposure to PD in ester oil. 

 

 
 

Figure 9: PRPD plot showing noise floor and PD 
magnitude in relation to phase angle 

 

 
 

Figure 10: Surface tracking at the needle tip on the 
surface of OIP in mineral oil. 
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Figure 11: PD magnitude with increasing test voltage for 

Ester oil. Ramp method was used for test voltage 
 

 
Figure 12: Pressboard after 2 hours of exposure to PD in 

mineral oil 
 

 
 

Figure 13: PD vs Time plot for Ester and Mineral oil at 
30 kV (mineral oil breakdown at 90 mins) 

 

 
 

Figure 14: Pressboard sample exposed to 90 minutes of PD 
in ester, without prior impregnation. 
 
Figure 6 and figure 10 shows the tracking activity on the 
needle tip in ester and mineral oil and ester respectively. It 
clearly shows the damage on the PB sample in mineral as 

compared to just a smoking dent on the PB in ester oil. The 
PDIV for ester was around 12.6 kV in ester and 9.6 kV in 
mineral oil sample, which confirms PD initiate faster in 
mineral oil samples and more likely to cause damage to the 
cellulose material. Figure 9 shows a typical phase-resolve 
partial discharge activity and the location of PD on the AC 
signal indicates surface discharge is occurring (refer to 
figure 1). 
 
When both samples were exposed to the same level of PD 
for the same length of time, there was a remarkable 
damage to the surface of pressboard impregnated with 
mineral oil (figure 12) as compared to that of ester which 
only had a black mark on the needle-tip position (figure 8). 
Ester is known to attract moisture (impurity) from the 
surface of the PB, the less impurity, the better the 
insulating property.  
 
When PD values for each test sample was plotted against 
increasing voltage (figure 13), it was observed that the PD 
level decreased tend to temporarily decrease with time and 
this observation was consistent with findings by Zainuddin 
et al [41]. This could be as a result of initiation of tracking 
on the OIP surface. The decrease however did not change 
the PRPD pattern. (See figure 7 and 11, point A and B 
respectively). 
 
Finally to compare the impact of proper impregnation of 
pressboard, another experiment was performed with a 
similar sample of pressboard used figure 8. However in 
this case, the new PB sample was not impregnated with oil 
prior to the test. 
 
There was a reasonable damage to the new PB (figure 14) 
and it failed under 90 minutes with extensive damage 
compared to the sample in figure 8 which underwent 2 
hour pre-impregnation and could handle the same voltage 
past 2 hours of exposure. This shows the importance of 
pre-impregnation and also confirms high moisture 
solubility in ester is an advantage over mineral oil (figure 
12) as they attract moisture from cellulose material and 
slow down ageing. This infers that ester oil is a better 
insulating oil material.  
 

5. CONCLUSION 
 

It can then be concluded that ester oil has better insulating 
characteristics than mineral oil, also coupled with its 
biodegradability, non-toxicity, and resistance against high 
operating voltage. Future work will involve extending 
exposure time to AC voltage and comparing the effect of 
PD on the OIP ability to withstand switching and lightning 
impulse voltage.  
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Abstract: The increasing penetration of wind power into the power grid has led to growing interest in 
the ancillary services capability of wind generation. One of the ancillary services is generation reserves, 
generation reserves are needed for effective frequency control. New control schemes are therefore 
necessary for large wind power penetration and power system stability. Several authors have published 
a variety of papers on ancillary services that can be offered by wind generation. One of the grid code 
requirements for wind power integration is frequency control. This paper focuses on the role of wind 
power in frequency support for power system studies. Wind power control methods that enable 
frequency support for primary control are reviewed.  
 
Key words: Frequency control, wind turbine, inertial control, rotor speed, pitch angle 
 

1. INTRODUCTION 
 

Wind energy has become one of the important and most 
promising sources of renewable energy across the world, 
mainly due to the advancement made on wind energy 
technology most noticeable the power electronic 
converter. This has resulted into an increasing penetration 
level of Variable Speed Wind Turbines (VSWT) into the 
power systems, consequently conventional power plants 
are being displaced [1].The displacement of conventional 
generation with wind will results in increased rates of 
change of system frequency following a frequency 
disturbance regardless of wind turbine technology [2]. 
Conventional synchronous machine based power plants 
and fixed speed induction machine based wind turbines are 
synchronised to the grid frequency, thus they can 
automatically release kinetic energy stored on their 
rotating masses for a sudden frequency drop, while VSWT 
are incapable of doing so [3], [4].  
  
The power electronic converter enables the wind turbine to 
operate at a variable speed, this increase the energy 
captured by the wind turbine. However, the wind turbine 
is connected to the grid via the power electronic converter, 
hence the wind turbine is decoupled from the grid 
frequency [5], [6], [7]. Consequently, the total inertia seen 
by the grid is reduced. Large amount of rotating mass 
present in interconnected power systems tends to keep the 
system stable following frequency drop event [8]. 
 
Traditionally wind turbine have not been required to 
participate in frequency control because their output power 
is decoupled from the grid, also they are normally operated 
at a Maximum Power Point Tracking (MPPT) for high 
energy yield, hence they don’t have power reserve [3]. 
Therefore, the variations on the grid frequency are not seen 
by the wind turbine generator rotor, consequently greater 
rates of frequency change will be observed when there is a 
sudden loss of a generating unit or sudden load variations 
[9]. Some of the grid code requirements for wind power 
integration include: active power and frequency control 
and reactive Power and voltage control and low voltage 

ride through. This paper will review works that have been 
on active power and frequency control. 
Three security indices for frequency drop event and their 
impact are taken into account in this paper [3], [10]:  
 
1. Rate of Change of Frequency (RoCoF)  
2. Frequency nadir  
3. Steady state frequency deviation.  
 
RoCoF is a factor that defines how fast the frequency is 
decreasing, it is determined by the total inertia of the whole 
system; the frequency nadir it is the minimum  allowed 
frequency drop before the frequency start to recover, it is 
determined by the magnitude of the disturbance, the 
kinetic energy stored on the rotating masses, the number 
of generators subjected to primary frequency control and 
the dynamic response of each online generator, loads and 
controllers [10].The steady state frequency deviation is 
determined by the droop characteristics of all generators. 
In power system, frequency control is usually formed of 
primary and secondary frequency control [3], [4], [11].The 
primary frequency control is an automatic adjustment of 
active power and inertial response of the generators within 
seconds 10 seconds after an event and can be sustained for 
further 20 seconds [4], [11]. In the secondary frequency 
control, the speed droop characterises of the generators are 
increased or decreased by the Automatic Generation 
Control (AGC). Therefore, the frequency can be reset to 
the nominal reference value 30 seconds after an event and 
can be sustained for further 30 minutes [3], [12]. 
 
From published papers, control schemes can be classified 
into a 3-level pyramid wind turbine level, wind farm level 
and power system level. Wind turbine level is used to 
provide primary frequency control, supplementary 
controllers including inertial, droop and sub-optimal 
power coefficient controllers are added on the power 
electronic converter of VSWT and the pitch controller [3], 
[4]. The inertial control provides frequency control in 
transient process. The droop control simulates the similar 
behaviour of synchronous generator droop characteristics. 
The sub-optimal power coefficient control provides the 
power reserves for the wind turbine. Wind farm level 
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provide a coordination of individual wind turbines 
participating in frequency control in a wind farm, in order 
to achieve the desired generation for the wind farm. It is 
realised in cooperation with central control (control unit 
for the whole wind farm) and local control (control unit for 
individual wind turbines). Power system level provide 
support for secondary frequency control, an effective 
frequency support is obtained by the coordination control 
between thermal plants and the wind farms [3], [4]. 
 
Most frequency control research papers that are being 
published mainly focus on Doubly-Fed Induction 
Generator (DFIG) with less attention paid to Permanent 
Magnet Synchronous Generator (PMSG). PMSG have 
several advantages over DFIG, i.e., better efficiency, high 
energy yield, can be operated as a direct drive (eliminates 
the gearbox which accounts to 65% generations losses), 
less maintenance due to absence of slip rings and brushes, 
thus a better option for off-shore application [13]. Also, it 
is easy to control. Control methods of PMSG can be found 
in [14], [15], [16]. This paper presents a review on 
participation of wind turbine for grid frequency support, 
wind turbine control strategies and controllers that enable 
the wind turbine to participate in frequency control at wind 
turbine level. The paper is organized as follows: Section II 
discuss active power and frequency control, section III 
describes the modelling of a variable speed wind turbine, 
particularly DFIG and section IV describes strategies and 
controllers to enable wind turbine to participate in 
frequency control. Finally, conclusions are discussed in 
section V. 
 
   
2. ACTIVE POWER AND FREQUENCY CONTROL 

REVIEW 
 
The increasing penetration level of wind power in power 
system reduces the control capability of the system due to 
unmanageable character of wind power, this affect the 
reliability and stability of power system [17]. In power 
systems, active power is closely related to frequency 
control and reactive power is closely related to voltage 
control, in order to guarantee the frequency stability of the 
grid it is therefore necessary to balance the power 
generated and the power consumption [18]. One of the 
requirements from the grid codes is the participation of 
wind turbine in frequency support [19], [20]. 
 
According to researcher there are mainly two control 
strategies by wind turbine for system frequency support: 
inertial control and power reserve control [10], [21], [22]. 
Both control strategies can be provided by a VSWT 
through an additional control loops added on the power 
electronic converter. For inertial control, many papers 
propose the exploitation of kinetic energy stored in the 
rotating masses [23], [24] [25]. In [1], [5] , the authors used 
kinetic energy for frequency support while operating the 
wind turbine at MPPT, but kinetic energy is neutral, 
meaning the released kinetic energy has to be recovered 

within a short period from the grid before the wind turbine 
come into stall [26], [27]. 
 
In [8], two methods that implements inertial response were 
compared, which are frequency deviation and rate of 
change in frequency, they were both effective in frequency 
control of the grid however, but the latter have a high rate 
of change in power which introduces an overshoot on 
active power. It was mentioned in [26] that a wind turbine 
can temporarily exceed its rated power by 5% to 10 % by 
releasing kinetic energy, while [11] compared the kinetic 
energy that can be provided by a DFIG and fixed speed 
induction generator both rated 2 MW, for frequency drop 
of 0.5% (from 50 Hz to 49.75 Hz). It was shown that the 
DFIG released 700 kW of power and the fixed speed 
released 40 kW of power. Another strategy for frequency 
support by wind turbines is through power reserve control 
by operating the wind turbine at a sub-optimal power 
coefficient instead of MPPT. There are two ways of getting 
the sub-optimal power coefficient, namely: pitch angle 
control and rotor speed control [21], [28].  
 
Authors of [20] and [29] only use pitch angle control to 
implement sub-optimal power coefficient in order to 
enable the wind turbine to participate in frequency support. 
A major drawback of this approach is that it cannot 
response fast to quick frequency drop due to the 
mechanical time constant. Also, excessive use of pitch 
control will eventually result in wear and tear of the pitch 
mechanism, which has been found to be among the most 
vulnerable parts of a wind turbine [7]. Through rotor speed 
control, sub-optimal power coefficient can be achieved by 
under-speeding or over-speeding the generator rotor [3], 
[5], [27]. Under-speeding is deemed to be unstable and 
may decrease small signal stability, also the wind turbine 
must draw from the grid to move to MPPT [3]. On the 
other hand, over-speeding improves small signal stability, 
simultaneously kinetic energy can be released as the rotor 
slows down towards MPPT [3]. Ref. [17] proposed power 
reserve margin by only using rotor speed control to achieve 
the sub-optimal power coefficient, this approach has a 
limitation because at high wind speed it becomes 
ineffective due to rotor speed limits. The authors in [30] 
proposed frequency regulation by operating the WT at a 
sub-optimal power coefficient using pitch angle control 
and the release of kinetic energy using two approaches, 
Kinetic Energy Control I (KEC I) and KEC II. In KEC I, 
the wind turbine releases kinetic energy immediately after 
there is a frequency drop event. In KEC II, the wind turbine 
is intentionally deloaded from the grid then is allowed to 
accelerate hence stores more kinetic energy thereafter it 
will be loaded. 
 
A combined approached of pitch control and inertial 
control was implemented and compared with rotor speed 
in [31]. In order to operate a WT over its full range, from 
cut-in to cut-out wind speed, the control system has to 
behave differently for different wind speed conditions and 
power production set points [19]. For this reason, the 
authors in [5] proposed a coordination of pitch angle 
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control, inertial control and rotor speed control for three 
different wind conditions i.e. low, medium and high wind 
speed. The proposal was tested on a DFIG. Also, the gain 
of inertial control is determined from a creative viewpoint 
of protecting the wind turbine from stalling. Ref. [6], 
intend to carry forward work done by [5], but on a PMSG. 
The deployment of kinetic energy of the rotating masses to 
reduce the need for operating the wind turbine at a sub-
optimal power coefficient while still be able to provide the 
required power reserved for a period of time was 
implemented in [32]. Modelling of DFIG for a large-scale 
wind power penetration using DigSILENT was carried in 
[33]. 
 

3. WIND TURBINE MODEL 
 
The variable wind turbine model used in this paper is 
developed for grid frequency support and power system 
stability studies. The turbine model consists of four major 
components: a DFIG, wind turbine, an aerodynamic model 
and a converter control model. These four components 
have been described in detail in [34], [35], [36]. 

 
Figure 1 Structure of DFIG controllers [5] 
 
The aerodynamic power extracted by the turbine from the 
wind can be calculated by [31]: 
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Where: 
 U  Air density in 3/ mkg  

turbA  = Area swept by rotor blades in 2m  

 pC  Power coefficient  

 O  Tip-speed ratio 
 E  Blade pitch angle in )(deg qrees  

WV  = Wind speed in sm /  
 
Power coefficient represents the aerodynamic efficiency of 
the wind turbine, which is described as a function of tip-
speed ratio and pitch angle. An approximation of power 
coefficient in given by [31]:   
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Tip-speed ratio is given by: 
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R is the radius and TZ is the speed of the turbine. 
                                      

4. FREQUENCY CONTROL STRATEGIES 
 
4.1 Inertial control  
 
For a wind turbine using a DFIG, the moment of inertia of 
the rotor is larger than that of its electrical generator 
[37].The kinetic energy stored in the rotating mass is given 
by: 

2

2
1

rk JE Z                                                                     (5) 

Where Zr is the rotor rotational speed of the turbine and J 
moment of inertia.  
 
By taking the derivative of kinetic energy available at any 
speed, the power that can be extracted from the rotating 
mass is described as follows: 
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The inertia constant is defined as:                                  
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Zs is the synchronise speed and S is the apparent power of 
the generator.  
 
Substituting (7) into (6) we get    
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In per unit, quantities in (8) can be written as 

dt
d
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Therefore, the signal sent to the power electronic 
converter is: 

dt
d

KPin

Z
Z uu '                                                       (10) 

'Pin is the per unit power signal and K is the gain of the 
inertial controller. 
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Figure 2 Droop controller (solid) and inertial controller 
(dashed) [5] 
 
4.2 Droop control 
 
The droop characteristics of a wind turbine have a similar 
behaviour to synchronous generator. The droop control is 
described as shown in Fig. 3. The frequency deviation is 
given by 
 

nomgrid fff � '
                                                            (11) 

 
Where 𝑓𝑔𝑟𝑖𝑑 is the measured grid frequency and 𝑓𝑛𝑜𝑚 is the 
nominal system frequency.  
 
To produce an active power output change which is 
proportional to the frequency deviation, the active power 
control signal of droop control is expressed as  

f
R

P '� '
1

                                                                (12)                                              
 
Where R is the speed adjustment rate 
 

 
Figure 3 Frequency droop characteristics [3] 
 
The droop control’s performance may be limited by a 
slew rate imposed by the Transmission System Operator 
(TSO). 
 
 
 
 
 
 

4.3 Sub-optimal power coefficient control 
 
For high wind energy capture, wind turbines traditionally, 
operate on the MPPT curve as shown in Fig. 4. The sub-
optimal power coefficient control enables the wind turbine 
to reserve power for long-term frequency control. The sub-
optimal power coefficient control can be achieved by rotor 
speed control or pitch angle control [27]. Depending on the 
wind speed, the two controllers can be coordinated [5].   
 

 
Figure 4 Sub-optimal operation curve [5] 
 
To achieve the sub-optimal power coefficient, over-
shooting the rotor speed which corresponds to point A in 
Fig.4, is preferred over under-speed, point B. At low wind 
speed sub-optimal power coefficient can be achieved by 
controlling the rotor speed while keeping the pitch angle at 
maximum (i.e. 0°). At medium wind speed, a coordination 
of rotor speed and pitch angle control is required as the 
rotor speed control alone is unable to reach the sub-optimal 
power coefficient point due to rotor speed limits. At high 
wind speed, the rotor speed has already reached the speed 
limits, only the pitch angle control is used. Rotor speed 
control usually operate within the range 0.7 - 1.2 per unit. 
Pitch angle control only become activate once the rotor 
speed reaches its rated speed, usually at high wind speed. 
 

Figure 5 Pitch Angle controller [33] 
 
For effective frequency support, the wind turbine should 
be able to provide both inertial control and power reserve 
control under all operating conditions i.e., low, medium 
and high wind speed. For inertial control the rotor speed is 
always high and there may be a possibility for instabilities 
under some conditions. In [5] the implemented rotor speed 
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and pitch angle control experienced instabilities under 
medium and high wind speed, this was due to the gains for 
PI controllers were constant, future work should 
investigate adaptive gains. Power reserve control means 
not all the wind turbine power is being utilized hence the 
wind farm owner may require monetary compensation. In 
the future it will be imperative to introduce a variable sub-
optimal power coefficient based on wind farm level 
control. Also to use energy storage systems for storing 
wind power captured during off-peak.   
 

5. CONCLUSION 
 
This paper presents a review of frequency support by wind 
turbine in power systems for primary and secondary 
frequency control. Various strategies to enable frequency 
control support by wind turbines have been presented and 
discussed, along with the model of the controllers. The 
controllers are a supplementary feature that needs to be 
added on the power electronic converter in order to enable 
the wind turbine to participate in frequency control. With 
the coordination of rotor speed control and pitch angle 
control, the wind turbine can successfully participate in 
frequency under all wind speed conditions, namely: low 
wind speed, medium wind speed and high wind speed. The 
kinetic energy released is not energy neutral since the rotor 
speed does not have to be speed up again because it moves 
towards MPPT when kinetic energy is released. 
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Abstract: The Sappi Saiccor reticulation is divided by two electrical supplies from Eskom. The modern 
plants use a medium voltage of 11 kV whereas the old plants use 6.6 kV. The purpose of this document 
is to elaborate on the dynamics of rerouting the power supply from the old plant to the supply of the 
modern plants to a 6.6 kV busbar at Water Intake. A redundant feeder and cable for a de-commissioned 
plant was utilised and hence the voltage level of 11 kV had to be stepped down to 6.6 kV. Various tests 
were done to verify the quality of the complete installation that includes internal and external 
compliance of the transformer, the non-unit and unit type protection for the transformer, and the cable 
joints. The results of those tests are depicted in the report together with technical analyses. 
 
Key words: Transformer protection, IDMT relay secondary injection test, circuit breaker maintenance, 
very low frequency (VLF) tests. 
 
 

1. INTRODUCTION 
 

Two new turbine-generators, a condensing and a back-
pressure steam turbine, are being installed in the existing 
Power Station in the Services Plant. The Power Station is 
a very critical part of the system as it distributes power to 
various sections which is approximately half of the 
capacity of the mill. The installation of the new turbines 
requires an outage in order to tie into the system. This 
affects the overall production due to the interconnection 
throughout the mill, but some sections of the modern 
plants will still be able to produce (not as efficiently). The 
Water Intake Plant supplies water to the whole mill and it 
is fed from the Power Station. Rerouting its power supply 
to the other half of the mill that will not be electrically 
affected by the loss of the Power Station, counteracts the 
adversities. The effects of not having sufficient water 
supply in the mill may result in a complete halt of the 
production. The redundant feeder from the Mill Finishing 
Section of the modern plants supplies 11 kV; hence a 
transformer is required to step-down this voltage to 6.6 kV. 
The acquired transformer had to be checked for possible 
degradation of the external or internal components. Oil 
sampled from the transformer verified that its internal 
components were not defective. Control cables from the 
substation to the transformer were installed and the quality 
of the redundant cable was tested using a very low 
frequency (VLF) tester. It was then joined and tested again, 
using the VLF, in order to verify the integrity of the joint. 
The 6.6 kV cable feeding Water Intake was spiked to 
verify if there is no live power, in order to proceed with 
jointing it to the secondary of the transformer. An IDMT 
protection relay was installed and tested by the use of a 
Secondary Injection Set. The Buchholz relay and 
temperature limits were also tested, in order to verify if 
tripping signals are sent accordingly to the medium voltage 
(MV) vacuum circuit breaker. 
 

Section 2 illustrates installation of the transformer to the 
existing system incorporating various technical aspects 
while section 3 discusses circuit breaker maintenance in 
details. Section 4 entails cable testing considered for the 
work and commissioning of the transformer is described in 
section 5. Section 6 concluded the work done with 
remarks. 
 

2. TRANSFORMER INSTALLATION 
 
A standby 1.6 MVA delta-star step-down transformer was 
used for a running load of at maximum 1.57 MVA. This 
accommodated two of the MV motors that pump the mill 
water supply. As depicted in Fig. 1, three MV motors are 
connected in a double busbar arrangement without any 
coupling. These motors can be fed from any of the two 6.6 
kV buses. 11 kV is supplied to the primary side of the 
transformer. The transformer feeds a 6.6 kV bus, which in 
turn supplies one of the buses which can feed any of the 
motors. The other bus is concurrently fed directly from the 
6.6 kV power station supply. 
 

 
Figure 1: Single-line diagram of Water Intake 
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2.1 Transformer oil sampling 
 
An oil sample was taken in order to verify the degradation 
and lifespan of the transformer. Equipment are required to 
be tested before commissioning, thereafter 3 months after 
commissioning. From that point onwards, the frequency of 
interval can be within 12 months if the surrounding area of 
the transformer has high humidity and restricted 
ventilation; else 18 months for clean and well ventilated 
atmospheres. Hereunder is the procedure that was 
followed in taking of the oil sample. This is imperative to 
follow as this ensures that the test result received from the 
oil sample is genuine. 
 
x Clean and dry sample containers are used. It is 

recommended that fibre-free materials are used to 
clean and it should be oven dry. 

x Approximately 250 ml of oil should be drained off via 
the drain/sample in order to remove any dust/debris 
which may have contaminated the threads of the 
valve. 

x The sample container is half-filled with oil in order to 
rinse it. The oil is thereof emptied out before refilled 
with the sample oil. 

x The sample container filled with the oil should be 
sealed to ensure that it is airtight. 

x Visible inspections can be done of the oil to its colour. 
It should not be excessively dark or have an unusual 
colour. Visible contamination from sludge, moisture 
or traces of carbon should also be noted. 

 
The method of analysis of the oil was categorised in four 
sections, the internal condition, condition of insulating 
paper, condition of insulating oil and external condition. A 
dissolved gas analysis (DGA) test was done to verify the 
internal condition. A DGA test interprets the percentage of 
combustible gases within the transformer oil. It is a 
proactive method that indicates the degradation of the 
internal components. When a transformer undergoes 
abnormal thermal and electrical stresses, certain gases are 
produced due to decomposition of the insulating oil. When 
major faults occur, the gases are collected in the Buchholz 
relay. When the stresses are not significantly high, the 
gases get enough time to dissolve in the oil; hence 
monitoring the Buchholz alone is insufficient. The DGA 
test extracts gases in the oil sample, and analyses the gases 
as per quantity of gases in a specific amount of oil. 
Observing the percentage of the different gases present in 
the oil can enable the prediction of the state of the 
transformer. The DGA test indicated normal internal 
operation. 
 
A Furan test was done to verify the insulating paper 
condition. A Furan test monitors the soluble compounds 
that dissolve in oil, which can only be released from 
destructing heating of the cellulose or paper. The rate of 
rise of those compounds in oils, with respect to time, is 
used to average the condition of the remaining life of paper 

insulation. The test indicated that the percentage life used 
was 38. The degree of polymerisation (DP) was 475, which 
suggested that there were mild to moderate deterioration. 
Kraft paper has a DP index of 1200, and paper with a DP 
of 200 or less is considered to be unfit. 
 
Verification of the condition of the insulation oil tests for 
water content, breakdown voltage (BDV), and acidity. 
Water content that is less than 30 mg/kg is desired. The 
presence of water reduces the dielectric strength of the 
insulating oil. The BDV should be greater than 30 kV in 
order to ensure that the Avalanche Effect is not imposed 
on the insulation resulting in flashovers, when applied with 
voltages lower than BDV. The acidity should be less than 
0.15. The presence of sulphur or its compounds may 
corrode the metal parts and increase production of sludge.  
 
The latter part of the tests include the diagnostics of 
external condition of the transformer. This refers to visibly 
checking for leaks, conservator tank oil-level, silica gel, 
and paint work of the transformer as shown in Fig. 2 [1].  
 

 
Figure 2: Illustrations of transformer accessories 

 
The test results from the transformer conformed to the 
standards, except for the external condition of the 
transformer; hence refurbishments were be done on the 
metal structure. 
 
2.2 Transformer refurbishment 
 
The Buchholz relay was replaced with a new one; hence 
the oil had to be purified to ensure that the oil was not 
contaminated by the inception of air during the process of 
replacement of the relay. The transformer oil purification 
was done which is a process of continuous circulation of 
oil through purification units in a closed loop system to 
remove moisture, dissolved combustible gas and 
particulate matter contained in the transformer oil. 
 
A breather with silica gel was fitted. The silica gel breather 
detects and absorbs moisture inside the transformer. It 
changes its colour from blue to pink, to indicate presence 
of moisture. The primary and secondary terminals of the 
transformer were tested against insulation resistance. 
Insulation resistance tests inject approximately double the 
operating voltage between the phases being tested. The 
transformer was found healthy with readings higher than 
400 MΩ on each side of the terminals [1].  
 
In addition, the transformer body was coated with paint to 
minimize the effects of oxidization of the metal frame of 
the transformer, which otherwise would lead to corrosion. 
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2.3 Unit and non-unit type protection 
 
The implemented protection schemes were divided into 
two broad categories:  
 
2.3.1 Unit type protection 
 
The unit type protection scheme protects a specific area of 
the system, i.e., the transformer.  The effects of any 
disturbance or operating condition outside the area of 
interest are ignored for such protection scheme. The 
implemented protections were the Buchholz relay and oil 
temperature trip.  
 
The Buchholz relay is used to protect the transformer from 
depleting oil levels due to leakages, deterioration of 
insulation and short circuits within the transformer. It 
relies on the fact that electrical faults within transformers 
are accompanied by the accumulation of gas. If the fault is 
major, it indicates by an impulsive oil flow. It has an upper 
and lower float with fixed mercury switches.  
 
Under normal operating conditions, the relay is filled 
completely with the oil and the floats are at their top 
positions. When there is an oil leak, the oil levels in the 
relay drops and the top float moves downwards to activate 
the alarm. If the loss continues, the lower float moves 
downwards. It then activates the mercury switch to trip the 
transformer. When the transformer is slightly overloaded, 
gas accumulation is slow due to the decomposition of the 
insulating oil. The gas accumulates at the top of the relay 
and forces the oil level in the relay down. The float closes 
contacts of the switches to send an alarm signal. When an 
electric arc forms (short circuits), rapid accumulation of 
gas causes the oil to surge through the relay. This flow 
pushes the baffle plate located in the flow-path to activate 
the bottom mercury switch to trip the transformer. 
 
In order to verify the operation of the relay, a test point that 
allows inception of air in the Buchholz was used. As the 
air enters the relay, it suppresses the liquid inside it; hence 
the floats move downwards. This movement activates the 
alarms and trips. The state of the contacts for the Buchholz 
alarm and trip signals changed when they were activated. 
 
The oil temperature trip is used to protect the transformer 
against excessive overload. It is measured with the help of 
a sensing bulb immersed in a pocket; using liquid 
expansion in the bulb through a capillary line to the 
operating mechanism. There are three settings on the dial, 
the alarm temperature, trip temperature, and the highest 
temperature reached. The alarm and trip settings are 80 ℃ 
and 100 ℃, respectively [1-3]. 
 
2.3.2 Non-unit type protection 
As for the non-unit type scheme, it has no fixed 
boundaries. It protects its own designated areas and its 
protective zones can overlap into other areas which can be 
beneficial for backup purposes.  
 

An IDMT MCCG 82 overcurrent and earth fault relay was 
implemented for this purpose. The system currents were 
stepped-down using protection current transformers (CTs) 
in order to cater for the fact that relays cannot handle 
medium voltage system currents. The secondary current of 
the CT changes in proportion to the current in the system. 
Fig. 3 illustrates the inverse characteristics of the relay; the 
higher the fault current, the shorter the time it takes to issue 
a trip signal, and vice-versa.  After a certain level of fault 
current, when the CT saturation point has been reached, 
there would not be any further proportional increase of the 
CT secondary current with increased system current [2, 3].  
 

 
Figure 3: IDMT Curve 

 
2.3.3 Overcurrent protection 
 
The protection CT ratio is 200:5. Current setting used was 
110% of the full load current. 
 
𝐼𝑠 =  ∑ 𝐼𝑛                                                                                          (1) 
 
where 𝐼𝑠 is the current setting, 𝐼𝑛 is the nominal secondary 
CT ratio for the protection relay. 
 
The full load current on the primary side is 145.45 A, 
hence the secondary side of the CT will generate 3.64 A.  
The relay should start operating at 110% of 3.64 A, which 
is 4.00 A. 
 
𝐼𝑠 =  ∑ 𝐼𝑛  
4 =  ∑ 5 
∴ ∑ = 0.8 
 
Hence, the DIP switches for the current setting were set to 
0.8. Standard inverse curve was chosen with a time setting 
(TMS) of 0.1. 
 
The impedances and the fault level can be deduced from 
(2) and (3).  
 
𝑍 =  𝑉𝑘% 

100  ∙ 𝑉2

𝑆𝑛                                                           (2) 
 
where 𝑉𝑘% is the percentage impedance, 𝑉 is the primary 
side voltage, and 𝑆𝑛 is the apparent power of the 
transformer. 
 
𝐼𝐹3 = 𝑉

√3∙ 𝑍                    (3)
      
The fault current generated downstream by the transformer 
with a percentage impedance of 5.3% is 2708.56 A. The 
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corresponding CT secondary current is 67.71 A giving a 
plug setting multiplier of 16.93, using equation (4). 
 
𝑃𝑆𝑀 = 𝑓𝑎𝑢𝑙𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑡 𝑟𝑒𝑙𝑎𝑦 𝑐𝑜𝑖𝑙

𝑝𝑖𝑐𝑘 𝑢𝑝 𝑐𝑢𝑟𝑟𝑒𝑛𝑡                                          (4) 
 

 
Figure 4: Time VS. PSM Curve 

 
For a PSM of approximately 17, the operating time is 2.2 
seconds. Using (5), the actual operating time of the relay 
is 0.22 seconds. The TMS of the incomer is 0.4; hence the 
grading margin between the two relays is 0.3 seconds, 
which is acceptable. The fault current will be cleared by 
the protection that is closest to the fault.  
 
𝐴𝑐𝑡𝑢𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 = 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒× 𝑇𝑀𝑆        (5) 
 
The instantaneous current setting was set at 8 times the 
current setting. 
 
2.3.4 Earth fault protection 
 
The current setting was set to 0.2, which is within the range 
0.1 – 0.4 of the full load current. Standard inverse 
characteristic with a TMS of 0.05 was used. Instantaneous 
current (high-sets) was set to infinity as it was not required 
for the solidly earthed system.  
 
2.3.5 Secondary injection testing 
 
Figure 5 depicts the test kit used to perform the secondary 
injection tests. Secondary injection tests are used to verify 
whether the relay current setting, operating time, and high-
set operating current are within limits. Simulated variable 
current is injected into the secondary side of the CTs that 
are connected to the relay. 
 

 
Figure 5: Secondary injection Test Kit 

 
Table 1 depicts the test results for the tripping times of 
each phase for a set current value. The test was done for 
the IDMT standard inverse curve. 

Table 1: Overcurrent IDMT - SI curve tests 
 Phases 

White Red Blue 
Current (A) Operating time (seconds) 

4.4 12.51 12.01 11.87 
6 1.99 1.96 1.95 
8 1.10 1.10 1.10 

Instantaneous current 0.21 0.19 0.19 
 
The test results illustrate that the operating time for each 
phase is within range. This in turn means that the relays 
will be able to issue a trip simultaneously to all the phases. 
Table 1 also shows that as the current increases, the 
tripping times reduce for each phase, e.g. the red phase at 
pick-up current tripped at 12.51 seconds. For 
instantaneous faults which occur at very high fault 
currents, the time reduced to as little as 0.21 seconds. 
 

3. CIRCUIT BREAKER MAINTENANCE 
 

The energy required for opening and closing a circuit 
breaker is provided by the spring mechanisms. The spring 
mechanism consists of a charging motor and gear 
mechanism, a closing cam, closing and tripping springs, 
and a toggle linkage. The closing spring is charged by 
being compressed manually using a charge handle until it 
reaches charged position, or automatically by a small 
motor and gear mechanisms. It is compressed to a higher 
energy level then the tripping spring. A closing latch keeps 
the spring charged after the motor stops/manual charging 
stops. Upon the receipt of the close command, the close 
coil releases the latch, allowing the spring to release the 
potential energy (discharge) in order to quickly force the 
main contacts to close the breaker. 
 
The movement of the closing spring mechanism causes the 
rotation of the closing cam, which further transfers its 
motion to the operating rod. As the cam rotates, it 
straightens the toggle linkage, which in turn rotates the 
main shaft driving the contacts. Simultaneously, the 
energy supplied by the closing spring is enough to charge 
the tripping spring; straightening of the toggle switch loads 
the trip latch to keep the trip spring charged in order to 
retain the breaker in a closed position. A trip command will 
cause the trip coil to release the latch on the trip spring, 
forcing the contacts open. The maintenance done on the 
circuit breaker feeding the transformer includes the 
lubrication of the operating mechanism, an Open Gap test, 
a Ductor test and a Speed track test [4]. 
 
3.1 Open gap test 
 
The breaker should be in an open position for open gap 
test. The test voltage is injected between each contact gap, 
while isolating the other two phases by shorting them to 
earth. This verifies the insulation properties within the 
contact gap. Adequate systems result in low leakage 
currents. If the test fails then there are possibilities of 
flashing over within the contact gaps [2, 4]. An open gap 
test was conducted for the 11 kV AC breaker contacts. 22 
kV AC was injected between the contacts on the top busbar 
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side and the bottom cable side. The leakage current was 
recorded to be 1.6 µA for each phase reading. The contacts 
have to be in an open position. 
 
3.2 Ductor test 
 
The Ductor test is a contact resistance test, which measures 
the resistance of electrical connections. These can be 
connections between any two conductors, for instance 
busbar sections or cable connections. The test measures 
the resistance in micro- or milli-ohm level. This is 
important for contacts that carry large amounts of current. 
Higher contact resistance leads to higher losses; hence the 
current carrying capacity of the contacts will be reduced. 
Micro-ohmmeters are used to perform contact resistance 
tests. A DC current is injected through the closed circuit 
breaker current path ranging from 100 A to maximum 
rated current of the circuit breaker. The test set displays the 
contact resistance directly in micro-ohms. Test 
connections for the micro-ohmmeter test are between the 
busbar and cable leads on the breakers. The test-leads are 
placed before the injection-leads so that the measurements 
of the resistance of the leads does not affect the true results 
of the resistance between the contacts [2, 4].  
 
This was done to verify the resistance of the contacts that 
pass the full-load running current to the transformer. The 
resistance should be as low as possible, else it de-rates the 
current carrying capacity of the breaker. 100 A DC was 
injected between the contacts on the top busbar side and 
the bottom cable side. The measuring clamps were placed 
before the injection clamps, in order to exclude the 
resistance that of the injection leads. The contacts of the 
breaker have to be in a closed position. The resistance of 
each of the phases is shown in Table 2. The tests results 
imply that the contacts have a current handling capacity. 
 

Table 2: Ductor test results 
 Phases 

White Red Blue 
Current (A) Resistance (µΩ) 

100 31.9 33.2 29.3 
 
3.3 Speed track test 
 
Timing tests are an important characteristic for the 
contacts in order to avoid both contact erosion and 
welding. They include the measurement of the exact 
instant that the contacts change states. They verify contacts 
discrepancy and contacts travel and speed. The measured 
values are compared with the established tolerance limits. 
Most often, the commissioning test values are used as 
reference values. The closing coil, motor coil and trip coil 
are energized while measurements are taken between the 
contact gaps [2, 4]. 
 
An open-close-open of the contacts speed test was 
performed.  This verifies how fast the breaker will actually 
close/open when the trip and closing coils are energized. 
A simulation package is connected via a laptop to control 
the signals to close and open the breakers by energizing 

the coils. The interface form the laptop energizes the 
relays, sending the signals to the tripping coil, closing coil 
and motor coil. The power that the contacts of the relay 
pass is from a variac supply. The tripping coil is energized 
with 110 V, and the closing and motor coils are energized 
with 220 V. Once the signals are sent to open, close and 
open the contacts, the measurements are recorded for each 
phase. The speed of the changing contacts should be 
similar, and it should be within the test limits of 20 to 90 
milliseconds. The test results were as depicted in Table 3 
and in Fig. 6. The test results show that the contacts of the 
breaker operate efficiently. The switching occurs within 
limits and it is coherent to the all the phases. 
 

Table 3: Open-close-open contacts speed tests 
 Phases 

White Red Blue 
Time (milliseconds) 

Opening time 38 38 39 
Closing time 44 44 44 
Opening time 44 44 44 

 

 
Figure 6: Speed track test results 

 
4. CABLE TESTS 

 
The two MV cables for the 11 kV and 6.6 kV side had to 
be tested to ensure that the cables were in a good condition. 
A VLF test was performed on both the cables, but they had 
to be identified before performing it. 
   
The 11 kV cable was identified by the use of a power 
meter. There were two cables in the path of the redundant 
cable going to the de-commissioned plant. A power meter 
was used to verify the cable which did not have power. 
From thereon, a continuity test was conducted to ensure 
that the cable from substation is the same cable that has no 
power in the field. Two phases were shorted with each 
other while the remaining phase was shorted to earth in the 
substation. In the field, continuity was verified by 
checking continuity with earth on each phase. The 
remaining two phases should be verified to show 
continuity between them, since they are shorted together. 
By doing so, repeatedly for each phase, the cable is 
simultaneously synchronized. 
 
Similarly, the 6.6 kV cable supply from the Power Station 
Substation was switched off. A power meter was used to 
verify that the cable had no power. In addition to that, in 
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the field, the cable was also spiked. A spiking gun was 
clamped around the cable.  At a safe distance, a blank 
cartridge was used to drive a chisel into the cable. If the 
cable is live, it will cause a short circuit, and in turn initiate 
the operation of the protective switchgear to trip.  
 
After the cables were identified, a VLF test was conducted 
to verify the integrity of the cables. A test voltage of 11 kV 
(r.m.s.) was injected into each phase for 15 minutes, while 
the other two phases were isolated by being shorted down 
to earth. The cables were able to withstand the stress 
derived from the medium voltage. The cables could then 
be cut and joined to the cables connected to the primary 
and secondary side of the transformers.  
 
4.1 VLF tests 
 
VLF tests are generally conducted at 0.1 Hz and lower. It 
is similar to the AC hi-pot test, but with a lower frequency 
output. It is used for any application requiring AC testing 
of high capacitance loads, like cables and 
motors/generators. The lower the frequency, the less 
current and power needed to test high capacitance loads. It 
is suggested that every newly installed or repaired cable 
should be VLF tested before re-energizing. It causes 
existing cable defects, like water trees and weak splices 
that are severe enough to be triggered into partial discharge 
under the test voltage, to break through during the test. 
Minor defects that are not triggered into potential 
discharge from the test voltage are unaffected [5]. 
 

5. COMMISIONING OF THE TRANSFORMER 
 
Prior to energising the transformer, a VLF test was done 
on both the secondary and primary side of the transformer. 
This was done to verify the integrity of the joints and 
bolted connections of the medium voltage system. This 
was successful; hence the transformer was energised. The 
LV boards at the Water Intake substation were energised. 
The rotation was checked by the use of a phase rotation 
meter to be anticlockwise, which was what it was initially 
before joining the cables. From there on the MV motors 
were started. One motor was started at a time. Two of the 
motors were racked into the new supply bus. The loads on 

the transformer were monitored in the Mill Finishing 
Substation. They were found to be stable.  
 

6. CONCLUSION 
 

The installation and commissioning of the transformer 
were successful; trips on overload were not incurred. The 
installation required tests to be carried out on the 
transformer, the protection switchgear, and the cables that 
were going to be connected to the transformer. Safety is a 
vital part of engineering; hence the tests acquired ensured 
the safety of the personnel working with them. The tests 
also played a role in verifying the standards of each 
component, for instance, observing the different aspects of 
the transformer oil, one can estimate the life span of the 
transformer as well as the level of deterioration. 
Transformer oil releases combustible gases which can 
trigger outbursts. The relays were able to issue trips while 
exhibiting inverse characteristics, the breaker tests proved 
that it can efficiently switch high current at high speeds, 
and the VLF test ensured that the cables were in perfect 
condition before being injected with 11 and 6.6 kV. 
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Abstract: Power dispatch capability is a function of the installed capacity of each line in a transmission
network. But transmission lines in a network have different installed capacity as well as maximum
operating capacity of load demands. To operate the power system safely and accomplish efficient
transmission dispatch during contingency, the unused capacity (reserve operating capacity) when power
flows on each line in the network need to be known. This paper uses transmission switching (TS)
approach to identify the reserve operating capacity of each line in the network. The TS explores the
distributive power flow variation effects on other lines when a line is in or taken out of operation. A
steady state power flow forms the base case operation of the network upon which the switching action is
implemented. Validation and effectiveness of the proposed approach to identify line reserve operating
capacity is verified through IEEE 14-bus Test network.

Key words: Transmission line installed capacity, reserve operating capacity, power flow dispatch,
transmission switching.

1. INTRODUCTION

The main objective of the transmission system is to
independently transmit electric power from generators to
loads. Transmission system is therefore a network of
generators and loads linked up by static transmission lines.
Although the topology of line network is perceived static,
however, the operation of delivering the generated electric
power to load demand points is not. This is because
power is only generated to meet varied load demands in
the power system. But the installed capacity of each line
eventually determines what will be the optimum power
flow through it. Since the rate of power flow is not
maximum at all times, there is bound to be some unused
capacity in the lines except during overload contingency.
This unused capacity is an occurrence present only during
power flow operations, as such referred to as reserve
operating capacity (ROC) in accordance with the single
outage contingency (N-1) criterion [1] necessary for the
security and reliability of the transmission system. The
ROC defines, as illustrated in Figure 1, a reserve capacity
for contingency (RCC) and reserve capacity for future
use (RCF) in the transmission line network power flow
operation.

For a single transmission line connecting a generator and
load, a considerable amount of line reserve capacity would
be required to ensure the continuity of power supply
[2]. Whereas for meshed network of lines with different
generators and load connections, some lines would be
more heavily loaded than others due to different power
demand at the load points, [3]. The capability of the
lightly loaded lines to accommodate and transfer more

Figure 1: Outline of the transmission line capacity identification
levels

power would be high, while the susceptibility of the
network to collapse is high for the heavily loaded lines
[3]. These difficulties could be overcome by reasonable
spread of the power flow on each transmission line to
other neighbouring transmission lines within the same
network during a contingency. Due to this interdependence
distribution leverage between branches in a network,
transmission line switching is employed. Transmission
line switching serves as a contingency approach [4] for
predictive real time solution to the frequent changes in the
amount of power flow through network lines. In Figure 1,
when power is dispatched through the transmission lines,
each line has different amount of accessible operating
capacity (OC). The OC is a percentage of the line
installed capacities (INC). A percentage to be taken
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by the transmission system operators (TSO) based on
system reliability. But the capacity utilisation level at
steady state conditions (CSC) determines whether the
transmission lines is operating at normal condition or
not. This means different maximum CSC for network
lines contingency condition. The performance of a
network is mainly dependent on the performance of the
transmission lines in the system, ROC identification gives
a measure of this performance. The capacity utilisation
and state of wellbeing of the transmission network could
therefore be quantified with which the network operator
can apply corrective control strategies during contingency.
Whereas several probabilistic and deterministic methods
[5, 6, 7, 8, 9] to obtain generation system reserve
capacity exist, limited investigations are so far available
for the transmission system. A direct calculation of the
reserve capacity as the difference between the maximum
power carrying capability and the power flow through
transmission lines is investigated in [10]. The direct
calculation method uses data from local supervisory
control and data acquisition (SCADA) measurements
without the requirement of repetitive load-flow solutions.
However, the direct method failed to identify the load
demand levels at which the measurements were taken.
While [11] proposed a well-being analysis methodology
to determine the locational transmission capacity reserve
required to provide additional transmission transfer
capability to access remote generation. The methodology
is based on translating an accepted deterministic criteria
into probabilistic measures using a line well-being analysis
framework. In [12], a transmission capacity cost allocation
structure operation is proposed as an identification index
for network line capacity utilisation. The cost allocation
structure is capable of reflecting snapshot level of power
flow use in the normal and contingency conditions of
the transmission line installed capacity operation. To
operate the power system safely and accomplish efficient
transmission dispatch during contingency, the ROC for
the power flow on each line relative to other lines in
the network should be calculated. In the open literature,
rerouting of power flow from lines experiencing overload
and other contingency issues is used to fix this problem.
The solutions obtained were difficult to achieve without
first obtaining the amount of power to reroute. To
overcome this limitation along with some other power flow
distribution contingency problems, this paper incorporates
a TS approach in the transmission dispatch problem
formulations so as to identify the ROC of each line in the
network. The TS explores at every instant of load demand,
the power flow dispatch variation effects on other lines
when a line is in or taken out of operation. Therefore, TS
is an incorporation of optimal transmission line capacity
usage [13], sensitivity analysis [14, 15, 16] and extension
impacts of network alternating current optimal power flow
(ACOPF) topology control [17] into the general OPF
algorithm.

2. PROBLEM FORMULATION

Transmission switching is a corrective control action that
reconfigures the transmission topology during network
power dispatch contingency. The switching impacts
on line network operating state and not as a structural
change on the component parameters of a practical
network. Switching ON and OFF of line corresponds
to increase (OFF) or decrease (ON) in the line reactance
value [18]. In [19], switching algorithm developed for
corrective control in power flow with extension to the
network bus representation as a bus split operation having
zero impedance circuit of equal but opposite reactance.
Also, optimal transmission switching algorithm has been
implemented [20] for optimal power flow. Considerations
for the selection of some network protective relays and
breakers are incorporated as constraints in the algorithm
formulation.

Thus, TS in the general OPF dispatch formulation is such
that;
For a network with n buses and k lines, injected AC
complex power flow through line k is given as;

Sk = Pk + jQk (1)

When decomposed,

Pk =VsVrGk cos(qs �qr)+VsVrBk sin(qs �qr)

Qk =VsVrGk sin(qs �qr)+VsVrBk cos(qs �qr)
(2)

Which can be linearised to a less complex power flow
along line k, thus;

Pk = Bk(qs �qr) (3)

In general,
P = Bq (4)

where, Pk and Qk are active and reactive power flow
through line k, Vs and Vr and are voltage magnitude with
qs and qr sending and receiving end angles for line k. Gk
and Bk are respectively conductance and susceptance for
the line k admittance Yk = Gk + jBk.
While in the general case, B is (n�1)⇥(n�1) susceptance
matrix with corresponding row and column exclusion of
slack bus representation, P is power flow column vector
and q is bus voltage angle column vector.
Suppose in an OPF having overloaded line contingency
problem, if line 1 is overloaded, its deliberate outage
causes an occurrence and change of power flow on any line
2 is [18];

DF2/1 =�
X2/1x1

x2(X1 + x1)
(5)

P2/1 = P0
2 +DF2/1P0

1 (6)

DP2 = P0
2 � (P0

2 +DF2/1P0
1 ) =�DF2/1P0

1 (7)

X1 = MT
a B�1Ma (8)

X2/1 = MT
b B�1Ma (9)
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where, P0
1 and P0

2 are respectively defined as power flow of
lines 1 and 2 before outage of overloaded line 1. While
P2/1 is the power flow on line 2 after removing of line
1. DF2/1 is a distribution factor of the outaged power
flow on line 1 to any line 2. X1 and X2/1 are system
reactances [19],X1 and x2 are individual line reactance of
line 1 and line 2. Ma and Mb are line to bus representation
zero components apart from 1 and -1 at the positions
corresponding to the two buses (in this case) of line 1 and
also that of any line 2. That is in general, a distributive
coefficient (DF) occurs [19], [21] of the power flow on the
outaged line to other lines in the network, difference in DP,
the numerical quantity of power flow and change of power
flow on any line. Alternatively, let’s consider the influence
of switching any line 2 to relieve the overload on line 1.
That is;

DF2/1 =�
X2/1x2

x1(X2 + x2)
(10)

X1, X2, X1/2 and X2/1 are scalar [21] of which,

X2/1 = XT
2/1 = (MT

b B�1Ma)
T = MT

a B�1Mb = X1/2 (11)

P1/2 = P0
1 +DF1/2P0

2 (12)

DP1 = P1/2 �P0
1 = DF1/2P0

2 (13)

The consequence of DP2 is increase in power flow on P2/1
which implies reduced ROC of P0

k (any line 2). But when
a particular line Pk with very high ROC (observed when
line 1 was outaged), is switched out of service, the power
flow on P1/2 (equivalent to P1/k) is reduced which implies
increased ROC for P1 as well as reduced DP1.
That is, by computing the power flow ROC when line 1 (the
overloaded line) is outaged, we can perform TS to identify
line whose outage can relieve the overload on line 1 and
dispatch the power flow overload to other lines.

3. PROPOSED APPROACH

The following steps are summarised from the above
analogy.
Step 1. Compute a base case power flow when there is no
overloaded line outage.
Step 2. If line 1 is an already existing overloaded line, take
a direct power flow with the line 1 outaged out of service
Step 3. Estimate the power flow difference (DP2 ) for the
remaining lines if no further overload are observed.
Step 4. Calculate DP2P2 > 0 of all any line 2 whose
switching out service will relieve the overload on line 1
Step 5. Conduct a power flow ROC identification on all
lines except line 1, when the removal of line 1 results to
another line overload, by using;

ROC = 1�
P0

k
Pmax

k
% (14)

Pmax
k is the accessible operating capacity (OC) of any linek.

Step 6. Identify the line with highest ROC % and
connected to any of the two terminal buses of line 1.
Step 7. Switching out of service will relieve as well as

dispatch the overloaded power flow to the OC of other lines
in the network.

4. NUMERICAL APPLICATION

The proposed approach is applied on a modified IEEE-14
bus test system with configuration given in Figure 2. MVA
power flow is utilised so as to equally capture the reactive
power present in the line power flow. The IEEE-14 bus
system consist of 19 lines of which we took 90% of the
line installed capacity for OC and remaining 10% as IC.

Table 1: Bus Loads for a Modified IEEE 14-Bus Test
System

Bus Load 10% Load Increase
1 0.0 0.0
2 23.87 26.04
3 103.62 113.04
4 52.58 57.36
5 8.36 9.12
6 12.32 13.44
7 0.0 0.0
8 0.0 0.0
9 32.45 35.4

10 9.9 10.8
11 3.85 4.2
12 6.71 7.32
13 14.85 16.2
14 16.39 17.88

Table 2: Bus Loads for a Modified IEEE 14-Bus Test
System

Line Accessible OC MVA CSC utilised MVA
L1�2 180 158.05
L1�5 98 84.93
L2�3 89 82.64
L2�4 98 61.02
L2�5 85 45.00
L3�4 98 24.71
L4�5 68 65.48
L4�7 83 29.73
L4�9 48 16.88
L5�6 68 50.78
L6�11 27 9.25
L6�12 48 8.90
L6�13 48 20.30
L7�9 48 29.73
L9�10 48 4.73
L9�14 48 9.43
L10�11 18 5.18
L12�13 18 2.09
L13�14 18 7.21
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Figure 2: IEEE-14 Bus System

5. RESULTS AND DISCUSSION

We computed a base case power flow and no line overload
was observed. After increasing the load on each bus by
10%, as shown on Tables 1 and 2, we took another power
flow and line 4-5 was observed to be overloaded as given
on Table 3, while all other line candidates showed no
overloads. Table 4 shows 71.83MVA as line 4-5 CSC

Table 3: Bus Loads for a Modified IEEE 14-Bus Test
System

Line Accessible OC MVA CSC utilised MVA
L1�2 180 165.49
L1�5 98 89.65
L2�3 89 85.52
L2�4 98 67.08
L2�5 85 49.69
L3�4 98 27.32
L4�5 68 71.83
L4�7 83 32.46
L4�9 48 18.69
L5�6 68 55.40
L6�11 27 12.16
L6�12 48 28.67
L6�13 48 222.88
L7�9 48 32.85
L9�10 48 14.49
L9�14 48 10.64
L10�11 18 8.15
L12�13 18 4.35
L13�14 18 8.22

power flow, meaning a ROC value of 5.63% overload
above the 68 MVA line OC value. The outage of line
4-5 caused further line overloads on the remaining lines.
We applied steps 5 and 6 of our proposed approach, which
is the ROC analysis, to calculate the unused capacities of
all lines and also to identify the line with highest unused

capacity among lines connected to the two terminal points
of line 4-5. As shown in Table 5, line 3-4 is ranked 1st,
with power flow 27.32 MVA out 98 MVA OC value is
identified as line with highest ROC value of 72.12%. From
Table 6, the switching out of service of the line 3-4, the
quantity of MVA overload relieve from line 4-5 and the
power flow dispatched without any overloads are shown.

Table 4: ROC identification for overloaded line
Line Accessible

operating
capacity
(OC)
MVA

CSC
utilised
due to
10%
Load
in-
crease
MVA

ROC
(%)

Connected
to bus 4 or
5

L1�2 180 165.49 8.06 NO
L1�5 98 89.65 8.52 YES
L2�3 89 85.52 3.91 NO
L2�4 98 67.08 31.55 YES
L2�5 85 49.69 41.54 YES
L3�4 98 27.32 72.12 YES
L4�5 68 71.83 -5.63 YES
L4�7 83 32.46 60.89 YES
L4�9 48 18.69 61.06 YES
L5�6 68 55.40 18.53 YES
L6�11 27 12.16 54.96 NO
L6�12 48 28.67 40.27 NO
L6�13 48 22.88 52.33 NO
L7�9 48 32.85 31.56 NO
L9�10 48 14.49 69.81 NO
L9�14 48 10.64 77.83 NO
L10�11 18 8.15 54.72 NO
L12�13 18 4.35 75.38 NO
L13�14 18 8.22 54.33 NO

Table 5: Identification of line with power flow Pk
Lines ROC (%) Ranking
L1�5 8.52 7th

L2�4 31.55 5th

L2�5 41.54 4th

L3�4 72.12 1th(line Pk)
L4�7 60.89 3rd

L4�9 61.06 2nd

L5�6 18.53 6th
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Table 6: Line switching of identified Pk for power flow
dispatch without overload

Line Power Flow
for line 3-4
out of service

Quantity of
MVA when
line 3-4 is out
of service

Power
flow dis-
patched
without
overload

L1�2 169.45 -3.96 Yes
L1�5 87.15 2.50 YES
L2�3 85.97 -0.45 YES
L2�4 73.32 -6.24 YES
L2�5 51.85 -2.16 YES
L4�5 33.39 -0.93 YES
L4�7 33.39 -0.93 YES
L4�9 18.75 -0.06 YES
L5�6 54.48 0.92 YES
L6�11 11.51 0.65 YES
L6�12 27.67 1.00 YES
L6�13 21.89 0.99 YES
L7�9 33.07 -0.22 YES
L9�10 13.17 1.32 YES
L9�14 10.11 0.53 YES
L10�11 7.64 0.51 YES
L12�13 4.01 0.34 YES
L13�14 7.87 0.34 YES

6. CONCLUSION

In this paper, an approach that considers the use of
transmission line capacity in the dispatch of MVA power
flow during line contingency is presented. A breakdown
of transmission line installed capacity into components
reserve utilisation is equally achieved in this paper.
Transmission switching is also introduced to identify the
ROC of lines when relieve of overload and complex power
flow dispatch is desired. The ROC is easy to identify
and implementation does not require much computation as
demonstrated in this paper.
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POWER SYSTEM STABILIZER DESIGN USING SELF-ADAPTIVE 
DIFFERENTIAL EVOLUTION. 
 
D.A. Dombo*, K.A. Folly*  
 
*University of Cape Town, Department of Electrical Engineering, South Africa 
 
Abstract: This paper discusses the application of a Self-Adaptive Differential Evolution algorithm to 
tuning power system stabilizer (PSS) parameters to enhance the small signal stability of a multi-
machine power system. In designing the PSS parameters, the main objective in this work is to achieve 
adequate damping over a wide range of operating conditions. The performance of the Self-Adaptive 
DE based PSSs are compared to that of the classic Differential Evolution (DE) based PSSs and the 
conventionally tuned PSSs. The modal analysis and time domain results are presented to show the 
effectiveness of the proposed approach.     
 
Key words: Differential Evolution, damping ratio, Power System Stabilizer, Stability. 
 
 
 

1. INTRODUCTION 
 
Population-based stochastic optimization algorithms have 
received great attention in solving various optimization 
problems in recent years. In this family belongs a lot of  
different algorithms such as Genetic Algorithms (GAs) 
[1], [2], Particle Swam Optimization  (PSO) [3], [4], 
Population-Based Incremental Learning (PBIL) [5], [6], 
[7], [8], Differential Evolution [9], [10], [11], to name only 
a few. Of these algorithms, GAs have been implemented 
the most [2], [7], [12]. Even though GAs have been 
successfully applied in different optimization problems, 
they have several shortcomings, such as slower 
convergence, genetic drift,  etc. [13]. Genetic drift often 
leads to the loss of diversity in the population [13].  
Differential Evolution is an algorithm which tackles some 
of the problems faced by GAs. It is one of the most recent 
techniques that has proved itself to be powerful due to its 
simplicity and reliability [9], [14]. It was first proposed by 
Price and Storn [9], [15] as a tool for global optimization 
over continuous spaces. DE is also a population-based 
technique but the main element which differentiates it 
from other population-based stochastic optimization 
techniques is the differential mutation operator that it uses 
to arrive at the desired solutions [11]. As much as DE has 
proved to be very powerful, more work has been carried 
out to further improve its performance. The choice of the 
control parameters of DE has a greater effect on its 
performance. In [16], some discussions were done about 
the need for control parameters of the algorithms to be 
tuned during the evolution process as this can improve on 
the quality of solutions found. Several works have been 
carried to deal with issue of parameter control or tuning so 
as to enhance the performance of the DE [17], [18].  
In this paper, the self-adaptive Differential Evolution, 
denoted jDE, first proposed by Janez Brest et al. in [17] is 
used for simultaneous tuning of Power System Stabilizers 
in a multi-machine power system so as to improve the 
small-signal stability environment. The simulation results 
show that the self-adaptive DE based PSSs (jDE-PSSs) are 
more effective in improving the small-signal stability of 
the system than the PSSs based on the classical DE (DE-
PSSs) and the conventionally tuned PSSs (CPSSs).  

 
2. DIFFENTIAL EVOLUTION 

 
DE is a parallel direct search technique that makes use of 
population points to search for a global 
minimum/maximum of a function over a wide search 
space [9], [11]. It is a population-based algorithm that also 
uses operators like crossover, mutation and selection to 
generate solutions just like GAs [11]. Some of the main 
differences between GAs and DE are listed in [11].  Below, 
we discuss the main features of DE. 
 
2.1 DE Operators 
The summary of the DE operators is given in [9], [11], [19] 
as follows:  
 
Step 1: Initialization 
Upper and lower bounds for each parameter to be 
optimized are specified before the population can be 
initialized. After the initialization of the bounds, a random 
number generator assigns each parameter to be within the 
specified range of bounds.  
Step 2: Mutation  
When the initialization process is done, DE mutates and 
recombines the population producing a population of Np 
trial vectors. A weighted difference between two 
population vectors is added to a third vector to form a 
mutant vector. 
There are several different DE mutation strategies, some 
can be found in [9]. The DE/rand/1/bin is used for this 
work. The equation below shows how in DE/rand/1/bin 
scheme a mutant vector is created from three different 
randomly chosen vectors  
 

)( ,2,1,0, grgrgrgi xxFxv ��                      (1) 

Where F is the scale factor, which takes values in the range 
[0, 2] but the values are seldom greater than 1.0. It controls 
the rate at which the population evolves and this is also 
called the amplification of the differential variation. The 
base vector index, denoted r0, is chosen so that r0 ≠ r1 ≠ r2 
where r1 and r2 are also randomly selected once per mutant.  
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Step 3: Recombination or Crossover 
To complement differential mutation, DE introduces 
crossover, to increase diversity of the perturbed parameter 
vectors. This step results in a trial vector, which is denoted 
as follows: 
 

¯
®
  d

  
otherwisex

jjorCRrandifv
uu

gi

randjgij
gijgi

,

,,
,,,

))1,0((
 

(2) 

Where CR∈[0,1] is the crossover probability which is a 
user defined value that controls the fraction parameter 
values that are copied from the mutant. If the random 
number generated is less than or equal to CR, the trial 
parameter is copied from the mutant, and on the other hand 
if the random number is greater than CR, the trial 
parameter is copied from the xi,g which is the target vector.  
Step 4: Selection 
The trial vector is then compared to the target vector by the 
greedy criterion to decide whether it should become a 
member of the next generation or not. If the trial vector, 
ui,g yields a cost function value equal to or smaller than the 
cost function of the target vector xi,g then the xi,g+1 is ui,g  
otherwise the older value xi,g is used. This is illustrated as 
follows:  
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 �
otherwisex
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(3) 

Upon the installation of the new population, the entire 
process from mutation, recombination and selection is 
repeated until the optimum solution is found or a specified 
termination condition is satisfied. The termination 
condition could be when the number of generations 
reaches a specified maximum value gmax [9] and this 
termination condition is used in this paper..  
 
3. SELF-ADAPTIVE DIFFERENTIAL EVOLUTION 

 
Although DE has been found to be a very powerful 
optimization tool, control parameters like crossover 
probability and mutation factor are often determined using 
trial and error method which can be time consuming and 
ineffective. There is a high probability that parameters 
found by trial and error are not optimal [17]. Using the trial 
and error method to get the control parameters affects the 
performance of the algorithm to a greater extent. For 
example, the CR parameter is responsible for maintaining 
diversity of the population helping to overcome the 
premature convergence problem. If CR value is not 
optimal the algorithm may lose diversity earlier in the run 
leading to premature convergence 
To overcome these issues, some work has been done to 
systematically fine tune the control parameters so that 
optimal convergence is guaranteed [16].  Brest et al. [17] 
proposed a self-adaptive DE that changes the control 
parameters F and CR during the run of the algorithm. The 

control parameters F and CR are updated according to the 
following equations (4) and (5):  
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where: 
randj, j∈{1,2,3,4} are uniformly random chosen values on 
[0,1].  1W = 2W =0.1 represent probabilities which are used 
to adjust the F and CR parameters during the evolution 
process. lF =0.1 and uF =0.9 ensuring that F takes values 
in the range [0.1,1.0] randomly and this is because F is 
rarely above 1. The parameters 1W , 2W , lF  and uF  are 
fixed to minimize the number of control parameters to be 
adjusted by the user. One advantage with this version of 
DE is that the user does not need to guess good initial 
values for F and CR [17]. In this version of DE, the 
population size parameter is kept constant throughout the 
optimization process. In this paper, while the self-adaptive 
DE proposed by Brest et al. [17] where they used the 
DE/rand/1/bin strategy, here a different mutation strategy 
is applied. The mutation strategy used is DE/rand/2/bin as 
in [11]. 
   
4. POWER SYSTEM MODEL AND SELECTED 

OPERATING CONDITIONS 
 

The power system model considered in this paper is the 
two-area four machine system as shown in Fig. 1 [20]. This 
power system model consists of two similar areas which 
are connected by a tie line. Each of the four machines is 
rated 900 MVA and 20 kV. The system is modelled by a 
set of nonlinear equations but for the purposes of controller 
design, the equations that describe its dynamics are 
linearized around the nominal operating conditions. For 
the purposes of small signal stability analysis, all the 
machines are modelled using sixth order generator 
equations, also known as the sub-transient models. Each 
machine is equipped with a simple exciter which is 
modelled by a first order differential equation [6], [21], 
[22]. The machines are denoted in Fig. 1 as G1, G2, G3 
and G4.  
Several operating conditions which involve power transfer 
from area 1 to area 2 are considered in the design but for 
simplicity, only 3 operating conditions are discussed here. 
The operating conditions used in the design of the 
controllers are listed in Table I. The double transmission 
line between bus 3 and 13 is in service for all the cases. 
The operating conditions were formulated by varying the 
loads at buses 4 and 14.  
This system exhibits three electromechanical modes of 
oscillation. There are two local modes one in each area and 
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one inter-area mode. In this study, only the inter-area mode 
is considered as it is the most difficult to control.  
 

 
Figure. 1 Two area multi-machine system [20] 
 

Table 1: Selected Operating Conditions 

Case Real Power 
Flow[MW] 

Open loop inter-area 
modes 

1 100 -0.00596±4.966i (0.0012) 
2 400 0.08063±4.9700i (-0.0168) 
3 500 0.08654±4.6750i (-0.0185) 

Note: damping ratio inside the brackets 
 
In Table 1, Case 1 is the light load operating condition and 
about 100 MW is being transferred from area 1 to area 2. 
The inter-area mode is stable for this case, however the 
damping ratio is unacceptably low (0.0012)) [23]. In case 
2 which is the nominal operating condition, about 400 MW 
is being transferred to area 2. Lastly, in case 3, 500 MW is 
being transferred to area 2 and this is the heavy load 
condition. The inter-area mode is unstable for cases 2 and 
3 since the real parts of the eigenvalues are positive.  
Power System Toolbox (PST) was used for the 
simulations[20]. 
 

5. OBJECTIVE FUNCTION, 
 
In this paper, PSS parameters are tuned using DE and jDE 
such that the controllers provide sufficient damping to the 
power system over a wide range of operating conditions. 
The performance of the controllers is compared to the one 
for CPSS’s parameters from [22]. The controllers have a 
similar structure represented by equation (6). Kp is the 
controller gain, T1-T4 are time constants. 
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The objective function is formulated as follows:  
))max(min( , jiJ ]     (7) 

 
where:  
i =1, 2, 3… n and j = 1, 2, 3 …m   
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where, ji,]  is the damping ratio of the i-th eigenvalue 
corresponding to the j-th operating condition. The 
eigenvalues are made up of ji,V  and ji,Z  which 
represent the real part and the imaginary part (frequency of 
oscillation) respectively.  
The power system controller parameters for both DE and 
jDE are designed to maximize the objective function J 
subject to the following constraints:  

300 dd pK  
1,02.0 31 dd TT  

5.0,02.0 42 dd TT  
 

6. PARAMETER SETTINGS OF DE AND jDE 
 
6.1 PSS Design using the classical DE 
Parameter settings that were used for DE-PSS are as 
follows:  
Population: 50 
Generation: 300 
Mutation scale factor F: 0.9 
Crossover CR: 0.9 
F and CR are optimally chosen using trial and error 
method.  
 
 
6.2 PSS Design using Self-Adaptive DE 
Parameter settings that were used for jDE-PSS are as 
follows:  
Population: 50 
Generation: 300 
Mutation scale factor F: Adaptive according to (4)  
Crossover CR: Adaptive according to (5) 
 

7. RESULTS 

7.1 Frequency domain results 
Table 2 below shows the closed loop eigenvalues for the 
inter-area mode comparing CPSSs, DE-PSSs and jDE-
PSSs. It can be seen from  
 
Table 2 that the installation of PSSs improves the stability 
of the system as expected. It is observed that the damping 
ratios have improved with CPSS providing a damping ratio 
of 0.1949 while DE-PSS’s is 0.2448 and jDE-PSS having 
the best damping ratio of 0.2782. The inter-area mode was 
unstable for Cases 2 and 3 before installation of PSSs. 
However, when the system is equipped with PSSs, it is 
shown that the system becomes stable and the damping 
ratio is improved to acceptable values. For case 2, CPSSs 
resulted in a damping ratio of 0.1699 whereas DE-PSS 
provided a damping ratio of 0.2172 and jDE having the 
best damping of 0.2515. The third case also displayed 
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improvements in damping ratios with CPSSs having 
0.1568, DE-PSS having 0.2031 and jDE-PSS having 
0.2368.  
 
Table 2: Closed loop inter-area modes 

Case 
Study 

CPSS DE-PSS jDE-PSS 

1 -0.93±4.69i 
(0.1949) 

-1.14±4.15i 
(0.2448) 

-1.32±4.56i 
(0.2782) 

2 -0.80±4.65i 
(0.1699) 

-0.99±4.45i 
(0.2172) 

-1.17±4.51i 
(0.2515) 

3 -0.73±4.58i 
(0.1568) 

-0.91±4.39i 
(0.2031) 

-1.08±4.45i 
(0.2368) 

Note: damping ratio inside the brackets 
 

7.2 Time domain results under small disturbance  
 
To validate the modal analysis results, time domain 
simulations were carried out where a small disturbance 
was simulated by applying a 5 % step change on the 
reference voltage of generator 2. The step responses 
presented below show the change in generator active 
power for machine 3 and 4. Figure 2 to Figure 4 show the 
responses for generator 3. The least performance is 
observed from the CPSS as there are higher overshoots and 
undershoots while also having a settling time of about 7 
seconds for all the operating conditions. DE-PSS has 
higher overshoots and undershoots than jDE-PSS for all 
the operating conditions. DE-PSS and jDE-PSS display 
similar settling times of about 4.5 seconds. 
Figure 5 to Figure 7 show the step responses for generator 
4. It can be seen that jDE-PSS has the least overshoots and 
undershoots followed by DE-PSS and CPSS having the 
highest. The settling time of CPSS is around 7 seconds and 
the one for DE-PSS and jDE-PSS is around 5 seconds. 

 
Figure 2: Change in active power of G3 for case 1 

 
Figure 3: Change in active power of G3 for case 2 

 
Figure 4: Change in active power of G3 for case 3 

 

 
Figure 5: Change in active power of G4 for case 1  

 
0 1 2 3 4 5 6 7 8 9 10

-0.01

-0.005

0

0.005

0.01

0.015
Step response for Generator 3

time(s)

ch
an

ge
 in

 g
en

er
at

or
 a

ct
iv

e 
po

w
er

 (p
.u

)

 

 
DE-PSS
jDE-PSS
CPSS

0 1 2 3 4 5 6 7 8 9 10
-0.01

-0.005

0

0.005

0.01

0.015

0.02
Step response for Generator 3

time(s)

ch
an

ge
 in

 g
en

er
at

or
 a

ct
iv

e 
po

w
er

 (p
.u

)

 

 
DE-PSS
jDE-PSS
CPSS

0 1 2 3 4 5 6 7 8 9 10
-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
Step response for Generator 3

time(s)

ch
an

ge
 in

 g
en

er
at

or
 a

ct
iv

e 
po

w
er

 (p
.u

)

 

 
DE-PSS
jDE-PSS
CPSS

0 1 2 3 4 5 6 7 8 9 10
-0.01

-0.005

0

0.005

0.01

0.015

0.02
Step response for Generator 4

time(s)

ch
an

ge
 in

 g
en

er
at

or
 a

ct
iv

e 
po

w
er

 (p
.u

)

 

 
DE-PSS
jDE-PSS
CPSS

SAUPEC 2017 574



 
Figure 6: Change in active power of G4 for case 2 

 
Figure 7: Change in active power of G4 for case 3 

7.3 Time domain results for transient stability 
A three phase fault was also applied to the system to check 
the performance of the controllers under large 
disturbances. Figure 8 to Figure 10 show the simulation 
results. At 1 second, a three phase fault was applied on bus 
3 and was cleared after 5-cycles by removing one of the 
double lines lines between bus 3 and bus 13. For these 
simulations, only the plots for G2 are shown since it has 
the highest particpation on the interarea mode. From 
Figure 8 to Figure 10 it can be seen that all PSSs perform 
adequately as the G2 power output responses come to a 
steady state value after the fault has been cleared. The 
CPSSs responses display slightly higher overshoots and 
undershoots while jDE-PSSs have the least and DE-PSSs’ 
are intermediate. jDE-PSS resulted in quicker settling 
times followed by DE-PSS and CPSS  having the longest 
settling times.  
 

 
Figure 8: Power output for case 1 

 
Figure 9: Power output for case 2 

 
Figure 10: Power output for case 3 

 
8. CONCLUSIONS 

Self-Adaptive DE has been applied to the problem of 
tuning the parameters of power system controllers for 
small-signal stability improvement in a multi-machine 
system. From the results presented, it is shown that there 
are advantages in adapting the crossover and mutation 
operators as the population evolves compared to when the 
parameters are fixed. Modal analysis results and time 
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domain results show that the Self-Adaptive DE 
outperforms the classical DE in terms of overshoots and 
settling times. Further work is still in progress to show the 
effectiveness of jDE in larger systems than the one used in 
this work. 
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Abstract: The interference effect from high voltage overhead lines on nearby metallic pipelines is a 
major challenge for utility owners due to the induced AC potentials on metallic pipelines. 
Nevertheless, numerous mitigation techniques have been proposed in the past to curtail the effect of 
AC potentials on pipelines. One of these techniques is the use of grounding conditions for the metallic 
pipelines. In this paper, we present through modelling, the computation and comparison of the various 
approaches for grounding metallic pipe installed near high voltage overhead lines for AC mitigation 
purposes. A Rand Water pipeline installed near an Eskom 275 kV transmission line at Strydpan, 
South Africa was used as a case study. The model simulation results of the studied network show that 
the pipe grounding condition in which the pipeline isolated at both ends of the parallel region with an 
insulating flange gives better performance in terms of AC potential reduction. This, in conjunction 
with other AC mitigation techniques can reduce the level of AC potential to the barest minimum or 
below a threshold in which AC corrosion possibilities are lower. 
 
 
Key words: AC interference, pipeline, grounding, mutual impedance, pipe-to-soil potential. 
 

1. INTRODUCTION 
 

The problem of AC interference from high voltage 
power lines on metallic pipelines has captured all-round 
recognition in the past years. This is due to the tendency 
to locate metallic pipelines in the same utility corridor 
with transmission lines. In addition, due to the land use 
regulation and environmental issues, pipelines and power 
lines are now frequently being installed to follow the 
same route. The currents flowing through the 
transmission line conductors produce a time varying 
electromagnetic field which couples to metallic pipelines 
(buried or aerial) placed in parallel with the line. 
Unfortunately, the ground does not provide shielding to 
magnetic field and therefore makes underground metallic 
pipeline in proximity to overhead high voltage 
transmission lines (HVTLs) to be prone to inductive 
coupling from the lines. Consequently, voltage is induced 
in the pipelines. The induced voltage is known to 
accelerate the corrosion process of pipelines [1, 2]. More 
so, its effect on the operational condition of the pipeline 
cathodic protection system has also been reported [3-5]. 
 

Several standards and safety guides dealing with this 
problem are available in the published literature. These 
standards are meant to protect the pipeline from corrosion 
[6] as well as for operational personnel safety [7]. 
According to [7], the induced potential on pipes should 
be mitigated if the value exceeds 15 Vrms, for personnel 
safety. More so, in order to reduce the corrosion 
probability, the potential on the pipe at any point along 
the parallel route of the transmission lines should not 
exceed; 
(i) 10 V when the surrounding soil resistivity is greater 

than 25 Ωm; and 

(ii) 4 V when the soil resistivity is less than 25 Ωm [6]. 
For pipeline in perfect parallelism with the transmission 
lines, the magnetic line of flux cuts across the metallic 
pipe at maximum strength and as a result, the effect of the 
inductive coupling is mostly felt. Moreover, with the 
increasing human population, there are more tendencies 
of installing pipelines in the same utility corridor with an 
existing HVTL. Therefore, the threat posed by AC on 
metallic pipelines increases. This makes it an important 
research area over the last years. 
 

AC assisted corrosion has been a major challenge to 
pipeline owners around the world. While it has gained 
widespread recognition, the past years have seen a surge 
of research activities in this area. Research activities in 
this area, to mention but a few, include; the influence of 
magnetic field distribution on metallic pipelines [8-11], 
induced voltage analysis on buried and aerial pipelines 
[12-15], the influence of soil topologies on the induced 
potential on metallic structure from nearby faulted power 
line [16-18], the influence of energy demand on the 
corrosion rate of pipelines [19]. In [19], the authors 
revealed that pipelines installed in urban cities where the 
energy demand is high has the greatest possibility of 
accelerated corrosion. Conversely, for pipes installed in 
rural areas, AC corrosion possibility is minimal due to the 
reduced energy demand. It follows, therefore, that in any 
of the cases, whether rural or urban cities, pipelines are 
public asset and must be prevented from damage through 
AC corrosion. In the past, several AC mitigation 
techniques were reported to include the use of Faraday 
cage, insulation joints, AC decoupling devices and pipe 
grounding [20-24] to mention but a few. Even with the 
use of these techniques, several cases of AC assisted 
corrosion are still being reported [22, 24]. Pipeline 
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grounding is an equivalent of a reduction in the coating 
resistance of a pipe and has been reported to be an 
effective means of reducing the AC induced potentials 
[23]. 
 

In this paper, the different pipe grounding conditions 
to arrest AC potential is examined through modelling. A 
Rand water pipeline installed in the energy utility 
corridor of high voltage transmission line at Strydpan, 
South Africa is used as a case study. The rest of the paper 
is organised accordingly. Section 2 presents the 
methodology used featuring the model description and 
formulations. In Section 3, the simulation results of the 
model were presented while Section 4 concludes the 
paper. 

 
2. NETWORK MODEL 

 
2.1 Network of the HVTL and Pipeline Description. 
 

The studied network consists of a single circuit 
transmission line in horizontal configuration (one of the 
Eskom transmission line at Strydpan, South Africa) and a 
buried pipeline of depth hp as illustrated in Figure 1.  

 

 
Figure 1: Schematics of the study network (a) 

transmission line-pipeline right of way (ROW) (b) 
coordinates of the pipeline-transmission lines. 

 
 

Considering the Figure 1, the pipeline with a radius rp is 
coated with fusion bonded epoxy with a coating thickness 
of tc, runs parallel to the HVTLs for a distance L. The 
dimension of the transmission line tower obtained from 
the Eskom power utility is also illustrated in Figure 1. 
Considering the single-circuit overhead line with ith earth 
wire, each current in the phase conductors induces a 
voltage on the pipeline through the appropriate mutual 
impedance between the pipeline and the conductor. The 
longitudinal emf induced on the pipeline due to the three-

phase currents IR, IW, IB and the earth wire current can be 
expressed as 
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i i

n

p R Rp W Bp B Bp g g p
i

E I Z I Z I Z I Z
 

 � � �¦   (1) 

where, IR, IW, IB and Igi are the steady state currents in the 
phase conductors and the ith earth wires, and ZRp, ZWp, ZBp 
, Zgip are the mutual impedances (Ω/m) between the phase 
conductors, the ith earth wire and the pipeline, n 
represents the number of earth wires on the tower. The 
potential drop across the ith earth wire due to the effect of 
the phase conductors can be expressed as 
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Therefore, the currents in the earth wires Igi is given as 
 

       � �1i

i i i i

i i

g
g R Rg W Wg B Bg

gg gg

V
I I Z I Z I Z

Z Z
  � �            (3)                                    

 

where, Zggi denotes the self-impedance of the ith earth 
wire. By substituting (3) into (1), the emf induced on the 
pipeline is expressed as 
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The mutual impedance between a kth conductor and the 
buried pipeline is given by equation [25, 26] 
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In (5), µ0 represents the permeability of free space, ω is 
the angular frequency of the line, Dk-p represents the 
geometric mean distance (GMD) linking the R,W,B or gi 
conductors and the pipeline. The earth’s skin depth (depth 
of penetration) δe, with the earth relative permittivity µr, 
is expressed as [12, 27] 
 

0
e

r f
UG

P P S
      (6) 

 

From (5), the GMDs linking each of the R-W-B or gi 
conductors and the pipeline or between the R-W-B phase 
conductors and the ith earth wire can be derived using 
Figure 1 (b) from (7) 
 

� � � �� �1/22 2

k p p k k pD x x y y�  � � � (R, W, B,g )ik� �  (7) 
 

where xp represents the horizontal position of the pipeline 
across the transmission line ROW, yp=hp+rp+tc represents 
the pipe depth from the ground to the centre of the pipe. 
Also, yk (R, W, B,g )ik� �  are the various heights of the 
phase conductors or the earth wire from the ground 
surface while their horizontal position is represented by 
xk (R, W, B,g )ik� �  on the x-coordinate. 
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More so from (4), Zggi denotes the self-impedance of the 
ith earth wire conductor and can be expressed as [25, 26] 
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  (8) 

where Rgi and RGMi denote the AC resistance and the 
geometric mean radius of the ith earth wire conductor 
respectively. 
 
The equation (4) can be used to estimate the longitudinal 
emf (V/m) induced on the pipe length exposed to the 
transmission line in parallel route. Moreover, a pipeline 
has a finite impedance to earth, which is strewn along its 
length. Therefore, to estimate the pipe-to-soil potential at 
points along its length, the magnetic field coupling from 
the transmission lines to the pipeline can be pictured as a 
distributed induced emf source on the pipeline [25]. To 
this end, the pipeline can be modelled as a lossy 
transmission line having a series impedance Z (Ω/m) and 
a shunt admittance Y (Ω-1/m) as shown in Figure 2.  
 

 
Figure 2: Schematics of a pipeline-power line inductive 
coupling (a) pipeline section parallel to a power line and 

(b) pipeline equivalent circuit [25, 28]. 
 

In Figure 2, E(x) represents the induced emf (V/m) 
derived from (4) while Z1 and Z2 are the impedance at the 
termination ends of the pipeline (ends A and B). 
Analysing Figure 2(b) using Kirchhoff’s law, 
 

       � � � � � � � � � � 0V x ZdxI x E x dx V x dV x� � � �  ª º¬ ¼  (9)                                             
And from (9), 
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Dividing (10) by dx, therefore, 
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 �                      (11)                                                                                 

More so, considering the Figure 2(b) and applying 
Kirchhoff’s current law to node c, 
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Dividing through by dx, 
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Differentiating (13) with respect to x, results to 
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By substituting (13) into (14),  
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If ZYJ  , then (15) can be re-written as 
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where ɤ represents the propagation constant of the pipe. 
The Z and the Y of a buried coated pipe is expressed as 
[29] 
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In (17), Dp denotes the pipe diameter, ρp represents the 
resistivity of the pipe material (Ω.m), ρsoil is the resistivity 
of the soil (Ω.m), µ0 is the permeability of free space, µp 
is the relative permeability of the pipe material and f 
denotes the operating frequency of the line. While in (18), 
tc, ρc and ɛc represent the coating thickness, coating 
resistivity and the relative permittivity of the coating 
material respectively. ɛ0 is the permittivity of free space.  
 
Along the length of the parallel section of the pipeline, 
the induced emf is constant under both steady state and 
fault conditions of the line [25], that is, E(x)=Ep. 
Therefore, to appraise the pipe-to-soil potential V(x) 
along the length of the pipeline section at any point 
0 x Ld d , the equation (16) has a solution given by (19) 
[25, 28]. Where in (19), 

0
ZZ
Y

 , denotes the pipeline characteristic impedance 

in (Ω). 
 
      In order to adhere strictly to the safety regulations and 
protection of pipeline from AC corrosion cases, the level 
of the estimated potential along the length of the pipe 
must be reduced. Several efforts for reducing the AC 
potential effect using pipe grounding conditions have 
been proposed. As reported earlier in previous section, 
pipeline grounding is an equivalent of a reduction in the 
coating resistance of a pipe and has been reported to be  
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an effective means of reducing AC induced potentials 
[23]. At the ends of the parallel routing (ends A and B), 
impedances Z1 and Z2 are usually chosen to represent the 
electrical characteristics of the pipeline parallel section 
[25, 28]. The different conditions for choosing these 
impedances were compared in this paper. These 
conditions are highlighted as the following cases [25]; 
x Case (i): The pipeline continues for several 

kilometres after the end of the parallel route with the 
power line (ends A and B); Z1=Z2=Z0. 

x Case (ii): The pipeline continues at x d 0 and it’s 
isolated at x=L (terminal B in figure 2) with an 
insulating flange; Z1=Z0; Z2=∞. 

x Case (iii): The pipeline is grounded at x=0 (terminal 
A) and continues beyond x t L; Z1=0; Z2=Z0. 

x Case (iv): The pipeline is isolated at both ends of the 
parallel region (terminal A and B) with an insulating 
flange; Z1=Z2=∞.  

 

2.1 Case study parameters. 
      

Table 1 shows the case study parameters used for the 
simulation. In the computation, the longitudinal induced 
emf on the buried pipeline below the power lines was 
obtained for a balanced system in which the current in the 
conductors is at a phase angle of 120o to one another. 
More so, a symmetrical load current and homogenous soil 
with a measured resistivity of 12.96 Ωm were considered. 
The longitudinal induced emf was evaluated for the 
pipeline placed at a horizontal distance of up to 24 m 
measured from the centre line of the power line being the 
transmission line servitude stipulated by Eskom in South 
Africa for 275 kV–400 kV lines [30]. The computations 
of the pipe-to-soil potential was performed and compared 
for the four pipe grounding conditions. MATLAB 
software was used for the computation and presentation 
of result. 
 
Table 1: Parameters of the studied transmission line and 

pipeline. 
Transmission line configuration type Single circuit 

horizontal 
Operating voltage 275 kV 
Number of bundle conductors 2 
Conductor type Zebra 
Template temp. 50oC 
Thermal rating 676 MVA 
Max. allowable current at 275 kV 410 A per 

conductor 
Earth wire parameters 

Type 19/2.65 mm 
galvanised 
steel 

Diameter 13.48 mm 
Resistivity 45u 10-8 Ωm 

AC resistance 3.44u 10-3 
Ω/m 

Pipeline parameters 
Material type Steel 
Parallel exposure length 1000 m 
Diameter 1000 mm 
Burial depth 1 m 
Coating type FBE 
Coating thickness 4 mm 
Coating resistivity 2 u 106 Ωm 

 
 

3. RESULTS AND DISCUSSIONS 
 

Figure 3 shows the profile of the pipe-to-soil potential 
on the pipeline placed at the transmission line servitude 
distance of 24 m suggested by Eskom [30] for the case 
(i).  Observing the figure, one can see that the maximum 
potential occurs at both ends of the pipeline section, that 
is, point x=0 and x=L. Beyond the point x=0 along the 
pipe length, the potential reduced drastically until it 
reaches zero at the midpoint of the pipeline. Afterwards, 
it increases with distance till the other terminal end (end 
B) of the pipe. One can deduce from this result that, with 
this type of condition, the maximum level of the potential 
will occur at the start and end points of the parallel route. 

 

 
Figure 3: Pipe-to-soil potential on pipeline due to case (i) 

for the pipe grounding. 
 

 
Figure 4: Pipe-to-soil potential on pipeline due to case (ii) 

for the pipe grounding. 
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In Figure 4, the profile of the AC potential on the pipeline 
with the same condition of placing the pipeline in the 
transmission line servitude, for the case (ii) is presented. 
Analysing Figure 4, the AC potential for this case 
increases gradually from a level, say 5 V, at the start 
(point A) to the end (point B) of the parallel route. The 
maximum induced AC potential at this point is lower 
compared to the one in Figure 3. 
 
A similar result is obtained for the case (iii) as depicted in 
Figure 5. In Figure 5, the profile of the AC potential 
increases drastically from a level, say 3, at the start to end 
point of the parallel route. While the potential at the start 
point (point A) is lesser than that of the case presented in 
Figure 4, the potential at the other end of the parallel 
route (point B) is relatively high. 
 

 
Figure 5: Pipe-to-soil potential on pipeline due to case 

(iii) for the pipe grounding. 
 

 
Figure 6: Pipe-to-soil potential on pipeline due to case 

(iv) for the pipe grounding. 
 
In Figure 6, the profile of the pipe-to-soil potential on the 
pipeline placed at the transmission line servitude for the 
case (iv) is presented. A detailed analysis showed that in 
this case, a large reduction in AC potential on the pipeline 
is achieved compared to cases (i to iii). The potential is 
near zero level and with the large magnitude at the end of 
the parallel route (point B from Figure 2).  
 

The above analysis leads to the recommendation that, 
in any case where the pipeline length has a parallel route 
with the transmission lines, pipe grounding condition (iv) 
should be adopted. Also, other AC mitigation techniques 

such as Faraday cage can be installed along the parallel 
route, though at the expense of cost of mitigation. 
Moreover, choosing an appropriate AC reduction 
condition shall take into account a careful selection of the 
pipe coating materials as it has an effect on the AC 
potentials on pipelines [28]. A detailed study on the effect 
of pipe coating on the AC induced potential can be found 
in [28]. 
 

4. CONCLUSION 
 

       A comparison of the pipe grounding conditions for 
curbing the effect of AC potential on pipelines is 
presented. The case study further affirmed that a reduced 
potential on pipeline can be achieved with different pipe 
grounding conditions. The model simulation results of the 
studied network show that the case (iv) of the pipe 
grounding conditions gives better performance in terms 
of potential reduction on pipelines. The potential is 
greatly reduced to near zero level with this condition. 
This, in conjunction with other AC mitigation techniques 
can adversely reduce the level of AC potential to the 
barest minimum or below a threshold in which AC 
corrosion possibilities are lower.  
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Abstract: This paper presents a simulation tool for ad hoc low voltage dc grids with decentralized 
control. There is ongoing research into such grids, such as nanogrids and picogrids, particularly with 
regards to performance, control and scalability. With these aspects in mind, existing simulators have 
certain limitations. Two requirements for this simulation tool are identified: the tool should be non-
graphical; and should allow for easily scripted control laws. Thus, a simulation tool has been developed 
in MATLAB. The modelling approach uses netlists and Thevenin equivalent circuits. A test case is 
used to demonstrate the simulation tool. 

Keywords: decentralized control, nanogrids, picogrids, Voltage Level Signalling (VLS), droop control, 
DC Bus Signalling (DBS), netlist. 

 
 

1. INTRODUCTION 

Recently there has been a growing interest in using 
distributed renewable energy sources in islanded grids. 
These interests arise from environmental concerns, the 
cost of fossil fuels, and the lack of electrification in rural 
Africa. Such grids are smaller when compared to national 
or metropolitan grids, and are usually referred to as 
microgrids or nanogrids [1], [2].  

Following from this, autonomous Low Voltage (LV) DC 
grids called picogrids are being researched and developed. 
These grids are autonomous in the sense that they operate 
under a decentralized control scheme with no 
communications network. Furthermore, these grids are not 
constrained to any specific topology – they are flexible 
enough to add and remove nodes at any point in the grid. 
Whilst such grids have been developed and tested to 
operate with stability, there are numerous aspects which 
still require research - particularly when the grid is scaled 
up. The large number of nodes in such systems make it 
both difficult and expensive to build test grids and hence, 
researchers turn to simulations for answers. Therefore, this 
study reports on a simulation tool for such grids.  

2. AD HOC LOW VOLTAGE DC GRIDS 

This study is focused on DC grids with decentralized 
control, which operate at a grid voltage of 12 V, commonly 
referred to as nanogrids [2]–[8]. The University of the 
Witwatersrand is currently researching similar LV DC 
grids which they refer to as Picogrids. However, the terms 
nanogrid and picogrid have no functional definition, and 
hence LV DC grids is a more applicable term to use. 

A key feature of the grids in this study is that they are not 
constrained to a topology – they have the freedom to add 
and remove sources and loads at any point in the grid in a 
plug-and-play manner. Therefore, the term ‘ad hoc’ is used 

to describe these grids. Ad hoc grids have no specific 
structure, no central control, and a topology which 
dynamically changes as nodes are added and removed [8], 
[9]. It differs from traditional grids which commonly 
employ a radial topology, where sources are concentrated 
at the centre and loads are connected to buses. 

Figure 1 and Figure 2 below present a schematic and a 
simplified model representation of a typical LV DC grid 
respectively. For the purpose of this study, a LV DC grid 
is: 
x an ad hoc islanded power grid, 
x comprising of distributed energy sources, loads, 

energy storage units, and power electronic converters,  
x operating at 12 VDC, and 
x is controlled through a decentralized control system. 

For simplicity, this study refers to energy sources, loads 
and energy storage components as nodes, including its 
associated power converters. Furthermore, we may 
explicitly refer to three types of nodes: a source node, a 
load node; and a storage node. Figure 2 below illustrates 
these black box models of nodes within LV DC grids. 

 

Figure 1: Schematic representation of an LV DC grid. 
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Figure 2: Simplified model representation of an LV DC 
grid, where: squares are load nodes; circles are source 

nodes; and triangles are storage nodes. 

As mentioned above, the LV DC grids within the scope of 
this study operate through decentralized control 
techniques. This is discussed further in Section 2.1 below. 

2.1. Decentralized Control of LV DC Grids 

Control in an LV DC grid is essential to obtain stability, 
disturbance rejection, and voltage regulation [1], [10], 
[11]. There are two types of control in LV DC grids: (1) 
coordinated control is used to control the system from a 
global perspective; and (2) local control is employed at 
each component and is used to control only that component 
[1], [10], [12]. 

Decentralized control is one way of achieving coordinated 
control, and is attractive as it requires no communications 
network nor a central controller. Each load’s controller 
makes its own, independent control decisions [1], [10], 
[12]–[14]. The most common methods of achieving 
decentralized control include: Power Line Signalling 
(PLS); droop control; Voltage Level Signalling (VLS); 
and DC Bus Signalling (DBS) [1]–[4], [6], [11], [13], [15]. 

Droop control is amongst the most commonly used 
methods of achieving decentralized control [1], [2], [11], 
[13], [15]. In essence, a ‘droop characteristic’ describes 
how changes in the source’s output voltage should affect 
the output power. 

VLS is a form of droop control [2] where nodes in a system 
are switched on or off depending on the voltage level [2]–
[4], [6]. These voltage levels are described by discrete 
voltage bands with upper and lower voltage thresholds, 
which dictate the operating mode of the node. Figure 3 
below illustrates the VLS characteristic. The DBS method 
is a combination of droop control and VLS [1]–[4], [6]. 
VLS is used to determine the operating state and the droop 
characteristic describes how that node behaves in that state 
[2]–[4], [6].  

 
Figure 3: VLS bands and operating regions. 

3. EXISTING SIMULATION TOOLS 

There are numerous existing simulation packages which 
may be used to simulate LV DC grids, each with their own 
advantages and disadvantages. With regards to LV DC 
grids with decentralized control, the goal is to have a 
simulation tool which (1) can construct a grid in a non-
graphical manner, and (2) has scripted control laws. 

The first goal of constructing a grid non-graphically is 
synonymous with netlists used in SPICE. However, SPICE 
is limited as it has no native control blocks and scripted 
control is complex as it usually requires scripting a control 
circuit to implement the control [16]. Multisim is another 
simulation package which allows netlists, however, the 
only native control is through PID blocks [17], [18]. 

With regards to the second goal, there are packages which 
allow scripting, such as PSCAD and Simulink. For 
PSCAD, scripting may be done in the C language, 
however, the program requires constructing the grid 
graphically [19], [20]. Similarly, Simulink is a graphical 
simulation package where control scripting may be done 
through MATLAB. However, this usually still requires 
constructing a control block diagram in Simulink. 

With any existing simulation package, an additional 
feature is required to conduct the type of studies which are 
of interest in LV DC grids, particularly with decentralized 
control. Keeping in mind the requirements for a non-
graphical tool with scripted control laws, a new simulation 
tool is developed to cater for these needs in a way which 
makes specifying the system and control laws simple. 

4. DEVELOPING THE SIMULATION TOOL 

This section discusses the developed simulation tool for 
LV DC grids. The modelling approach is presented along 
with the control implementation. The implementation of 
the simulation tool in MATLAB is also discussed below. 

4.1. Modelling an LV DC Grid  

In “Fundamentals of Power Electronics” by R. Erickson 
[21], any DC-DC converter may be modelled as a 
Thevenin equivalent circuit by using the DC transformer 
model and referring all elements to the secondary side. 
This procedure is illustrated in Figure 4 below. This model 
is applicable only at steady-state and neglects any losses. 

Following from this model, the approach taken in this 
study is to model nodes as Thevenin (or Norton) equivalent 
circuits. Source nodes contain a Thevenin voltage and 
resistance whilst load nodes only have a Thevenin 
resistance (the Thevenin voltage is equal to zero). The 
equations for the Thevenin voltage and resistance of 
source nodes (as seen in Figure 4 below) are presented in 
Equations (1) and (2) below. 

Nodes are connected by transmission lines, which are 
modelled with a resistance only on the forward path. This 
modelling approach is illustrated in Figure 5 below. 
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(a) (c) 

  
(b)  

Figure 4: Source connected to DC-DC converter: 
(a) original circuit; (b) substitution with DC transformer 

model; (c) final Thevenin equivalent model. Adapted 
from [21]. 

 
Figure 5: Applied circuit models in this study. 

For the purposes of this study, all source nodes are chosen 
to employ the flyback DC-DC converter. This choice is 
based on the simple and cheap design of the flyback which 
also offers transformer isolation. However, the tool is not 
limited to flyback converters – it is used as an example but 
any converter topology may be used. Equation (3) below 
presents the flyback conversion ratio, necessary for 
determining the Thevenin voltage and resistance of a 
source node. 

 𝑉𝑡ℎ(𝐷) = 𝑀(𝐷)𝑉𝑠 (1) 

 𝑅𝑡ℎ(𝐷) = 𝑀2(𝐷)𝑅𝑠 (2) 

 𝑀𝑓𝑙𝑦𝑏𝑎𝑐𝑘(𝐷) = 𝑛
𝐷

1 − 𝐷
 

(3) 

Where: 

𝑉𝑡ℎ(𝐷) = Thevenin voltage of the source (V) 
𝑅𝑡ℎ(𝐷) = Thevenin resistance of the source node (Ω) 
𝑀(𝐷) = Conversion ratio of the DC-DC converter 
𝑀𝑓𝑙𝑦𝑏𝑎𝑐𝑘(𝐷) = Conversion ratio of flyback converter 
𝑉𝑠 = Source voltage (V) 
𝑅𝑠 = Source output resistance (Ω) 
𝐷 = Duty cycle 
𝑛 = turns ratio of transformer in flyback converter 

Towards specifying LV DC grids with multiple nodes, an 
entire grid is defined in two lists: one which contains all 

the nodes and their information; and one which contains 
transmission lines and their information. This non-
graphical method is synonymous to netlists in SPICE and 
is attractive when compiling large grids. Examples of the 
two lists are presented in Listing 2 and Listing 3 below. 

4.2. Decentralized Control Laws Implementation 

At this point in the study, there are two control laws which 
have been implemented. The first control law, load 
shedding, applies to load nodes. This control law is built 
into the load nodes’ local controller. It uses VLS to switch 
loads on and off depending on the applied voltage. The 
load control also has the ability to put a node into sleep 
mode, if the node switches on and off (oscillates) 
continuously. This control law is illustrated in the state 
diagram of Figure 6 below. 

 
Figure 6: Load node control state diagram. 

The second control law is applied to the source nodes. 
Source nodes contain a DC-DC converter, capable of 
adjusting its output voltage provided that the current limit 
is not exceeded. The source node controller uses this 
ability, where it adjusts the duty cycle of the switching 
circuit of the source. The control law will attempt to 
regulate the output voltage at the system voltage (12 V in 
this case). This control law is illustrated in the state 
diagram of Figure 7 below. 

 
Figure 7: Source node control state diagram. 

Currently, integral feedback control is used to manipulate 
the duty cycle and hence regulate the output voltage, but 
any other control law may be used. Furthermore, a power 
limit is enforced on source nodes (since real sources such 
as PV panels have a maximum power output owing to 
weather conditions). If the limit is reached, the source node 
will attempt to regulate the output voltage as close to 12 V 
as possible whilst not exceeding the limit. 
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4.3. Time Profiles 

In the context of this study, source nodes are renewable 
energy sources which vary with time – owing to weather 
conditions. Similarly, loads do not necessarily exhibit a 
constant resistance nor are they constantly switched on. It 
is therefore necessary to incorporate time profiles for 
nodes. These profiles specify changes to a node’s 
characteristics at certain times. For source nodes, a time 
profile file contains values at specified times for: input 
voltage, output resistance and maximum power. 

Similarly, a load node’s profile contains values for its 
resistance. To specify when a load is switched off, its 
resistance value for that time is specified as infinity. 
Listing 1 below is an example of a load node time profile. 

4.4. Simulation Tool Implementation 

The simulation tool is in the form of MATLAB scripts. 
The tool parses the two lists (nodes and transmission lines) 
to develop a full grid. Listing 2 and Listing 3 below present 
examples of these two lists. Nodal analysis is then applied 
to solve for all the node voltages in the system. This nodal 
analysis runs in a time-based loop, and for every time 
instant, each of the nodes’ controllers make decisions 
based on their control laws (as discussed in Section 4.2 
above). Furthermore, for each time instance, any changes 
from the nodes’ time profiles are applied. This process is 
illustrated in the activity diagram of Figure 8 above. The 
node voltage analysis provides accurate results when 
compared to other SPICE programs.  

5. SIMULATION OF A TEST CASE 

To demonstrate the simulation tool, a test case grid is 
developed and simulated. Figure 9 below presents an 

illustration of the test case grid, and Listing 2 and Listing 
3 below present the contents of the “transmission_lines” 
and “nodes” files respectively. Listing 1 below presents the 
contents of the “node2profile” file, which contains the time 
profile for node 2. The results from the simulation are 
discussed below. 

 
Figure 9: Simplified representation of test case, where: 
squares are load nodes; circles are source nodes; and 

triangles are storage nodes. 

Listing 1: Contents of “node2profile” file which provides 
the time profile for node 2. 
Time (s) 
0 
5 
10 
15 
20 

Rth 
500 
inf 
750 
inf 
1000 

Listing 2: Contents of “transmission_lines” file for test 
case. 

ID L Rpm T1 T2 
1 1 10 1 2 
2 2 10 2 3 
3 2 15 3 4 
4 1 10 2 5 
5 1 15 4 6 

1
4

2

5 6

3

 
Figure 8: Activity diagram illustrating the simulation tool calculation procedure. 
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5.1. Results of Test Case 

The above test case grid was simulated using the 
simulation tool. Figure 10 below presents the node 
voltages over the simulation time. It is seen that the node 
voltages are not constant, and this is due to the control laws 
in place as well as the time profiles. To better understand 
the different voltages at different times, Figure 11 below 
presents the “on” and “off” times for all the loads. The 
node voltages are accurate as they provide the exact same 
results when compared to other simulation tools. 

 
(a) 

 
(b) 

Figure 10: Node voltage results for test case: (a) source 
voltages; (b) load voltages. 

 
Figure 11: Load on and off times for test case: (a) node 2; 

(b) node 3; (c) node 5; (d) node 6. 

 

 

6. ANALYSIS AND FUTURE WORK 

The simulation tool accurately calculates node voltages at 
each time instance (when compared to other simulators). 
The implemented control laws are effective and behave as 
expected. Load nodes switch off when their voltage level 
is too low, and switch on when it is at the desired level. 
The source node control laws effectively adjust their 
output voltage to provide 12 V whilst not exceeding the 
power limit. 

There are numerous aspects which still need to be 
implemented. Improving and adding to the tool follows an 
iterative development process which relies on 
mathematical models and laboratory experiments to 
validate the tool. 

A canonical model should be used which would include 
losses as well as dynamic behaviours such as time 
constants. This will enable a more realistic simulation. 

The tool is only able to simulate grids with sources and 
loads. Energy storage nodes need to be modelled and 
implemented in the tool.  

At this point, the tool is only able to simulate constant 
resistance loads. Constant current and constant power 
loads still require modelling and implementation. 

Once the modelling is complete, a scaled and simplified 
model should be physically built. This physical model will 
be used to verify the accuracy of the simulation tool. 

7. CONCLUSION 

There is ongoing research in the field of LV DC grids with 
decentralized control. Researchers require a simulation 
tool to test their theories and hypotheses as building 
physical test grids are expensive. This report presents a 
solution in the form of a new simulation tool which will 
enable further studies of these grids. The simulation tool 
uses Thevenin equivalent circuits to model nodes and 
incorporates local control laws for a decentralized control 
system. The tool provides accurate results and expected 
behaviour based on the implemented control laws. 
However, the tool is not complete and future work required 
includes incorporating energy storage nodes and constant 
power and constant current loads. 

 

 

Listing 3: Contents of “nodes” file for test case. 
ID Type Vth Rth Controllability Pmax TimeProfileFile M D Rs Vs 
1 source 0 0 1 5 null D/(1-D) 0.3 50 24 
2 load 0 800 0 0 node2profile 0 0 0 0 
3 load 0 1000 1 0 null 0 0 0 0 
4 source 0 0 1 5 null 1.1*D/(1-D) 0.29 40 24 
5 load 0 1200 1 0 null 0 0 0 0 
6 load 0 2000 1 0 null 0 0 0 0 
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Abstract: Rotor-tied doubly fed induction generators (DFIGs) boast of higher efficiencies than
conventional DFIGs and may be more suitable for rotary transformer designs. This paper maps out
a methodology for designing rotor-tied DFIGs. Following this methodology, a 5.5 kW rotor-tied DFIG
was designed and finite element analysis (FEA) was performed with relevant performances highlighted.
A full quadratic model developed from samples of the FEA model using a combination of the latin
hypercube and composite samplings was used to perform a genetic algorithm optimization process to
increase the power density while reducing the space harmonics.

Key words: Rotor-tied doubly fed induction generators, finite element analysis, genetic algorithm

1. INTRODUCTION

Wind energy has certainly found its place at the fore-front
of renewable energy options with doubly fed induction
generators (DFIGs) featuring quite more prominently in
wind turbines than other electrical generators [1].

A new DFIG topology was proposed in [2] such that
the rotor windings are connected directly to the grid
and the stator windings are connected to fractionally
rated back-to-back converters. A comparison of the
conventional DFIG topology with the rotor-tied DFIG is
shown in Figure 1. The rotor-tied DFIG configuration
has been shown to be more efficient when compared to
conventional DFIGs due to the lower core losses [2].

The design process of rotor-tied DFIGs is not well covered
in literature. In references such as [3, 4, 5, 6], only a
general approach into the design of squirrel cage induction
motors is given with little information on how to design a
simple wound rotor induction machine. A detailed design
method for a conventional DFIG is given in [7]. Given
the potentially higher efficiency that can be realized from
using the rotor-tied topology, this paper outlines a clear
design methodology for the rotor-tied DFIG.

The design methodology in this paper sets out to obtain
rotor-tied DFIG designs with high power densities and
favourable qualities like high efficiency and power factor,
low voltage and current harmonics. It consolidates on the
work done in [2, 8] by incorporating the standard DFIG
design approach in [7] to designing rotor-tied DFIGs, and
optimizing for strategic performances. In [2], the designed
rotor-tied machine was tested as a motor, while the output
in [8] was rectified and the resulting DC output showcased.
This paper shows results of transient time step 2D FEA
performed in Maxwell of a designed rotor-tied DFIG
connected to a grid. Instead of gauging the performance of
the machine using torque or DC power, the power density
and quality of the machine based on parameters like the

(a)

(b)

Figure 1: (a) Conventional DFIG schematic (b) Rotor-tied
DFIG schematic

power factor, rotor and stator AC power, voltage and
current harmonics alongside the efficiency are considered
to evaluate the design.

Studies about harmonics mitigation in DFIGs generally
deal with time harmonics which are caused by the
non-sinusoidal voltage supply in back-to-back converters
connected to the DFIG secondary sides. Mitigation
methods are therefore mostly filters connected to the
converters and do not deal with space harmonics which
may be present. Space harmonics which occur as a result
of the non-sinusoidal mmf distribution in machine air-gaps
give rise to non-sinusoidal current and voltage waveforms
(harmonics) in DFIGs. The current and voltage harmonic
content of the designed rotor-tied DFIG due to space
harmonics is examined.

A multi-objective genetic algorithm is used to perform a
shape optimization to increase the power density of the
machine model while keeping the power factor within
desired ranges. The optimization process is also used
to reduce the current and voltage harmonic distortions.
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Figure 2: Proposed design flow diagram for the rotor-tied
DFIG

Full quadratic approximations of the FEA models from
a combination of the Latin hypercube and composite
samples are used in the optimization process.

2. PROPOSED ROTOR-TIED DFIG
METHODOLOGY

The proposed design methodology is outlined in Figure 2.
The DFIG design starts with the rotor-stator slot number
selection to the air-gap sizing. The reason for this sequence
is that the rotor winding factor Kw1 which is dependent on
the number of rotor slots per pole per phase q1 is used in
the calculation of the air-gap size. Upon sizing the air-gap,
the winding parameters are calculated from which the slot
and core dimensions can then be deduced.

2.1 Slotting

For induction machines generally, the nature of slots have
dominant effects on performance. While factors like
starting current and breakdown torque are not exactly
considerations in DFIG design, as they are pointers
to motoring performance, harmonic content and power
density however are major performance index factors of
DFIGs. Being indicative of the power quality, steps are
usually taken to greatly mitigate the presence of harmonics
in generators. Besides power quality issues, harmonics
introduce parasitic torques in machines leading to noise
and unwanted vibrations [3, 5].

Saturation in the iron parts of DFIGs (especially the teeth)
sets up harmonics so care must be taken to restrict the
flux density in the machine teeth to permissible levels
according to the iron material in use. While higher slot

numbers lead to more steps in the mmf distribution and
less harmonic content, too high a number produces thinner
teeth which saturate easily.

The slot number combinations of the stator and rotor
also to a large extent determine the presence of certain
harmonics and can be avoided by the right combination
choice. Good combination choices also reduce vibrations
and noisy machine operations.

In [3], a simple rule of Nr 6= Ns is given for wound rotor
machines. Also when the stator or rotor number of slots
are a multiple of the other there is a risk of slot alignment
and subsequent locking, so such combinations are avoided.
The choice of combinations is however further narrowed
for DFIGs which are usually constructed with integral
numbers of slots per pole per phase on the rotors and
stators [7].

2.2 Air-gap sizing

The rated power or torque produced in induction machines
is dependent on the size of the air-gap. The air-gap volume,
the D2L is therefore calculated early in the machine design.
With output specifications like the rated power Pn, desired
efficiency h and power factor cosj known, the D2L in its
basic form is calculated using the peak air-gap flux density
B̂g and the specific electric loading A [6] as:

D2L =
240⇥103

4Kf p2
Pn

ncosjhKw1AaB̂g
, (1)

where, Kf is the voltage form factor, n the design rated
speed, Kw1 the rotor winding factor, and a the flux density
shape factor. The D2L can also be calculated using either
the Esson’s constant [3] or the rotor tangential stress
[3,7,5]. The DFIG rated power is the combined maximum
power of the stator (Ps) and rotor (Pr) supplied to the grid.
This condition occurs at the desired most negative slip
value based on the back-to-back converter size. At this
speed, which will be used as the rated speed for sizing the
rotor-tied DFIG, rated electromagnetic torque production
is expected [7]. As can be observed from equation (1), the
air-gap size is inversely proportional to the rated speed, so
higher rated speeds increase the machine power density.

Upon determination of the D2L, an aspect ratio is chosen
to fragmentize this coefficient into its component air gap
diameter D, and the machine stack length, L. For machines
having the same number of turns on the stator and rotor,
the ones with lower aspect ratios have lower power factors
with smaller volumes and vice versa for higher aspect
ratios.

2.3 Rotor and stator winding parameters

The winding parameters are calculated after obtaining
the inner rotor diameter, stack length and selecting the
rotor-stator slot number combination. The number of rotor
turns per phase W1 and number of turns per slot nr are
first determined alongside the rotor phase current I1ph from
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which a suitable stator phase voltage V2ph is selected and
used to calculate the stator number of turns per phase
and slot, W2 & ns. The stator phase current I2ph is then
estimated. The estimated stator current is used in 2D time
step FEA of the rotor-tied DFIG models.

The winding factors are key winding parameters but they
are determined during the selection of the rotor-stator slot
number combinations.
In calculating W1, the flux per pole in the generator, f is
first calculated from the pole pitch, t as:

f = aB̂gtL (2)

Rotor windings: W1 is calculated similarly to the stator of
an induction motor using the desired grid voltage [3].

W1 =
E1ph

4Kf Kw1 f1f
, (3)

where, E1ph is the induced phase voltage of rotor and f1 is
the grid frequency.
The number of turns per rotor slot nr is obtained as follows:

nr =
a1W1

p1q
, (4)

where, a1 is the number of current parallel paths and p1 is
the number of pole pairs.
The grid side of DFIGs are usually operated at unity
power factor with the converter side designed to supply the
machine magnetising current [9,7]. For the design in view,
the rated rotor phase current (I1ph, grid side) is determined
with a power factor leeway at 0.95. The leeway is inspired
by the EON grid code illustrated in [9] in which DFIGs can
operate at a minimum of 0.95 inductive power factor. I1ph
is calculated from the rotor power Pr as:

I1ph =
Pr

3V1phcosj1
(5)

Stator windings: Considerations for the stator windings
can be started by selecting a desired voltage V2ph at
maximum slip. The number of stator turns per phase W2
is then calculated similarly to W1 in equation 3 assuming
the same flux per pole f present at both windings.

This method takes a more basic approach than using the
same voltages at both the stator and rotor windings (to
eliminate the need for transformer at the secondary side)
as given in [7]. Problems arise using the method in [7]
for smaller generators such that the secondary side has too
many turns of wires with very small cross sections so a
different voltage to the grid voltage may be selected. It
should also be noted that maximum slip frequency fsm is
used instead of the grid frequency as shown:

W2 =
V2ph

Kf Kw2 fsmf
, (6)

where, Kw2 is the stator winding factor.

The stator (converter) to rotor (grid) turns ratio asr is then
calculated as:

asr =
W2Kw2

W1Kw1
(7)

Since the stator provides the magnetising current, in
calculating the rated stator current, the rotor current is first
referred to the stator side as I01ph calculated as:

I01ph =
I1ph

Ksr
(8)

The magnetising current Im referred to the stator side
is estimated using an assumed ratio Km which is the
percentage of the magnetising current to the rotor current
as follows:

I0m = KmI01ph (9)

The rated stator current is then determined as:

I2ph =
q

I20
1ph + I20

m = I01ph

q
1+K2

m (10)

2.4 Slot and core dimensions

For small machines using random wound conductors,
using parallel teeth on the rotor and stator is a good start
as it affords a uniform flux density along the teeth. In
this case, a flux density range between 1.5T and 1.65T
is suggested in [3]. The lower flux densities help for
obtaining higher power factors and efficiencies but lead to
larger sized machines. Higher teeth flux densities help in
designing smaller machines (higher power densities) but
run the risk of saturation which can significantly reduce
the power factor and efficiency and also lead to increased
harmonic content. On the other hand larger machines are
usually form wound due to the higher winding currents and
rectangular slots are typically used leading to non-parallel
teeth. In this case care is usually taken such that the
minimum teeth width along the teeth length produces a
selected maximum teeth flux density.

2.5 Rotor slot dimensions

Slot dimensions calculations for stators with parallel teeth
are given in [3] but not for rotors and this is the case with
other design handbooks.

The rotor slot dimension calculations are started by
selecting a suitable current density Jco from ranges given
in [3, 5] depending on machine specifications to calculate
the magnetic wire cross section of the rotor coils Aco and
the wire diameter dco as shown:

Aco =
I1ph

Jco
, (11)

dco =

r
4Aco

p
. (12)

Assuming the slot has a trapezoidal shape as illustrated in
Figure 3, the useful rotor slot area Asu can be calculated
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Figure 3: Rotor slot geometry

using an estimated fill factor Kf ill as:

Asu =
pd2

conr

4Kf ill
. (13)

The rotor teeth width btr is calculated using the desired
peak teeth flux density B̂tr and stacking factor Kf e:

btr =
B̂gtrp

B̂trKf e
. (14)

The rotor pole pitch tr is calculated from the rotor outer
diameter Dro and number of poles P as:

tr =
pDro

p
, (15)

from which rotor slot pitch trp is then calculated as:

trp =
tr

3q
. (16)

The rotor upper slot width br1 is calculated as:

br1 =
p(Dro �2hor �2hw)

Nr
�btr. (17)

Calculating a height h0 at which the slot width is zero. This
height which translates to the sum of hr and hbr0 in Figure
3 is calculated as:

h0 =
br2
2

tanz
. (18)

The area, As0 of the right angled triangle h0 makes with
half of br2 is calculated as:

As0 =
br2h0

4
. (19)

If this area is greater than half the useful slot area,
other calculations can proceed. Otherwise, it means the
calculated slot area exceeds the area available for the slots
with parallel teeth. If this happens, the current density
or teeth flux density can be increased within permissible
ranges to decrease the useful slot area or teeth area
respectively. If problems still persist, the machine aspect

ratio can be reduced to increase the rotor outer diameter
which makes more slot area available. With the trapezoidal
shape, the rotor useful slot area calculation is also given as:

Asu = hr
(br2 +br1)

2
, (20)

with the lower rotor slot width br2 calculated as:

br2 =

r
b2

r1 �4Asu tan
p
Nr

, (21)

from which hr is then calculated as:

hr =
2Asu

br2 +br1
. (22)

The core heights are sized according to desired core flux
densities with consequences similar to those of the teeth.
Formulas for calculating core dimensions are detailed in
[3, 7, 5].

3. INITIAL DESIGN

Using the design specifications given in Table 1 and
following the design process presented in section 2, the
calculated initial DFIG dimensions are given in Table
2. The power factor specified in Table 1 is the desired
inherent power factor of the machine while the power
factor of 0.95 specified in section 2.3 is the controlled
power factor. Two rotor-stator slot combinations are tested;
the first with 36 rotor and 24 stator slots, the other with 24
rotor and 36 stator slots. The values in the square brackets
in Table 2 represent the dimensions of the 24 rotor slot
design. The machine stator is to be fitted into a frame and
the rotor on a shaft, so certain dimensions (Dso, Dri) are
fixed.

4. FINITE ELEMENT ANALYSIS

Initial FEA models have been derived using the
dimensions listed in Table 2. To simulate the grid side
of the rotor tied DFIG, 3-phase voltages are applied to
the rotor windings at 50Hz. The voltages on the rotor
are applied with calculated estimates of the rotor coil
resistances and end connection leakage inductances. The
FEA are to determine the performances of the DFIG at
rated conditions thus the speed of rotation of the rotor is
set to 2025 rpm. To mimic the operations of back-to-back
converters, the rated stator phase currents calculated using
equation (10) at -17.5Hz are applied to the stator windings.
The rotor voltages and stator currents are initiated at 00. At
this stator current, the inherent uncontrolled power factor
of the DFIG design is obtained.

A summary of the time step 2D-FEA results of the initial
models are shown in Tables 3. The values in the square
brackets in Table 3 are the results of the 24 rotor slot
machine model. The flux density distributions and flux
lines of the 36 and 24 rotor slots models using FEA are
illustrated in Figure 4.
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(a) (b)

Figure 4: Model flux distribution and flux lines using FEA
(a)36 rotor slots model (b) 24 rotor slots model

Table 1: Design specifications and parameters

Item Symbol Unit Value
Rated output power Pn kW 5.5
Rated phase voltage V1ph V 230

Grid frequency f Hz 50
Efficiency h % 90

Power factor - - 0.84
Number of pole pairs p1 - 2
Air-gap flux density B̂g T 0.75

Electric loading A Am�1 17000
Form factor Kf - 1.11

B̂g shape factor a - 2
p

Rated Speed n rpm 2025
Teeth flux density B̂t(r,s) T 1.6

Table 2: Initial designs dimensions

Items Unit Value
Stack length, L mm 130

Air gap mm 0.35

R
ot

or

Outer diameter mm 144
Inner diameter, Dri mm 48
Slot number - 36 [24]
Turns per slot - 28 [42]
Upper slot width, br1 mm 6.36 [9.7]
Lower slot width, br2 mm 2.9 [4.96]
Slot height, hr mm 19.75 [17.9]

St
at

or

Outer diameter, Dso mm 220
Slot number - 24 [36]
Turns per slot - 48 [32]
Lower slot width, bs1 mm 10.11 [6.5]
Upper slot width, bs2 mm 13.27 [8.65]
Slot height, hs mm 12.23 [11.98]

It can be seen that the desired values for the teeth and
core flux densities (B̂t(r,s) & B̂c(r,s)) are not exceeded in the
initial designs. The THDs are calculated from the FEA
Fast fourier transforms (FFT) of the current and induced
voltage waveforms. A plot of the rotor side current FFT of
the 36 rotor slot model is illustrated in Figure 5. Although
the current and voltage total harmonic distortions (THD) of
the 24 rotor slots model are lower, the 36 rotor slots models
has a superior power density, thus the 36-24 (rotor-stator)
slot combination is chosen. The current THD in the initial
model with 130mm stack length is too high so the model
is tested with a stack length of 150mm.

100 200 300
0

5

10

Frequency (Hz)

M
ag

ni
tu

de
(A

)

Figure 5: Rotor current FFT plot of 130mm stack model

Table 3: Initial FEA results

Items Unit Initial value
130mm stack 150mm stack

Rotor power (Pr) kW 4.36 [3.96] 4.45 [4.06]
Stator Power (Ps) kW 1.64 [1.488] 1.64 [1.494]

Power factor - 0.86 [0.848] 0.901 [0.897]
Efficiency % 91.9 [92] 92.2 [92.6]

Voltage THD % 1.094 [0.92] 0.556 [0.52]
Current THD % 14 [12.56] 7.68 [7.42]
Power density Wcm�3 0.632 [0.574] 0.556 [0.506]

5. OPTIMIZATION

The genetic algorithm employed uses a maximum number
of iterations (generations) as a stopping criteria. A
population is set alongside the probabilities of crossover
and mutation. In each iteration, a population size of design
points within the specified design space are evaluated.
Hypothetically, a if a population of 30 is set and a
maximum number of 70 iterations is chosen, a total
number of 2100 different designs are evaluated. If these
design points are direct FEA runs, the time taken is
prohibitive considering transient FEA. A pseudo-model
can be obtained with a much less number of FEA runs
depending on the number of variables employed. The time
taken to create the pseudo-model and run the optimization
is only a small fraction compared to direct FEA coupled
optimizations.
Objective and constraints: The total lamination material
volume is used as a reference to the power density,
because the rotor and stator have similar laminations and
stack length. Thus to increase the power density, a
minimize volume objective is applied to the optimizer. The
optimization process is also to be used to ensure that the
voltage and current THDs are within standards (i.e < 5).
The THDs are used as constraints because the initial values
are already in/close to the desired range so there is no
need to place them as main objectives. The power factor
alongside the useful slot areas of the rotor and stator (to
limit the fill factor) are also applied as constraints. There
is no need to use efficiency alongside the power factor
because the efficiency cannot be less than the desired value
within that power factor constraint range.
Response surface optimization: The pseudo-model is a
full quadratic response surface approximation of the FEA
models created to be used with the optimizer to shorten
the optimization time. The design of experiments (DOE)
for the model approximation is created by combining the
optimal Latin hypercube sampling (LHS) method and a
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Figure 6: Flux distribution plot of optimized model

Table 4: Optimization summary

Parameters Unit Initial Range Optimum
model (Approx) (FEA)

In
pu

t
va

ria
bl

es

bs1 mm 9.84 8.5 - 11.2 8.26
bs2 mm 13.06 12 - 14.5 13.92
br1 mm 6.53 6 - 8 6.13
br2 mm 3.26 1.5 - 3.5 1.76
hs mm 12.23 10 - 15 13.4
hr mm 18.68 18 - 35 34.9

Dro mm 144 135 - 165 160

C
on

st
ra

in
ts Stator slot area mm3 140.1 � 140.1 148.6

Rotor slot area mm3 92 � 92 137.7
Voltage THD % 0.59  5 0.19 0.22
Current THD % 8.135  5 3.49 3.13
Power factor - 0.901 � 0.86 0.902 0.905

Minimize volume cm3 10945 10240
Power density (Pf = 1) Wcm�3 0.51 0.527

composite sampling. The two sampling methods are
combined to complement each other. The LHS method
is a layered random sampling technique which is largely
preferred to Monte-Carlo sampling because it avoids clus-
tering. The LHS is commonly used in complex response
surface approximations of multi-variable optimizations
due to the efficiency in sampling the design search
space but it has a slight drawback of not guaranteeing
the sampling of extremities in the sample space. The
composite samples are added to ensure extremities are
included and to increase the number of samples in general
for better resolution/accuracy [10].
Variables selection: The selected optimization variables
are bs1, bs2, br1, br2, hs, hr, & Dro. The rotor (inner)
and stator (outer) diameters are kept constant alongside
the stack length. The air-gap length is fixed alongside the
number of turns in the rotor and stator.
Optimization results: The optimization results given in
Table 4 show a slight increase in the power factor with a
reduction in the current and voltage distortions. The power
density of the machine is also increased. The flux density
distribution and flux lines of the optimized model using
FEA are illustrated in Figure 6. Although the flux densities
in the core and teeth in this model are slightly higher than
the initial model, the model is not saturated.

The estimated optimum value for the current distortions
had the largest deviations from the actual FEA. Given
both parameters are calculated similarly, the current THD
values in the different DOE samples ranged from 2.67 -
51.85, while the voltage THD had a range of 0.191 - 4.73.
This in part accounts for the difference in accuracy of the

approximation model. The current distortion estimation
error is however at tolerable level and the FEA value falls
very much within the desired range specified.

6. CONCLUSION

A detailed methodology of designing rotor-tied DFIGs
has been outlined, highlighting relevant factors which can
affect the generator performance. A design for a 5.5kW
rotor-tied DFIG has been obtained following the proposed
methodology and FEA is used to evaluate performances
specific to DFIGs. A proper way to calculate the number
of turns for the DFIG secondary side is detailed. An
optimization process has been performed to increase the
power density and reduce the current and voltage THDs of
the initial design.
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Abstract: The steady state operation of a rotor-tied doubly fed induction generator (DFIG) is described
in this paper in relation to slip, the electrical and mechanical frequencies. The ratio of the stator power
to the input mechanical power of a rotor-tied DFIG relative to slip is illustrated. The transformer model
based equivalent circuit of rotor-tied DFIGs is also presented and illustrated with phasors.

Key words: Rotor-tied doubly fed induction generators, slip, equivalent circuit, phasors

1. INTRODUCTION

With an installed capacity of approximately 370 GW

worldwide as at 2014 and a projection of about 666.1
GW by 2019, wind energy is a viable energy alternative,
ranking as the second mostly used renewable energy
source [1]. Considering electrical generators used in
wind turbines, doubly fed induction generators (DFIGs)
are at the fore-front in prevalence of usage as a
result of their wide operating speed range, low power
converters (compared to synchronous and squirrel cage
induction generators), and cheaper power factor control
implementation [2, 3].

Figure 1a shows how conventional DFIGs are operated
by connecting the stator directly to the grid with the
rotor windings coupled via slip rings to fractionally rated
converters [2, 3]. In the rotor- tied operation, as illustrated
in Figure 1b (where the connections are swapped, rotor to
grid, stator to converters), which was first proposed in [4],
an increase in the efficiency of DFIGs is obtainable. This
efficiency increase is traceable to the lower core losses
accrued as a result of the larger core (stator) bearing the
lower frequency flux.

(a)

(b)
Figure 1: (a) Conventional DFIG schematic (b) Rotor-tied
DFIG schematic

In [5, 4], two 5 kW machines design models were
highlighted; one designed as a conventional and the other
as a rotor-tied DFIG. Finite element analysis (FEA) was
used to assess the performances of both models. The
efficiency of the Rotor-tied type was observed to be
92.98% with a 0.5% increase over the conventional type.
The FEA however, were done running the models as
motors.

In [6], an optimized model of the rotor-tied machine
designed in [5, 4] was analyzed as a generator. Envisaging
difficulties in using a coupled control circuit with the DFIG
model, the simulations were based on DC generation.
As such, there is a lack of details as to the actual
implementation as a grid connected DFIG.

In [7], a method of calculating the slip of a rotor-tied
DFIG is proposed considering the rotor speed and the
stator/converter field frequencies and rotation directions.
In this paper, a simpler method for calculating the slip of
the rotor-tied DFIG is given. This method can be used to
design simpler control algorithms as compared to those in
[7]. FEA results are used to illustrate the variation of power
supplied by the stator to the grid at super-synchronous
speeds. Furthermore, with the modified slip, a transformer
model based equivalent circuit representation of rotor-tied
DFIGs is drawn. The rotor tied DFIG phasors are
illustrated at different regions of operation.

2. OPERATION OF THE ROTOR-TIED DFIG

In the conventional DFIG configuration, the rotor
mechanical rotation is in the same direction as the stator
and rotor magnetic fields as portrayed in Figure 2a, while,
as shown in Figure 2b, in the rotor-tied configuration, the
rotor mechanical rotation is opposite in direction to the
stator and rotor magnetic fields.

The electromagnetic torque is in the same direction as
the stator and rotor magnetic fields for rotor-tied DFIG as
illustrated in Figure 2b in contrast to the opposing direction
in conventional DFIGs as illustrated in Figure 2a.
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(a)

(b)

Figure 2: DFIG powerflow: (a) Conventional DFIG [8] (b)
Rotor-tied DFIG

2.1 Slip calculation

Initial method: The rotor-tied DFIG slip in [7] is
calculated the conventional way using the stator electrical
frequency w

s

, the rotor electrical frequency w
r

, and the
rotor mechanical speed w

m

as:

s =
w

r

w
s

=
w

s

�w
m

w
s

=
2p60

w
m

+2p60
(1)

This approach to calculating slip in [7] results in slip
representations (Figure 3a) which appear significantly
different from representations of conventional DFIG slip
(Figure 3b). Seeing that similar control strategies can be
applied for rotor-tied DFIGs as with conventional DFIGs,
it is reasonable to modify the operation descriptions to
match that of conventional DFIGs.

In describing Figure 3a [7] from right to left, for slip
regions of operation can be identified: (a) 0 > s > �•,
(b) s = ±•, (c) +• > s > 1 & (d) 1 > s > 0. The
s < 0 region corresponds to the super-synchronous region
in which both the stator and rotor are supplying power
to the grid. Examples of the proportion of stator power
to the power from the turbine at certain slip instances are
illustrated in Figure 3a.

At s =±• (depending on the direction of slip change), the
rotor is rotating at synchronous speed and only the rotor
supplies power to the grid, while the stator neither supplies
nor absorbs power. The next region, at +• > s > 1, the
machine is in the sub-synchronous mode with the rotor
supplying to and the stator absorbing from the grid.

The next region, 1 > s > 0, occurs when the rotor of
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(b)
Figure 3: Slip vs speed plots (a) Rotor-tied slip vs speed
curve in [7] (b) Conventional DFIG slip vs speed curve

a rotor-tied DFIG rotates in the forward direction (same
direction as the magnetic fields). The only way this region
operates is when a much higher frequency field is applied
to the stator. In this region, the stator absorbs power from
the grid while the rotor supplies power. The difference
with the previous region is that the stator absorbed power
is much higher than the rotor power giving the machine a
net motoring operation. This region is not in the scope of
this paper.

Proposed method: The relationship of the stator electrical
frequency w

s

, the rotor electrical frequency w
r

and the
rotor angular mechanical speed w

m

for induction machines
is:

w
s

= w
r

+w
m

. (2)

The rotor mechanical angular frequency is given by:

w
m

= p1W
m

, (3)

where, W
m

is the mechanical rotational speed of the rotor
(rad/s) and p1 = number of pole pairs of the machine.
For ease of calculation, slip s, will be defined with
reference to the rotor as:

s =
w

s

w
r

=
w

r

+w
m

w
r

. (4)

This is in contrast to [7] where the slip is defined in
reference to the stator (the conventional way).
Combining equations (2) and (4) yields:

w
s

=
sw

m

s�1
. (5)

Taking note of the opposite direction of mechanical
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Figure 4: proposed rotor-tied DFIG slip

rotation (with regards to convention) as shown in Figure
(2b), the rotor angular frequency w

m

is assigned with a
negative magnitude for slip calculations. This removes
complexities encountered using the mode description
given in [7], as it allows slip values and equivalent
circuit calculations for the rotor-tied DFIG to be similar
to conventional DFIGs at given generator speeds. The
slip variation with rotor mechanical speed obtained
is illustrated in Figure 4. Noting that the rotor
mechanical speed is higher than the synchronous speed
at super-synchronous speeds, the slip curve illustrated in
Figure 4 appears different from that in Figure 3b only to
emphasize the negative value. If absolute values were used
for the mechanical speeds, the curves will exactly be the
same.

3. ROTOR-TIED DFIG CONVERTER POWER

Assuming a lossless rotor-tied DFIG system in steady
state, the mechanical power, P

m

, applied to the generator
shaft is:

P

m

= P

s

+P

r

, (6)

where, P

s

is the electrical power input or output at the
converter side (stator) and P

r

is the electrical power output
at the rotor.
It follows that

P

r

= P

m

�P

s

= T

m

w
m

�T

em

w
s

, (7)

with T

m

being the mechanical torque input acting on the
generator and T

em

the electromagnetic torque produced by
the machine [3]
For a lossless DFIG system:

T

m

= T

em

(8)

Therefore:
P

r

= T

m

w
m

� sT

m

w
m

s�1

P

r

=� P

m

s�1

(9)

Similarly:

P

s

= P

m

�P

r

= T

m

w
m

�T

m

w
r

(10)

Table 1: Design specifications

Item Symbol Unit Value

Rated output power P

n

kW 5.5
Rated phase voltage V1ph

V 230
Grid frequency f Hz 50

Number of pole pairs p1 - 2
Rated Speed n rpm 2025

Giving

P

s

= T

m

w
m

� T

m

w
m

s�1

P

s

=
sP

m

s�1

(11)

Back-to back converters in DFIGs are usually sized to
handle only a percentage of the rated machine power (input
mechanical power). Also, noting that the power from the
stator to which the converters are connected is dependent
on slip, the ratio variation of this power to the total input
mechanical power at different slip values is illustrated in
Figure 8. To verify equation (11), a FEA model of a 5.5kW
rotor-tied DFIG with specifications given in Table 1 was
tested in Maxwell. In Figure 7, the model FEA model is
shown with the flux distribution plot.

To simulate the grid side of the rotor tied DFIG, 3-phase
voltages are applied to the rotor windings at 50Hz. The
voltages on the rotor are applied with calculated estimates
of the rotor coil resistances and end connection leakage
inductances. To mimic the operations of back-to-back
converters, the rated stator phase currents at slip frequency
(based on the mechanical speed of the rotor) are applied to
the stator windings.

The FEA model is tested at different super-synchronous
slips and the power the stator supplies to the grid is
obtained. In Figures 5 & 6, the the induced voltages and
currents of the rotor and stator respectively are illustrated
of the DFIG rotating at a speed of 2025 rpm. Given
that speed, the stator electrical frequency is at -17.5Hz.
The FEA results for the proportion of the stator power to
the input mechanical power closely match the proportions
calculated using equation (11) as illustrated in Figure 8.
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Figure 5: Rotor induced voltage and current
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Figure 6: Stator induced voltage and current at 17.5 Hz

Figure 7: FEA model flux distribution plot

�2 �1.5 �1 �0.5 0

0.25

0.5

0.75

1

slip

| P

s

P

m

|

Analytical
FEA measurements

Figure 8: Proportion of stator power to the input mechanical
power vs slip

4. EQUIVALENT CIRCUIT

With the slip equations developed in section (2.), the
equivalent circuit of a rotor-tied DFIG can be obtained
similarly to that of a conventional DFIG (or induction
machine). The equivalent circuit is broken down to phase
components which are inherently based on transformer
models, as given in [8, 9].

Assuming that the stator and rotor are star connected with
core losses neglected, the per phase equivalent circuit of
a rotor-tied DFIG is shown in Figure 9. From the figure,
the rotor side is considered the primary side of the DFIG
with the stator being the secondary side. Balanced grid
ac voltages with constant frequency and magnitude are

Figure 9: DFIG steady state phase equivalent circuit with
the same frequency on the rotor and stator

applied to the rotor whilst the stator is supplied through
a back-to-back converter.

From Figure 9 the following voltage equations can be
written:

¯
V

0
s

s

�
¯
E

r

=

✓
R

0
s

s

+ jX

0
ls

◆

¯
I

0
s

at f

r

, (12)

¯
V

r

� ¯
V

0
s

s

� (R
r

+ jX

lr

)
¯
I

r

+(
R

s

s

+ jX

ls

)
¯
I

0
s

= 0, (13)

where,
¯
V

0
s

&
¯
I

0
s

are the supplied voltage and current in the
the stator referred to the rotor respectively, R

0
s

& X

0
ls

are the
stator winding resistance and leakage reactance referred to
the rotor respectively.

¯
V

r

&
¯
I

r

are the rotor supplied voltage and current
respectively while R

r

& X

lr

are the rotor winding resistance
and leakage reactance respectively, with X

m

being the
magnetizing reactance and f

r

the rotor (grid) frequency.
The rotor induced emf,

¯
E

r

is:

¯
E

r

= jX

m

(
¯
I

r

+
¯
I

0
s

). (14)

4.1 Flux Linkages

The expression for the rotor and stator fluxes are given by:
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where L

r,s are the rotor and stator inductances respectively
given as:

L

r

= L

m

+L

lr

L

s

= L

m

+L

0
ls

(17)

The voltage equations can be further simplified to become:

¯
V

r

�R

r¯
I

r

= jw
r ¯
Y

r

(18)

¯
V

0
s

�R

s¯
I

0
s

= jsw
r ¯
Y0

s

. (19)

The equivalent circuit equations can be used to estimate
the rotor-tied DFIG steady state values of the rotor and
stator fluxes, current and voltages, all with their angles.
Working from equation (18), the rotor flux at a particular
rotor power factor can be obtained. Since the grid voltage
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of the machine is known, alongside the power rating, the
rotor current can also be easily deduced. The rotor current
is deduced from the equation of the active power of the
DFIG primary side as:

P

r

= 3Re{
¯
V

r

·
¯
I

r

⇤} (20)

The stator current is calculated using equation (15) from
which the stator flux is deduced from equation (16). Once
all these have been obtained, the stator voltage referred to
the rotor side is calculated using equation (19).

4.2 Phasor diagrams

The equivalent circuit can be further illustrated with phasor
diagrams. The phasors shown in Figure 10 are those
of rotor-tied doubly fed induction machines (DFIMs)
operating as generators with the secondary side (stator)
phasors referred to the rotor. Positive angle references
are given in a counter-clockwise direction with

¯
V

r

as the
reference at 00 as illustrated in Figure 10a.

A distinction between the motoring and generating modes
of the rotor-tied DFIM operation is the relative position of
the rotor and the stator fluxes. If

¯
Y

r

leads
¯
Y0

s

, the machine
is operating within a motoring region and the opposite for
a generating region. At lagging power factors,

¯
I

r

makes
an angle varying from -900 to -1800 as the power factor
increases, while at leading power factor, the angle varies
from +900 to +1800. It should be noted however that -1800

and +1800 are the same angle, and when
¯
I

r

is at this angle,
the machine is supplying power at unity power factor at the
grid side.

¯
Y

r

and
¯
Y0

s

are always approximately angled at 900 relative
to their respective voltages. As can be seen from equations
(18) & (19), the phase shift is caused mainly by the
inductive component hence the 900 shift. The effect of a
non-unity power factor condition is usually negligible due
to the much higher voltage values. At leading power factor
(at the grid side),

¯
Y0

s

is slightly larger than
¯
Y

r

and lower at
lagging power factor. At unity power factor,

¯
Y

r

and
¯
Y0

s

are
identical in magnitude. A summary of the different regions
illustrated in Figure 10 is as follows:

• In Figure 10a, the machine has a lagging power factor
and is rotating at a sub-synchronous speed.

¯
V

0
s

has
a positive acute angle to the rotor voltage.

¯
I

0
s

varies
however from a positive acute angle at very low power
factors to a negative acute angle at higher power
factors.

• In Figure 10b, the machine has a lagging power factor
but is rotating at a super-synchronous speed. The
major distinction to Figure 10a is the direction of

¯
V

0
s

which hovers around the 1800 angle.

• In Figures 10c & 10d, the machine is at unity
power factor rotating at a sub-synchronous and
super-synchronous speed respectively. The distinc-
tion is the direction of

¯
V

0
s

. At sub-synchronous
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Figure 10: Rotor-tied DFIG Phasor diagrams (a) Q

r

> 0
at subsynchronous speed, (b) Q
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> 0 at supersynchronous
speed, (c) Q

r

= 0 at subsynchronous speed, (d) Q

r

= 0
at supersynchronous speed, (e) Q

r
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speeds,
¯
V

0
s

is located at a very small positive acute
angle to

¯
V

r

with the angle increasing with increasing
slip. At super-synchronous speeds,

¯
V

0
s

has a negative
obtuse angle to

¯
V

r

and the angle magnitude increases
with increasing slip.

• In Figures 10e & 10f, the machine has a leading
power factor (supplying reactive power to the grid)
at sub-synchronous and super-synchronous speeds
respectively. The distinction is also the position of

¯
V

0
s

which is similar to the machine at lagging power
factors in Figures 10a & 10b.

¯
I

0
s

however does
not have a positive angle at any point with

¯
V

r

but
always an acute negative angle which decreases with
increasing slip.

5. CONCLUSION AND DISCUSSION

The steady state mode of operation of rotor-tied DFIGs
has been clearly described highlighting the DFIG slip and
power supplied to the grid. Phasors of the rotor-tied DFIGs
under different conditions have been illustrated using the
developed equivalent circuit to provide a glimpse into the
workings of the rotor-tied DFIG control.
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Abstract: In this study the dynamics of a passive yaw system is investigated to determine the yaw re-
sponse of a small-scale 2 kW downwind turbine system. It is desired that a single-sided eddy current 
damper be designed to damp the dynamics of the passive wind turbine system. The eddy current 
damper consists of an inner yoke, an aluminium conductive ring, permanent magnets and an outer 
yoke. The analysis of the damper is performed using a semi-analytical method using 2D finite ele-
ment analysis together with a 3D correction factor. The eddy current damper is built and tested in an 
experimental setup to verify the calculated torque results. The designed damper is shown to damp the 
turbine yaw system satisfactorily, specifically if lower resistivity conductive materials are used. 
 
Key words: Eddy current damper, down wind turbine, yaw dynamics, finite element analysis 
 
 
 

1. INTRODUCTION 
 

Wind turbines are designed with a yaw system that auto-
matically aligns the turbine perpendicularly with the 
wind. Such a system normally also serves as the coupling 
between the nacelle and the tower of the wind turbine. 
There are various existing yaw mechanisms that control 
the turbine’s yaw orientation. 
 
The research turbine in this case, is a horizontal-axis pas-
sive-yaw down wind turbine system, with the dynamics 
and damping effect of the yaw-bearing unknown. At high 
wind speeds the turbine will yaw at a high rate which will 
cause large loads on the turbine. This can be dangerous, 
as for example gyroscopic loads may be induced. Over 
time this can lead to the failure of some components in 
the wind turbine system and cause the system to become 
hazardous. 
 
To avoid or minimize these effects, it is desired that the 
yaw rate of the turbine be minimized. Therefore, the 
damping mechanism of the wind turbine system with a 
3.6 m diameter turbine-rotor shown in Fig. 1 is required 
to damp the dynamics of the yaw system. In the case of 
this study an eddy current damper is used. 
 
The eddy current coupling is an old concept. It has been 
successfully implemented in industry and has been used 
in various ways. It can also be used as a damper. Eddy 
current dampers offer higher reliability and a more stable 
performance than fluid dampers. With the proper mathe-
matical model, system constants and variables, the per-
formance of an eddy current damper can be accurately 
modelled. One of the major advantages of an eddy cur-
rent damper is the linear response between the output 
torque and rotational velocity [1] [2]. 
 
In this paper the response of the turbine, due to a yaw 
error, is calculated using the method of  [3]. A single-
sided eddy current damper is designed within the geo-

metrical constraints of the physical turbine to produce a 
torque that will damp the dynamics of the uncontrolled 
system. A fast semi-analytical method developed in [4] is 
adapted in the design to calculate the torque of the eddy 
current damper. In this method the 2D developed torque 
is multiplied by a factor that is proportional to the size 
and overhang of the model, to obtain a 3D torque result. 
A prototype is built and tested to compare the measured 
torque results with that of the semi-analytical method. 
The prototype is also simulated using 3D transient finite 
element analisys to confirm the semi-analytical method 
results. Finally the predicted damping effect of the 
prototype is determined. 
 

 
 

Fig. 1: Wind turbine system indicating the proposed yaw mechanism 
that includes a built in eddy current damper. 

 
 

2. SYSTEM DYNAMICS 
 
The yaw dynamics and characteristics of the system need 
to be calculated in order to accurately predict the system 
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response. The method used in this section to predict the 
yaw response is the same as the method used in [3], 
where the effects of the blade forces and the distance be-
tween the rotor plane and the yaw-axis are investigated 
using blade element method analysis. 
 
2.1 Yaw moment acting on the system 
 
The relative yaw angle, δ, between the turbine rotor and 
the wind direction as explained in Fig 2, is determined by 
 
 𝛿 = 𝜃𝑤 − 𝛾, (1)  
 
where 𝜃𝑤 is the wind offset angle and 𝛾 is the angle of 
the nacelle. 
 
The aerodynamic force 𝑉∞ in Fig. 2 that acts on the rotor 
plane can be divided into two components where the 
thrust force acts normal to the rotor plane and the side 
force acts in the direction parallel to the rotor plane [5]. 
The total force that causes the system to yaw, is repre-
sented by the total of the forces in Fig. 2. The yaw mo-
ment, as derived in [3], can be approximated by  
 
 𝜏𝑦𝑎𝑤 = 3𝐹𝑇𝑙𝑠𝑖𝑛(𝛿) , (2)  
 
where the distance between the yaw axis and the rotor 
plane is represented by 𝑙 and the thrust force by 𝐹𝑇.   
 
The side force is a load component separate from thrust 
and not a common component in blade element momen-
tum analysis. To approximate this force, it is regarded by 
[3] as a function of the thrust force. The equation for the 
yaw moment at a wind speed of 12 m/s is determined for 
a distance 𝑙 = 0.8 m. The wind speed is chosen as 12 m/s 
because this is the rated wind speed of the researched 2 
kW wind turbine. Fig. 3 shows the yaw moment of the 
turbine at a wind speed of 12 m/s. To simplify the yaw 
dynamic analysis, it is assumed that the yaw angle is 
within ±25° for which the yaw moment is linearised as 
shown in Fig. 3. With this the yaw moment calculation of 
(2) can be simplified as [3] 
 
 𝜏𝑦𝑎𝑤 ≈ 𝐾𝛿 , (3)  
 
where 𝐾 is the linearised yaw moment slope in Fig. 3. 
 

 
 
Fig. 2: Aerodynamic forces and yaw moment acting on the nacelle and 

turbine rotor blades. 

 
 

Fig. 3: Yaw moment and  linearised yaw moment versus yaw angle of 
the system at 12 m/s wind speed. 

 
2.2 System Response 
 
The purpose with this section is to analyse the wind tur-
bine system and its yaw characteristics to determine the 
required damping coefficient, 𝐵, of the eddy current 
damper. This is done using a Simulink model to simulate 
the response of the wind turbine system.  
 
The yaw dynamics of the wind turbine system can be de-
scribed by 
 
 𝜏𝑦𝑎𝑤 = 𝐽 𝑑𝜔

𝑑𝑡 + 𝐵𝜔 , (4)  

 
where 𝐽 is the mass moment of inertia of the wind turbine 
system, 𝐵 is the damping coefficient of the eddy current 
damper and 𝜔 is the yaw speed of the nacelle. Using (3) 
and (4), the transfer function for the Simulink model in 
Fig. 4 can be derived as 
 
 

𝐻(𝑠) = 𝛾(𝑠)
𝜃𝑊(𝑠) =

𝐾
𝐽

𝑠2 + (𝐵
𝐽 ) 𝑠 + 𝐾

𝐽
 , 

(5)  

 
where 𝜃𝑤 is given as a step input to simulate an initial 
yaw error. The mass moment of inertia for the research 
wind turbine is calculated as 𝐽 = 18 kgm2. From this cal-
culation the system’s damping characteristics for a wind 
speed of 12 m/s can be determined. The damping ratio is 
ideally unity for the system to be critically damped. The 
system characteristics that were calculated indicate that a 
damping coefficient of 𝐵 = 76 Nm/rad/s is required of the 
damper to critically damp the system at rated wind speed. 
The system’s yaw response for a critically damped sys-
tem is shown in Fig. 5 for a step input of 25°. 
 

 
 

Fig. 4: Second order Simulink model of the passive yaw system. 
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Fig. 5: Yaw response of a crytically damped system with 25° (0.436 

rad) step input at a wind speed of 12 m/s. 
 

3. EDDY CURRENT DAMPER DESIGN 
 
In this section a semi-analytical calculation method is de-
scribed for the design of an eddy current damping mech-
anism that will allow the nacelle and the turbine-rotor to 
follow the wind direction relatively fast, yet also to damp 
the yaw dynamics of the system. The semi-analytical 
method includes a 2D static finite element (FE) solution 
to calculate the developed eddy current damper torque. 
For the design certain dimensions of the damper were 
varied to optimise the design of the eddy current damper. 
 
3.1 Geometry and Design Specifications 
 
The design had to be done according to certain volume-
tric boundaries, because the damper rotor and shaft were 
manufactured according to the strength specifications of 
the wind turbine yaw system. The design therefore could 
not be done according to the required torque response, yet 
it was necessary to maximise the damper torque within 
the volumetric space available. Fig. 6 shows the different 
components of the eddy current damper. 
 

  
Fig. 6: Proposed eddy current damper design showing all the compo-

nents. 
 
3.2 Geometry Design 

 
The geometry of the permanent magnets, inner yoke and 
conductive ring as shown in Fig. 6, has to be designed to 
maximise the developed torque of the damper. The design 
variables of the damper are explained in Fig. 7. The de-
sign parameters that have the greatest effect on the devel-
oped torque are as follows: 
 

 
 

Fig. 7: Cross section of the proposed eddy current damper and geometry 
dimensions. 

 
x The size of the magnets. 
x The air gap length between the magnets and the 

conduction ring. 
x The centre radius of the conduction ring. 
x The material of the conduction ring. 

 
The air gap length was chosen as 1 mm. To enable the 
magnetic flux to pass through the conductor and to keep 
the conduction ring fixed, an inner yoke made of mild 
steel is fixed between the shaft and the conduction ring. 
The axial length of the outer core and permanent magnets 
is chosen to be 100 mm. To compensate for edge effects, 
the axial length of the inner yoke and conduction ring is 
chosen as 110 mm. This length is still within the available 
specified length of 120 mm. The final values of the de-
sign variables are given in Table 1. 
 

Dimensions Value 
𝑝𝑜𝑙𝑒𝑠 30 

𝜃𝑤 8.18° 
ℎ𝑐 4 mm 
ℎ𝑚 5 mm 
ℎ𝑛 4.5 mm 
𝑟𝑐  95 mm 
𝑟𝑙 85 mm 
𝑟𝑛 105 mm 

 
Table 1: Design dimensions of permanent magnet eddy current damper. 

 
3.3 Simulated Developed Torque 
 
The developed damping torque can be calculated when 
all the conditions and dimensions are specified and the 
material properties assigned. A pole-pair cross-section of 
the finite element model of the damper design is shown in 
Fig. 8; it shows the magnetic flux lines as well as the 
magnetic flux density that is generated within the differ-
ent materials. The torque of the damper can be expressed 
from the Lorentz force law as 
 
 𝜏 = 𝐵𝑙𝑝𝑚𝑖𝜃𝑟𝑐 , (6)  
 
where 𝐵 is the magnetic flux density, 𝑙𝑝𝑚 is the axial 
length of the permanent magnets, 𝑖𝜃  is the induced cur-
rent in the conductor and 𝑟𝑐  is the centre radius of the 
conductor. For this study, both aluminium and copper are 
considered as possible materials for the conductive ring. 
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Fig. 8: Cross section and magnetic flux density and flux lines of the ed-

dy current damper generated by JMAG’s 2D transient FE analysis. 
 
The developed torque of the eddy current damper com-
paring that of aluminium with copper as conductor mate-
rial is shown in Fig. 9. It is clear that copper material is a 
much better choice for the design with the developed 
torque 65% higher than that with aluminium as conductor 
material. The latter can be explained from the fact that 
copper has a resistivity of 17 nΩm at 20°C, whilst alu-
minium has a resistivity of 28 nΩm.  
 
The thickness ℎ𝑐 of the conduction ring in Fig. 7 is varied 
to determine the optimal developed torque. The results of 
this variation are shown in Fig. 10. From these results it is 
clear that the torque is proportional to the radius 𝑟𝑐  in (6). 
However, for a conductor thickness less than 4 mm the 
developed torque drops substantially. This is because the 
developed torque is also proportional to the induced cur-
rent 𝑖𝜃  in (6). As the conductor gets thinner, the resistance 
of the conductor increases and the induced current and 
developed torque drop. 
 
3.4 3D Correction Factor 
 
In [4] it is shown that the magnitude of the calculated 
torque in 2D FE analysis of eddy current couplers is larg-
er than that calculated in 3D FE analysis. This is due to 
the end effects that are not taken into account in the 2D 
analysis. A correction method adapted by [4] compen-
sates for this discrepancy by applying a correction factor 
 

  
Fig. 9: 2D transient simulated developed torque versus time for alumin-

ium and copper as conductor materials at 18 r/min. 

 
Fig. 10: Developed torque versus aluminium conductor ring thickness at 

18 r/min yaw speed. 
 
to the 2D FE results. This correction factor is the so-
called Russell’s end-effect factor derived in [6]. Using 
this factor the torque of the eddy current damper is calcu-
lated by 
 
 𝜏 = 𝐾𝑒𝜏2𝐷(𝐹𝐸𝑡) , (7)  
 
where 𝜏2𝐷(𝐹𝐸𝑡) is the 2D transient FE solution of the de-
veloped torque and 𝐾𝑒 is Russell’s end-effect factor. This 
end-effect factor is given by 
 
 𝐾𝑒 = 1 − tanh(𝑝𝛽)

(𝑝𝛽)(1 + 𝜆) , (8)  

 
where 𝑝 is the number of poles and 𝜆 is the overhang co-
efficient given by 
 
 𝜆 = tanh(𝑝𝛽) tanh(𝑝𝛼𝛽) , (9)  
 
where 𝛽 and 𝛼 are respectively given by  
 
 𝛽 = 𝑙𝑝𝑚

𝑑𝑐
 

(10)  

 
 𝛼 = 𝑙𝑜ℎ

𝑙𝑝𝑚
 , (11)  

 
where 𝑙𝑝𝑚 is the active axial length of the permanent 
magnet rotor, 𝑑𝑐 is the centre diameter and 𝑙𝑜ℎ is the axial 
overhang length of the cylindrical conductor. For the 
damper design 𝛽 = 0.515 and 𝛼 = 0.1. Using these val-
ues for 𝛽 and 𝛼, the overhang coefficient can be calculat-
ed as 𝜆 = 0.913. Using these constants, the Russell’s 
end-effect factor is calculated as 𝐾𝑒 = 0.966. 
 
Figure 11 compares the 3D FE results obtained for the 
developed torque in JMAG with the new 3D corrected 
torque values according to (7). It can be seen that the re-
sults differ by a small margin. The torque calculation of 
(7) can thus be used to determine the damping coefficient 
of the eddy current damper. 
 
3.5 Designed Damping Characteristics of the System 
 
From (7) the damping coefficient of the designed eddy 
current damper is calculated as 19 Nm/rad/s. This value is 
far lower than the required damping coefficient of 76 
Nm/rad/s.  Any damping coefficient that is lower than 76 
Nm/rad/s will result in an underdamped system response. 
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Fig. 11: Torque versus speed with conductor material a parameter, 

showing the effect of Russel’s end-effect factor using (7). 
  

Fig. 12 shows the designed eddy current damper’s re-
sponse versus the ideal response. The designed response 
is deemed acceptable for the purpose of this study, be-
cause it will still damp the dynamics of the wind turbine 
system. 
 

 
Fig. 12: Damping response of the ideal and designed eddy current 

damper for an aluminium conductor at 12 m/s wind speed. 
 

4. BUILDING AND TESTING 
 
A prototype of the designed model was manufactured to 
test the eddy current damper and compare the measured 
results with the results according (7). In this section the 
design differences between the manufactured prototype 
and the designed damper are explained. The measured re-
sults are also presented. 
 
4.1 Manufactured Prototype 
 
The geometry shown in Fig. 6 of the manufactured proto-
type differs from the dimensions given in Table 1. For the 
manufactured prototype the value of 𝑟𝑐  = 94 mm. This re-
sults in a new air gap length of 2 mm and 𝑟𝑙 = 84 mm. All 
other dimensions remain unchanged.  
 
The material of the conductor is aluminium. The manu-
factured rotor and stator are shown in Figs. 13(a) and (b) 
respectively. The test setup showing the equipment used 
to conduct the tests is shown in Fig 14. 

 
 

 
 

 
(a) (b) 

Fig. 13: (a) Outer rotor casing with inside mounted magnets and (b) 
stationary stator consisting of the manufactured shaft, inner yoke and 

aluminium conductor ring. 
 

 
 

Fig. 14: Tests setup with eddy current damper, Lorentz torque sensor 
and geared drive motor. 

 
4.2 Measured and Simulated Torque Results 
 
The calculated values of the developed torque versus yaw 
speed of the manufactured prototype are obtained using 
(7). To confirm these semi-analytical results the manufac-
tured prototype is simulated using 3D transient FE analy-
sis in JMAG. These results are further compared with the 
measured torque results versus yaw speed as shown in 
Fig. 15. From this it is clear that excellent comparison is 
obtained between measured and calculated results for the 
yaw damper prototype. 
 

  
Fig. 15: Measured results of the torque versus rotational yaw speed of 
the manufactured eddy current damper, and compared with the torque 

results according (7) and the results from JMAG 3D transient FE analy-
sis. 
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4.3 Measured System Response 
 
From the measured results of Fig. 15 the damping coeffi-
cient, B, is calculated for the aluminium conductor ring as 
8 Nm/rad/s. The resulting yaw responses for the eddy 
current damper with aluminium and copper conductor 
rings are calculated and shown in Fig. 16. The yaw re-
sponses of the system are underdamped. Although the 
damping coefficients are much lower than the ideal and 
designed damping coefficient, the eddy current damper 
still has a damping effect on the system. The system takes 
more than, say, 15 seconds to eliminate the yaw error. 
 

  
Fig. 16: Yaw response of the manufactured eddy current damper with 

aluminium and copper conductor rings at a wind speed of 12 m/s. 
 

5. CONCLUSIONS 
 
In this paper the design of an eddy current damper to 
damp the yaw dynamics of a small-scale down-wind tur-
bine is described. The design is done using a fast semi-
analytical 2D transient FE analysis method. The follow-
ing conclusions are drawn from the results: 
 
-The systems response when the damping coefficient of 
the designed eddy current damper is applied is shown to 
be underdamped. It is not possible within the given geo-
metric boundaries of the damper to obtain the necessary 
damping coefficient for the system to be critically 
damped. This implies that the available volume for the 
eddy current damper should be increased to obtain the re-
quired torque response.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- It is shown that the semi-analytical calculated results 
correlate well with the results of the 3D transient finite 
element analysis. The predicted linear response of the 
calculated torque is also confirmed by the measured 
torque results. The measured results confirm that the 
semi-analytical method can be used in the design of the 
damper.  
 
 -The damping coefficient of the actual eddy current 
damper is lower than the designed damping coefficient. 
This is due to manufacturing differences. The design re-
sults show that the damping coefficient can be improved 
by using, amongst others, higher quality conductor mate-
rials with lower resistivities (e.g. copper) and also a 
smaller air gap length. 
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IMPROVING STARTING TORQUE QUALITY OF WOUND-ROTOR
INDUCTION MOTOR FOR GEARED FAN LOADS

M. Mabhula and M.J. Kamper ⇤

⇤
Department of Electrical & Electronic Engineering, Stellenbosch University, Private Bag X1,
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Abstract: In this paper the effect of controlled switching on the transient starting performance of
the slip-ring wound-rotor induction motor (WRIM) is explained theoretically and evaluated. Two
soft-start techniques were employed which greatly improve the transient torque quality of the WRIM.
The techniques show great promise for the practical implementation of the soft start of WRIMs.
The techniques are non-simultaneous-stator-controlled switching and simultaneous-rotor-controlled
switching. The conventional two-axis machine modelling is adapted to simplify the simulation
calculations. The adapted dq-circuit analysis and modelling are used in Matlab-Simulink to simulate
and explain the performance of the motor at start-up.

Key words: Controlled switching , starting torque, wound rotor induction motor.

1. INTRODUCTION

Cage rotor induction motors are conventionally used in
South African power stations as geared fan load motors in
the 100 kW power level. They are generally used direct
on line for their high rotor resistance start capabilities
resulting in high torque performance at start-up. Their
start-up performance however, results in huge transient
torques on the gearbox. Soft starters utilizing power
electronics switches can be used for cage rotor induction
motors to reduce starting torques, however the torque
quality is not improved by using soft-starters.

For large geared fan load systems in the megawatt
power level wound rotor induction motors (WRIMs) are
a promising option to be considered. Since WRIMs can
be employed in both medium and large scale geared fan
load systems, the focus in this paper is on the starting
performance of WRIMs. The importance and existence of
transient torques have been practically tested and are well
known [1]- [4]. In this paper alternative techniques are
explained that can be employed in WRIM systems for soft
starting and improving starting torque quality.

2. WRIM SWITCHING CIRCUIT DIAGRAM

Three different switching techniques employed are shown
in Figs. 1-3. The rotor terminals (a, b, c) are short-circuited
through external resistors R

ext

to reduce start-up currents,
but are removed during normal operation of the motor.

Figure 1 shows the conventional starting circuit diagram
of a WRIM. In this switching, which is defined as
simultaneous stator-controlled switching, the supply is
switched on simultaneously to all the stator terminals at
time t0.

Figure 2 shows the proposed system of [5] for
non-simultaneous-stator-controlled switching of a
star-connected WRIM to reduce starting transient torques.

In the switching sequence phase A of the motor is always
connected to the supply. The first switching is done by
connecting phase A and C of the motor to the supply at
time t1. The second switching is done by considering a
certain delay before connecting phase B of the motor to
the supply at time t2. The switching times are precise and
therefore thyristors are used. This technique can also be
used for cage-rotor induction motors.

Figure 3 shows a proposed system for simultaneous-
rotor-controlled switching of a star-connected WRIM
also in order to reduce the transient torques. In this
switching sequence
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Figure 1: WRIM simultaneous-stator-controlled switching
circuit diagram
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Figure 2: WRIM non-simultaneous-stator-controlled
switching circuit diagram.
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Figure 3: WRIM simultaneous-rotor-controlled switching
circuit diagram.
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phases A, B and C of the stator are switched on
simultaneously to the motor at a time t0. The rotor
terminals of phases a, b and c, however, are at first
open-circuited for a considerable time before they are
short-circuited at time t3.

3. TWO-AXIS WRIM MODELLING

Conventional machine modelling is based on two-axis
modelling. The two-axis machine modelling employed is
based on [6]. If the core losses on the motor are ignored
and the phase resistances are equal on both stator and
rotor, the terminal voltages of Fig. 4 can be derived using
Kirchhoff’s law as expressed by (1) and (2). The rotor
voltages are equal to zero since the rotor terminals are
short-circuited.

v
abcs

= R
s

i
abcs

+
d

dt

lll
abcs

, (1)

v
abcr

= R
r

i
abcr

+
d

dt

lll
abcr

. (2)

The effective winding ratio of the stator and rotor
winding using the ratio of the stator back emf and
rotor induced voltage (E

s

=
p

2pk

ws

N

s

f

e

f
m

, E

r

=p
2pk

wr

N

r

f

r

f
m

, f

r

= s f

s

) is given by (3). For simplicity
the rotor parameters can be referred to the stator by using
the effective winding ratio since there is coupling between
the two circuits (Fig. 4). The referred rotor parameters to
stator are given by (4).

a =
sE

s

E

r

=
k

ws
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r

. (3)

v

0
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= av
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0
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Z

0
r

= a

2
Z

r

.

(4)

For further simplicity in calculations the time-varying
parameters can be removed by transforming the motor into
two axis modelling (dq0-axis) using Park’s transformation.
By letting Q representing a quantity to be transformed
(voltage, current, or flux linkage) the transformation in
matrix form can be expressed as

Q
dq0 = TQ

abc

(5)

and the inverse transformation as

Q
abc

= T�1Q
dq0, (6)

where T is the transformation matrix and T�1 the inverse.
The subscripts d, q and 0 denote the direct, and quadrature
axis and zero sequence component. Because the rotor
of the WRIM does not rotate at synchronous speed it
is useful to choose a reference frame rotating at the
synchronous angular speed to make the flux linkages seen
in the rotor reference frame be constant in steady-state [6].

In this reference frame both stator and rotor quantities
are transformed using transformation angles for stator and
rotor given by

q
s

= w
e

t +q0,

q
r

= (w
e

�w
me

) t +q0.
(7)

q
s

is the angle between the stator phase A-axis and
the synchronous rotating dq0 reference frame and q0.
q

r

is the angle between the rotor phase a-axis and the
synchronously rotating dq0 reference frame. The speed
difference, w

e

�w
me

, is the electrical angular velocity of
the synchronous rotating reference frame as seen by the
rotor frame.

The transformed stator and voltage equations in matrix
form are given by

v
dqs

= R
s

i
dqs

+
d

dt

lll
dqs

�w
e

lll
qds

v0
dr

= R0
r

i0
dqr

+
d

dt

lll0
dqr

� (w
e

�w
me

)lll0
qdr

,
(8)

where the transformed flux linkages are expressed by

lll
dqs

= L
dqs

i
dqs

+L
m

�
i
dqs

+ i0
dqr

�
,

lll0
dqr

= L0
dqr

i0
dqr

+L
m

�
i
dqs

+ i0
dqr

�
.

(9)

The dq-axis equivalent circuits in the synchronously
rotating reference frame can be obtained by using (8) and
(9) as shown in Fig. 5.
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Figure 4: Star-connected WRIM modelling circuit diagram.
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Figure 5: dq-axis equivalent circuit of a WRIM represented
in the synchronously rotating reference frame.
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The torque for a p-pole pair motor is given by

T

mech

=
3
2

p(l
ds

i

qs

�l
qs

i

ds

) . (10)

4. SIMULATION

Matlab-Simulink is used in the dynamic model of
the WRIM. The main advantage of using Simulink
over other programming software is that instead of
compiling program code, its simulation model is built
up systematically by means of basic blocks through a
graphical user interface [7]. The simulation package
also helps to evaluate the feasibility of the system before
experimenting [8].

In section 3. the necessary equations are given to
simulate the motor in Matlab-Simulink. To solve for
the unknowns in the equations the current variables are
considered to be dependent on state variable flux linkages
components. The flux linkage state variable components
can be solved from (8) as
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(11)

The current variables can then be solved from the flux
linkage components as
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The angular velocity of the motor is expressed as

w
r

=
p

J

Z
(T

mech

�T

load

)dt. (13)

Equations (10)-(13) are used in the Matlab-Simulink
transient simulation of the WRIM.

The simulation parameters of the motor are taken
from [8]. The motor data and parameters were estimated
on a wound-rotor slip-ring Siemens induction motor with
its rated data and the measured no-load and block-rotor
test parameters given in Table 1. The fan load-torque
curve used in the simulation is shown in Fig. 6.

5. SWITCHING TECHNIQUES

In this section switching techniques are described used
in the Matlab-Simulink simulation. Note that external
resistors R

ext

can be used as shown in Figs. 1-3.

5.1 Simultaneous-stator-controlled switching

In the simultaneous-stator-controlled switching technique
the motor is switched on as shown in Fig. 1. This switching
is the conventional way of starting the WRIM.

Table 1: Siemens induction motor rated data and
parameters [8].
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Figure 6: Fan load torque curve.

5.2 Non-simultaneous-stator-controlled switching

In the non-simultaneous-stator-controlled switching
technique the motor is switched on as shown in Fig. 2.
Figure. 7 shows the phasor diagram of the motor terminal
voltages after the first and second switching times, t1 and
t2. At time t1 the phasor diagram of the voltages is shown
in Fig. 7a and the voltage equations are given by (14). In
(14) v

bn

is zero since there is no flux linking phase B to
induce a voltage when phases A and C are connected. At
time t2 phase B is connected to the motor. The terminal
voltage phasor diagram after this switching is shown in
Fig. 7b and the voltage equations are given by (15).
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(a) First switching.
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(b) Second switching.

Figure 7: Motor terminal voltages after first and second
switching of non-simultaneous stator controlled switching.
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5.3 Simultaneous-rotor-controlled switching

In the simultaneous-rotor-controlled switching the motor
is switched on as shown in Fig. 3. In this technique
the stator is first switched on at time t0 with the rotor
terminals initially open-circuited until time t3 when they
are short-circuited.

6. SIMULATION RESULTS

In this section the simulation results of the motor
current and torque during transient starting operation are
presented, i.e. with the motor connected to a fan load.
In the dq-axis analysis the motor supply voltage vector is
chosen arbitrarily.
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Figure 8: Simultaneous-stator-controlled switching stator
phase transient currents.
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Figure 9: Simultaneous-stator-controlled switching stator
and rotor dq-axis transient currents.
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Figure 10: Simultaneous-stator-controlled switching stator
dq-axis transient magnetising flux linkages.

6.1 Simultaneous-stator-controlled switching results

In simultaneous-stator-controlled switching the motor is
switched direct-on-line. In Figs. 8-10 the simulated results
of the simultaneous-controlled switching are shown. What
stands out in these results is the large dq-flux oscillation
shown in Fig. 10 which, according to (10) will result in
large torque pulsations.

6.2 Non-simultaneous-stator controlled switching results

In non-simultaneous-stator controlled switching it was
found by [5] that for high quality starting torque phases
A and C are connected to the supply 6.8 ms after the
zero-voltage crossing of A-phase, and phase B must then
be switched on 4.8 ms later. However these switching
times were not explained in [5]. The actual time for
switching phases A and C is 6.7 ms (i.e. 120o electrical)
after the zeros-voltage crossing of phase A, followed by
the switching of phase C 5 ms (i.e. 90o electrical) later, as
explained in Fig. 11. The reasons for these switching times
are that at 120o the AC line voltage is at its maximum
and 90o later it is zero with the AC line currents and the
flux in the motor at their maximum. It is at this maximum
flux state that balanced supply voltages are applied to the
motor to obtain high quality starting torque.

In Figs. 12-15 some of the simulated results of the
non-simultaneous-stator-controlled switching are shown.
The explanation above is confirmed by the dq-axis results
in Figs. 13-15.

Figure 11: Motor switching times for first and second
switching of non-simultaneous-stator-controlled
switching.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07−60

−40

−20

0

20

40

60

Time [s]

Sta
tor

 Ph
as

e C
urr

en
ts 

[A]

 

 

Ias
Ibs
Ics

Figure 12: Non-simultaneous-stator-controlled switching
stator phase transient currents.
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Figure 13: Non-simultaneous-stator-controlled switching
stator and rotor dq-axis transient currents.
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Figure 14: Non-simultaneous-stator-controlled switching
stator dq-axis supplied voltages.
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Figure 15: Non-simultaneous-stator-controlled switching
stator dq-axis transient magnetising flux linkages.

Here it can be seen that balanced supply voltages are
applied when the dq-axis voltages are zero and when the
corresponding dq-axis currents and flux in the machine are
at their maximum values.

6.3 Simultaneous-rotor-controlled switching results

In the simultaneous-rotor-controlled switching the motor
is switched direct-on-line with the rotor terminals open
and then closed at time t3 = 0.3 s. The current and flux
linkage simulation results with this switching are shown in
Figs. 16-19. It is not important when you switch on in
this switching technique, however it was found that it is
better, for improved starting torque quality, to switch when
the flux linkage oscillations have decayed to small values
as shown in Figs.19 and 18, say, time t3 � 0.3 s. Note that
if switching on at this time, the motor is at full flux.

0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35−60

−40

−20

0

20

40

60

Time [s]

Sta
tor

 Ph
as

e C
urr

en
ts 

[A]

 

 

Ias
Ibs
Ics

Figure 16: Simultaneous-rotor-controlled switching stator
phase transient currents.
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Figure 17: Simultaneous-rotor-controlled switching stator
and rotor dq-axis transient currents.
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Figure 18: dq-axis magnetising flux linkages with rotor
terminal open-circuited.
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Figure 19: Simultaneous-rotor-controlled switching rotor
dq-axis transient magnetising flux linkages.

6.4 Simulation torque results

Figures 20 and 21 show the quality of torque versus time
and speed for the three controlled switching techniques
discussed above. Simultaneous- rotor-controlled switching
torque plot in Fig. 20 is shifted to the left by 0.285 s for
comparison reasons.
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Figure 20: Transient torque versus time of the three
controlled switching methods.
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Figure 21: Induced torque versus speed of the three
controlled switching methods.

6.5 Discussion of simulation results

As shown in Figs. 8, 12 and 16 there is not much
difference in the transient starting phase currents between
the different methods of switching, however, there is a
large difference in the stability of the dq-axis currents
and flux linkages as shown in Figs.9, 13 and 17 for
currents and Figs. 10, 15 and 19 for flux linkages;
both the non-simultaneous-stator-controlled switching
and simultaneous-rotor-controlled switching show more
stability in the dq-axis currents and flux linkages than
the simultaneous-stator-controlled switching. The latter
stability is required to obtain a more stable generated
torque according to (10).

Proving for the stability in the starting torque
when using the non-simultaneous-stator- and
simultaneous-rotor-controlled switching methods is
shown in Fig. 20. Furthermore, Fig. 21 shows that
large torque oscillations continue up to a motor speed of
750 rpm when using the simultaneous-stator-controlled
switching method. The results of Figs. 20 and 21 highlight
what enormous peak torques, and also sometimes negative
peak torques, are seen in the gearbox of a geared-fan load
when using the conventional direct-on-line switching of
all phases.

7. CONCLUSION

In this paper two controlled switching techniques
(non simultaneous-stator-controlled switching and
simultaneous-rotor-controlled switching) are compared
with the conventional simultaneous-stator-controlled
switching (direct-on-line) in terms of starting torque
quality, which is important for geared loads. Although not

all starting torque oscillations are eliminated, it is shown
that the two controlled switching methods greatly improve
the starting torque quality of the motor.

Since implementation of the non-simultaneous-stator
controlled switching is not easy, because it requires fast
and accurate switching, the simultaneous-rotor-controlled
switching can be concluded to be the best option
because it is simple and uses normal mechanical
switchgear. Care, however, should be taken with the
simultaneous-rotor-controlled switching. It is important
to ensure that the induced open circuit rotor voltage when
the stator is on, is within rated values.
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Abstract: There is growing attention in innovation and research to harness non-conventional electri-
cal machines e.g. stator-active electrical machines like flux switching machines (FSM) in various 
applications, such as wind energy and traction applications. The impetus is to further minimize the 
cost of components by avoiding designs using scarce rare-earth permanent magnets (PMs), especially 
if such machines are to be designed using PMs. The approach in this paper is to investigate the cost 
saving if a hitherto optimally designed 10 kW FSM using rare-earth PM is rather designed on less 
expensive ferrite PMs, and intended for medium-speed geared wind generator drives. Using static 2D 
finite element analyses (FEA), both optimal designs when compared in terms of performance show 
the ferrite design to be heavier, thus lowering the torque density by 61.2 % compared to the rare-earth 
design. However, due to the high cost of rare-earth PMs, the active cost of material of the ferrite de-
sign is discovered to be 35 % less expensive. It is also found that due to deep saturation effects, the 
rare-earth design is more susceptible to demagnetisation risks, even at nominal load conditions. Final-
ly, both designs are validated in counterpart transient 2D and 3D FEA solutions.    
 
Key words: Ferrite PM, flux switching machine (FSM), rare-earth PM, wind energy. 
 

1. INTRODUCTION 
 

Lately, there is growing interest in the design of non-
conventional electrical machines for wind energy applica-
tions [1]. Typical non-conventional machines are stator-
active machines such as the flux switching machine 
(FSM), which have been a dominantly (PM) permanent 
magnet machine [2]. Already, the candidacy of the FSM 
for wind energy application is mounting as supported by 
some of the recent studies [3], however only a handful of 
these researchers have attempted using non-rare-earth PM 
field options [4], [5], and for medium-speed (MS) geared 
drivetrains [6]. MS geared drivetrains are important be-
cause they reduce the gear box size to 1- or 2-stage from 
3. Thus, unlike the traditional high-speed and low-speed 
systems which have been popular for wind generator de-
signs, MS designs (say 100-600 r/min) can moderate the 
size and cost of both the gear system and generator [7]. 
 
Unlike rare earths, ferrites are cheaper (low-cost) PM 
options for electrical machine design and are bound to be 
more attractive to the industry [8], [9].  The high price of 
rare earths is mainly due to limited geographic sourcing, 
amidst increasing market volume for ferrites as shown in 
Figure 1. Although there is high demagnetisation risks 
associated with ferrites due to a relatively low remanent 
induction, this is not a major disadvantage when used in 
the design of FSMs as a result of their special magnetic 
circuitry [10]. Besides, FSMs possess flux focusing quali-
ties which make them suitable for ferrite designs [11]. 
 
To this end, this paper will be used to investigate the op-
timal design of a 10 kW ferrite PM-FSM as opposed to a 
rare earth configuration. Unlike in a previous study con-
cerned with high-speed ac traction applications [12], the 
current study is proposed for the medium-speed (MS) 
geared wind system shown in Figure 2.   

 
Figure 1: Global Permanent Magnet Market volume, by 

material, 2013 - 2024 (Kilo Tons) 
Source: grandviewresearch.com 

 
Figure 2: Proposed wind energy system 

 
The main target is to minimise the active material and 
field masses, while maintaining acceptable machine per-
formance. Thus, basic information on the design formula-
tion of the FSM generator implemented in static 2D (fi-
nite element analyses) FEA-based optimisation process 
will be provided. The subsequent sections are used to 
evaluate the optimal performance of the ferrite versus 
rare-earth PM-FSM generator designs.  In the end, the 
results were validated using counterpart transient 2D and 
3D FEA solutions.  
 

2. DESIGN PROCESS 
2.1 Basic structure and design formulation of FSMs 
 
FSMs are identified as machines of robust structure and 
high power density, with essentially bipolar phase flux 
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linkages and sinusoidal back-EMF waveforms [2]. The 
earliest version of the FSM featured a simple radial-flux 
design [13]. Nowadays, especially for low-speed wind 
generator drives, both axial-flux [14] and transverse-flux 
[15] FSMs exist, although these are known to have very 
complicated designs. Among existing radial-flux FSM 
topologies today, the 3-phase, 12/10 (12-stator-slots/10-
rotor-pole) topology as shown in Figure 3 has been popu-
larised [16]. The 12/10 FSM configuration is well suited 
to MS drivetrains, and is thus selected for the design pro-
cess. The design process is summarised in the flowchart 
given in Figure 4. Both the ferrite and rare-earth PM-
FSM are subjected to the same process based on the tar-
get specifications advanced in Table 1 
 
2.2 Analytical equations  
 
The 3-phase magnetic axes of the 12/10 FSM can be easi-
ly analysed by transforming them into the traditional di-
rect axis (d-axis) and quadrature axis (q-axis) also re-
ferred to as dq axes components. The simplified dq FSM 
equivalent circuit is as shown in Figure 5. Thus, the volt-
age equations, while assuming generator operation, may 
be approximated as 

,d s d q qV R I X I=− −                             (1) 

,q s q d d qV R I X I E=− + +                            (2) 
 

PMs  Stator pieces  

Phase coils  Rotor piece  
 

Figure 3: Cross-sections of 12-slots 10-pole PM-FSMs 
 

 
Figure 4: Work flow for FSM design 

Table 1: Main design specifications 
 Ferrite Rare-earth 
Stator outer diameter Dout = 350 mm Dout = 250 mm 
Shaft speed ωs = 360 r/min 
Output power Pout ≥ 10 kW 
Efficiency η ≥ 90 % 
Power factor cosϕ ≥ 0.8 
Torque ripple kδ ≤ 10 % 

 
where Vd, and Vq are the d- and q-axis terminal voltage, 
Id, and Iq are the d- and q-axis currents, Xd, and Xq are the 
d- and q-axis reactances which are equal to the sum of the 
magnetising, phase-winding leakage and phase end-
winding reactances, Eq is the generated internal voltage, 
and Rs is phase resistance. In addition, the usual effects of 
the end-windings have been taken into account.  
 
The expression for the electromagnetic torque and torque 
ripple is given as 

( )( )3 ,
2

d q

e

X X
e r q M d qT N I I I−

ω= λ +                         (3) 

(max) (min) ,e e

e

T T
k

Tδ

−
=                              (4) 

 
where Nr is the rotor teeth number, λM is the no-load flux 
linkage, ωe is the electrical speed, and Te(max) and Te(min) 
are the positive and negative peak of Te. 
 
Under steady-state generator operation, the FSM phasor 
diagram as shown in Figure 6 shows the power factor 
angle as a function of load (∆) and current (α) angles giv-
en as 

.φ=α+∆                               (5) 
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Figure 5: FSM equivalent circuits: (a) d-axis, (b) q-a-axis. 
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Figure 6: FSM generator phasor diagram 
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The FSM generator output power and efficiency as de-
rived from the dq axes variables are given as 

( )3 ,
2out d d q qP V I V I= +                     (6) 

.out

out Cu Core

P
P P P

=
+ +

η                     (7) 

 
The copper losses (PCu) and the core losses (PCore) are 
expressed as 

( )2 23 ,
2Cu d q sP I I R= +                     (8) 

,
i eCore i mP MC B f= ɺσ β                     (9) 

 
where Mi is the mass of the corresponding iron lamination 
stack, Cm, σ and β are Steinmetz coefficients determined 
by experiments from frequency (fe), and Ḃi is the peak 
flux density in the corresponding iron lamination stack.  
 
The phase resistance, Rs, is calculated analytically as 

28
,ph Cu st

S
ph

N l
R

A
=

ρ
                     (10) 

where Nph is the turns number per coil for the phase 
windings, ρCu is the resistivity of copper at room 
temperature, lst is stack length of the iron laminations, and 
Aph is the area per coil for the phase. The constant number 
coefficient in (10) is indicative of the slot arrays for series 
connection of the phase windings. 
 
2.3 Design optimisation 
 
The process of optimising the FSMs creates hard prob-
lems in that it possesses a nonlinear multi-modal search 
space which creates discontinuity for gradient-based solu-
tions. Therefore, in the search of an absolute optimum, it 
is important to apply optimisation algorithms that do not 
depend upon the gradient information e.g. stochastic 
methods. For the current proposed design, a non-gradient 
FEA-based optimisation approach is preferred because of 
its ability to conquer the local minima hurdles, unlike 
with deterministic methods [17].  However, it must be 
said that any advantage anticipated by non-gradient opti-
misation is usually dwarfed by the huge computation 
memory and time required for the procedure. 
 
This optimisation process involved the simultaneous 
evaluation of two objective functions, namely the PM 
mass (MPM) and the total active mass (MA). The design 
constraints as indicated in Table 1 are to ensure that the 
generators achieve acceptable operating points for the 
proposed wind system. The design variables are com-
posed in the transposed vector, X, given as 

[
0

...

,

st in sh PM

T

pr sls ys yr

J l D D b

b b h h t

=



αX
                  (11) 

 

where J is the phase current density, Din is the stator air-
gap diameter,  Dsh is the shaft diameter, bPM is the PM 

width, bpr is the rotor pole width, bsls is the slot opening 
width, hys is the stator yoke height, hyr is the rotor yoke 
height, and t0 is a tapering factor for the rotor teeth. The 
remaining variables have been earlier defined. The total 
number of decision variables as denoted in X is 11.  
 
A total of 2000 function evaluations are computed with a 
population size of 20 over 100 generations. Key parame-
ter settings such as the crossover probability, crossover 
distribution index and mutation distribution index are 
tuned to 0.95, 10 and 15, respectively. The mutation 
probability is taken as the inverse of the number of deci-
sion variables for each problem. As expected, the simula-
tion time used to complete a single run is 28.945 hours 
and 30.063 hours for the ferrite and rare-earth PM-FSM, 
respectively. 
 

3. RESULTS 
 
Table 2 shows the optimum design parameters obtained 
for the ferrite and rare-earth PM-FSM collated after the 
each optimisation run. It is observed that for the same 
design requirements, the optimal PM mass per active 
mass results in a narrower PM length and longer stack 
length for the rare-earth, compared to the ferrite PM-
FSM. The ratio of PM length to stack length is 4.2 % in 
the former, compared to 11.3 % in the latter.  This obser-
vation is due to the fact that FSMs, having flux focusing 
capabilities, can afford a thinner PM length in rare-earths 
compared to ferrites, due to the superior PM quality.  
 
The aspect ratio (!" = $%&

'()
) and split ratio (*+ = '()

',-&
) are 

both compared for the optimal designs as shown in Figure 
7. The illustration shows that the aspect ratio more than 
the split ratio is critical for optimal performance of the 
rare-earth design. This is unlike the lower quality ferrite 
PM, where a higher split ratio is appreciated in order to 
boost the air-gap magnetic field of the machine.  
 
Table 3 gives a summary showing that both FSM designs 
could achieve the prescribed design targets. The torque 
density for the rare-earth is 63.2 % more than the ferrite, 
thanks to a smaller generator head mass.  But from an 
economic standpoint, the total active material cost of the 
ferrite design is only 65 % that of the rare-earth design, 
based on quotations documented in [12]. As illustrated in 
Figure 8, the total cost of the rare-earth design is driven 
primarily by its more expensive rare-earth PMs. 
 

 Table 2: Optimal design parameters  
X Parameters Ferrite Rare-earth 
α Current angle (deg.) 89.997 89.984 
J Phase current density (A/mm2) 3.607 4.982 
lst Stack length (mm) 165.529 178.948 
Din Stator inner diameter (mm) 220.626 146.287 
Dsh Shaft diameter (mm) 119.879 80.029 
bPM PM length (mm) 18.793 7.582 
bpr Rotor pole width (mm) 24.004 20.438 
bsls Slot opening width (mm) 13.801 7.282 
hys Stator yoke height (mm) 18.420 7.711 
hyr Rotor yoke height (mm) 18.750 13.784 
t0 Rotor teeth taper factor 0.850 0.738 
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Table 3: Performance indices  
 Units Ferrite Rare-earth 
Average torque, Te  Nm 258.48 259.23 
Torque ripple, kδ  % 9.42 7.84 
Cogging torque, kδ0 % 12.65 6.42 
Stator iron mass kg 36.42 23.84 
Rotor iron mass kg 18.91 10.02 
Copper mass kg 9.19 6.95 
PM mass kg 12.07 6.33 
Active mass kg 76.59 47.15 
Copper loss, PCu  W 341.63 447.92 
Core loss, PCore  W 163.15 188.17 
Output power, Pout kW 9.972 9.990 
Machine efficiency, . % 95.182 94.014 
Power factor - 0.797 0.797 
Torque/Active mass, τpa  Nm/kg 3.37 5.50 

 
Figure 7: Optimal aspect ratio versus split ratio 

  
Figure 8: Comparison of cost of components  

 
4. DEMAGNETISATION RISKS 

 
A common characteristic of PMs is their demagnetisation 
susceptibility at high temperatures. Ordinarily, a drop in 
coercivity (negative Hc) in a typical PM demagnetisation 
curve is indicative of proportional PM temperature rise, 
although this generalisation is not applicable to ferrites 
and alnico. In this section, the demagnetisation withstand 
capability of the ferrite and rare-earth PM-FSM designs is 
undertaken by using static FEA solution to appraise the 
impact of the load currents on the PM remanence (Br). 
 
The characteristics of the ferrite and rare-earth PMs used 
in this study are provided in Table 4. The demagnetisa-

tion characteristics of both machines are investigated using 
the average flux density component normal to the field 
lines along the x-direction, illustrated by points “A” and 
“B” in Figure 9. As indicated in [12], the safety limit of 
flux density normal to PM flux lines for the rare-earth 
PM is given as Bn > 0.4 T, while that of ferrite PM is Bn > 
0.1 T. The PM position where the magnitude is lowest 
(the so-called ‘worst-load point’) for a given static FEA 
solution is thus considered.  
 
Figure 10 shows that for the load region considered, the 
rare-earth design is unable to satisfy the safety limit 
(showing BMx < 0.4 T), unlike the ferrite design (showing 
BMx > 0.1 T). The main reason for this disparity is due to 
high level of saturation in the former, indicated by the 
flux density map in Figure 11. But, beyond the nominal 
load, the safety limit for the ferrite is not respected.  
 
With current induced magnetic field, the transition of the 
mean PM flux density in Figure 10 also implies steady 
but drastic demagnetisation behaviour for the ferrite de-
sign. Thus, it can be said that the ferrite design can oper-
ate with minimum demagnetisation risks at load current 
values not exceeding nominal condition. On the other 
hand, the deep saturation of the rare-earth design raises 
demagnetisation concerns. 

 
Table 4: Characteristics of selected PMs 

 Ferrite Rare-earth 
Coercive force, Hc (kA/m) (at 20 ̊C) 258 900 
PM remanence, Br (T) 0.4 1.2 
Mass density (kg/m3) 5000 7500 
Relative permeability, µr 1.06 

 

(a) (b)
BMx

A

B B

A

BMx

 
Figure 9: PM reference point normal to flux lines along 

the x-direction: (a) ferrite, (b) rare-earth. 
 

 
Figure 10: Static FEA PM flux density for 10 kW PM-

FSM under different load conditions 

Ferrite Rare-earth
0

0.2

0.4

0.6

0.8

1

1.2

1.4

R
at

io

Selected designs
 

 

Aspect ratio, KL
Split ratio, Λ0

Ferrite Rare-earth
0

100

200

300

400

500

600

C
os

t (
U

SD
)

Selected designs
 

 
Armature windings
Stator
Rotor
PM
Total active

0 0.5 1 1.5
0.05

0.1

0.15

0.2

0.25

0.3

M
ea

n 
of

 P
M

 fl
ux

 d
en

si
ty

 o
n 

th
e 

x-
di

re
ct

io
n,

 B
M

x (T
)

Load current, Is (pu)
 

 
Ferrite Rare-earth

SAUPEC 2017 616



 
Figure 11: PM-FSM flux density map at rated load: (a) 

ferrite (b) rare-earth 
 
Although eddy current effects on rising temperature are 
not considered in the static FEA simulations, the current 
investigation on the risk of demagnetisation presents a 
simple and valid solution in the following ways:   

• By increasing the load current, the external mag-
netic field necessary to demagnetise the PM is 
mimicked.  Thus, the potential of irreversible de-
magnetisation is exacerbated by heating (tempera-
ture rise) of the windings when loaded [18]. 

• In any case, the results may not differ contrary to 
transient FEA because the temperature coefficient 
of ferrites is much lower than that of rare-earths 
[8].  

• Like in this study, [12] also portrayed the demag-
netisation behaviour of the worst-load at rated 
condition along stationary points using 2D FEA. A 
similar approach using 2D magneto-static FEA 
was reported in [19]. 

• Lastly, the transient solutions which are strictly 
provided for validation in the next section, show 
approximate results to that of the static solutions. 

 
5. VALIDATION 

 
So far, the results have been based on non-linear static 2D 
FEA solutions using open-source SEMFEM package 
[20]. Thus, counterpart transient solutions using 2D and 
3D FEA commercial ANSYS Maxwell© environment is 
undertaken in this section to validate previous simulation 
results. In Figures 12 & 13, the flux linkages at no-load 
conditions, which have been graphically compared for the 
different simulations, show approximate correlation. The 
main advantage of the FEA transient solutions is the fact 
that the end-winding effects have been accurately evalu-
ated in the 2D solutions, even though the flux linkage at 
rated load (rms) is found to give 100 % and 96.7 % simi-
larity to that of the transient 3D solution, for the ferrite 
and rare-earth designs, respectively. 

 
6. CONCLUSION 

 
Low-cost PM flux switching machines for medium-speed 
geared wind energy applications were investigated. Two 
FSMs (ferrite and rare-earth) were optimally designed, 
analysed and validated in 2D and 3D FEA solutions, at 10 
kW generator output power. For the same performance 
requirements, the ferrite PM-FSM achieved only 61.2 % 

the torque density capacity of the rare-earth PM-FSM, but 
at an estimated active mass cost savings of 35 %. It was 
also found that deep saturation occurring in the rare-earth 
design, lowers its demagnetisation withstand ability, even 
below nominal load condition. On the contrary, the ferrite 
design only records high demagnetisation risks at load 
currents above the rated value. This is a key finding espe-
cially as ferrites are notorious for high demagnetisation 
risks. Thus, for medium-speed geared wind generator 
drives, ferrite PM-FSMs possess the necessary qualities 
to be considered as a suitable low-cost and robust option. 
    

 
 

Figure 12: No-load flux linkages of ferrite PM-FSM 
    

 
Figure 13: No-load flux linkages of rare-earth PM-FSM    
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Abstract: Smart Grid employs synchronized Wide-Area Monitoring Systems (WAMS), which are 
critical to establish monitoring, protection and control applications. Traditional WAMS remain 
contingent on  Supervisory Control and Data Acquisition (SCADA) systems which provide non-linear 
state estimation. SCADA shortcomings and drawbacks have motivated development of Phasor 
Measuring Units (PMUs) that facilitate linear state estimation, which provides full system observability 
while facilitating advanced engineering applications. Considering applications based on PMU 
technology, the advent C37.238-2011 IEEE standard profile for use of IEEE 1588 Precision Time 
Protocol (PTP) acknowledges potential applications based on synchrophasor measurements. 
Measurement precision and dependability of real-time access to concentrated synchrophasor 
measurement data depends on data exchange latency between the PMUs and Phasor Data Concentrators 
(PDCs) over wide area networks. Although the C37 .118.2-2011 standard for synchrophasor data and 
the PC37.244-2013 assignment guide for phasor data concentration provide an outline specifying 
latency policies, a knowledge gap concerning mitigation of synchrophasor data latency is apparent. This 
paper proposes a method for mitigating synchrophasor data latency and packet losses in wide area 
PMU-PDC networks to provide real-time concentrated synchrophasor access in Energy Management 
Systems (EMS) at substation level.  
 
Key words: data exchange; synchrophasor data latency; packet loss; state estimation; substation level. 
 
 

1. BACKGROUND AND INTRODUCTION 
 
In order to establish sustainable energy and 
economical grid operations, smart grid development 
realizes penetration of renewable energy sources into the 
electric grid [1]. Integrating renewable sources into the 
electric grid introduces unpredictable dynamic system 
conditions which require high measurement precision 
WAMS facilitated by PMUs. Emphasizing PMU utility 
where synchrophasors are critical to achieve high 
measurement precision, state estimation and system 
observability depends on real-time access of 
synchrophasor measurement data.  
 
In contrast to tradition Remote Terminal Units (RTUs) [3], 
PMUs facilitate essentially more accurate state estimates 
under dynamic operating conditions. PMU coherent 
alignment with the Global Positioning System (GPS) [4] 
enables PMUs to distribute synchronized current and 
voltage phasors over wide area networks which facilitate 
utility which include real-time solutions for a wide range 
of energy management problems such as [3]; 
 

x security enhancement 
x optimization applications 
x dynamic security analysis  
x network contingency analysis 

 
PMU data utilization depends on effective phasor data 
concentration. Phasor Data Concentrators (PDCs) 
concentrate synchrophasor data streams from multiple 

PMUs over widespread area networks. Once concentrated, 
the data stream is made available to an energy management 
system for further procession [5].  
  
This paper focuses on the need for real-time access to 
concentrated synchrophasor data at substation level to 
develop and implement an algorithm to mitigate 
synchrophasor data latency and packet loses over wide 
area networks. The contributions of this paper include; 
 

1. Development for an algorithm for latency and 
packet loss mitigation.  

2. Development of a synchrophasor data stream 
latency analysis software utlity.  

3. Development of a test-bench over which real-
time synchrophasor data latency is observed. 

4. Implementing real-time simulations to verify the 
algorithm and validate its feasibility. 

5. Evaluation of the impact of latency on a P-Class 
PMU data stream. 
 

 
The paper is organized as follows; Section 2 introduces 
synchrophasor data concentration, Section 3 elaborates on 
synchrophasor measurement data transmission latency and 
the maximum wait time policy, Section 4 discusses 
significance of the C37.238-2011 and how it is affected by 
adverse latency, Section 5 presents the proposed algorithm 
for mitigating adverse synchrophasor measurement 
latency, Section 6 presents the developed software utility 
for evaluating the effect of latency, Section 7 , presents the 
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simulation test bench, Section 8 details simulation study 
and the experimental results, Section 9 discusses the 
results and Section 10 concludes the paper. 
 

2. PHASOR DATA CONCENTRATION 
 
PDCs are subdivided into two categories, hardware and 
software. Software-based PDCs are more commonly 
employed to administer synchrophasor data concentration 
for larger number of PMUs over wide area networks. 
Software PDCs are typically commissioned over “high-
end”, industrial grade hardware capable of sustaining 
requirements determined by parameter specifications of 
the wide area network.  
 
Hardware-based PDCs are generally commissioned at 
substation level as they are restricted to networks with a 
smaller number of PMUs. It is worth mentioning that 
similarly to hardware-based PDCs, software-based PDCs 
may also be commissioned for smaller network PMUs. 
Figure 1 illustrates transmission of synchrophasor data 
over a PMU-PDC network. In the figure, three PMUs 
report data to a PDC at a rate of  1/ ∆𝑡 [16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Transmission of synchrophasor data over a 
PMU-PDC network [16] 

 
PMU-PDC communication networks are established over 
the Ethernet medium, utilizing connections with speeds of 
up to 10,000 Mbps at a 600 MHz bandwidth. PMUs 
transmit data to PDCs utilizing either the Transmission 
Control Protocol (TCP)/ Internet Protocol (IP) or the User 
Datagram Protocol (UDP)/ IP.  Similarly to PMUs, PDCs 
are GPS time synchronized. This deliberate characteristic 
enables PDCs to time align data to remove errors that may 
occur from the physical distance between PMUs and a 
remote PDC. PMU-PDC time synchronicity also provides 
resolution for timing errors associated with transmission of 
synchrophasors over the communication network.  
 
Prevailing synchrophasor data concentration guidelines 
detail message framework protocols, neglecting specific 
outline for PDC operating parameters under dynamic 

latency scenarios. [9 – 13] emphasize an effort to provide 
a standard guideline to counterbalance this discrepancy. 
This paper considers the IEEE C37.118.2-2011 standard 
for synchrophasor data transfer for power systems, and the 
PC37.244-2013 assignment guide for phasor data 
concentration  which are documents that provide a more 
detailed outline for concentration of synchrophasors 
together with clearly defined message framework protocol.  
 

2.1 C37.118.2-2011 for Synchrophasor Data Transfer 

The C37.118-2005 extends the C37.118-2005, 
maintaining backward compatibility. The standard clearly 
defines a messaging protocol that can be employed by all 
communication systems, highlighting the report rates for 
incoming PMU data frames which are sub-multiples of the 
system frequency. It includes a new configuration message 
better suited to handle larger data sets. It also outlines 
improved scaling, PMU parameter reporting and an 
improved naming convention. 
 

2.2 C37.244-2013 Guide for Phasor Data Concentration 

The C37.244-2013 details performance, functional, and 
communication requirements for PDCs for power system 
protection, control, and monitoring applications. It also 
specifies conformance tests related to application specific 
PDCs outlining requirements for synchronization, 
synchrophasor data processing, and real-time access. 
 
Other standards include the PC37.247 standard for phasor 
data concentrators and the IEC 61850-90-5 protocol for 
transmitting digital state and time synchronized power 
measurement over wide area networks. 
 

3. SYNCHROPHASOR DATA LATENCY AND 
WAIT TIME POLICY 

 
Latency and wait time policy are both essential 
considerations associated with packet data transmission 
over any network. Figure 2 illustrates latency sources 
specific to synchrophasor data transmission between 
PMUs and PDCs. 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Latency sources related to data transmission 
between PMUs and PDCs 

 
 
 
 

𝑡pmuLatency 𝑡transmission 𝑡pdcLatency 

Network PMUs Network  Remote PDC 
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The component latency sources include; 

𝑡transmission : transmission time through the network 

 𝑡pmuLatency =  𝑡pmuProcess + 𝑡pmuReport (1) 
 

 𝑡pdcLatency =  𝑡pdcWait + 𝑡pdcProcess (2) 
 

Considering the  𝑡source  component latency, PMUs 
accurately sample voltage and current phasor 
measurements at time intervals specific to a global time 
source. A data packet is subsequently constructed based on 
the assembled message frame consisting of the phasor 
measurements. The assembling of the message frame and 
the construction of the data packet justify the latency. 
Acceptable latency for this process is defined in [10]. Data 
packet transmission delays through the network are 
directly related to the network specifications which take 
account of, network size and the outlined communication 
protocol which can either be UDP/IP or TCP/IP. In most 
cases, the largest source of latency results from long 
distance transmission along the Ethernet wire. The wire-
line latency   𝑡WL  equation for a 100 km fiber optic cable 
from [11] is: 
 

 
          𝑡WL =  

1 𝑥 105𝑚

0.67 ∗ 3𝑥108 𝑚
𝑠

 ≈ 500𝜇𝑠  

 
                         𝑡WL =  

1 𝑥 103𝑚

0.67 ∗ 3𝑥108 𝑚
𝑠

∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑘𝑚  

 
  𝑡WL  ≈ 5𝜇𝑠 𝑥 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑘𝑚 (3) 

 
It should be noted that network latency,  𝑡transmission  is 
independent of PDC operation but still requires stringent 
stipulation to ensure successful data concentration.  
Figure 3 illustrates latency resultant from the phasor data 
concentration process  𝑡process   [5]. 
 
 
 
 
 
 
 
 
 

Figure 3: PDC processing latency  
 
The phasor data concentration process employs a buffer 
which temporarily retains the data for a specified time 
interval to negate  𝑡transmission  latency. With respect to PDCs, 
the buffer size refers to a specified time interval for which 
synchrophasor data is temporarily retained before 
procession. The definition of this time-interval is 
application specific, and depends on the PDC 
(hardware/software) constrictions. With reference to 
Figure 3, the “start process” refers to the instance where 

the PMU input has arrived or the maximum wait time has 
elapsed. The “end process” is when the output frame is 
transmitted by the PDC. The period between the “start 
process” and the “end process” defines the PDC latency.  
 
The wait time is an application specific latency component 
that is determined by the operational characteristic of the 
PDC. Generally, the maximum wait time is 
characteristically set to accommodate all PMU inputs 
timely, factoring predicted network delays. Ideally, the 
maximum wait time should be higher than the average time 
difference between the last and first arriving PMU inputs 
[5]. For the case where the PDC does not receive all PMU 
data timely, the missing data is flagged, discarding the late 
PMU measurements should they arrive at a later stage.  
 

4. SIGNIFICANCE OF THE C37.238-2011 AND 
MITIGATING LATENCY  

 
The C37.238-2011 IEEE standard profile, for use of IEEE 
1588 PTP in power system applications introduces a 
paradigm shift across which potential real-time 
synchrophasor-based applications are considered in 
energy management systems at substation level. 
Implementing these synchrophasor-based applications at 
substation level necessitates real-time concentrated 
synchrophasor data access. Figure 4 illustrates 
synchrophasor data latency related to real-time 
concentrated synchrophasor data access. 
 
 
 
 
 
 
 
 
 

Figure 4: Synchrophasor data latency 
 
With reference to Figure 4 [5], synchrophasor data latency 
can therefore be expressed in terms of Equations [1 – 2] as 
given in Equation 3. 
 
𝑡synchrophasorDataLatency = 𝑡pmuReport + 𝑡transmission +  𝑡pdcLatency (4) 

 
It is critical to establish low synchrophasor data latency. 
Synchrophasor data latency describes difference in time 
interval between the timestamp on the data and the UTC 
time for the point in question. The main factors that 
influence latency include; 
 

x buffer size 
x number of phasors 
x number of input data streams 
x number of output data streams 
x number of data processing functions in operation 

 

wait-time 
latency 

“Real-time, 
concentrated 
synchrophasor 
data access” 

synchrophasor data latency 

“start process” “end process” 

𝑡pmuReport 

𝑡transmission 
𝑡process 

𝑡pmuProcess 
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Figure 5: Algorithm implementation flow chart  

With reference to Figure 4, the wait time is defined as the 
maximum time interval for which a PDC collects data from 
a specified number of PMU data streams. It is the time 
interval added to the message arrival timestamp. Once time 
stamped, no further data can be accepted [6]. Considering 
data aggregation cases affected by adverse synchrophasor 
data latency, upon expiry of the wait time not all 
synchrophasor data will be present.  
 

5. ALGORITHM FOR MITIGATING 
SYNCHROPHASOR DATA LATENCY  

 
For each specified wait time policy, should data from a 
specific PMU not arrive timely, when the maximum wait 
time interval lapses the anticipated but not received data is 
filled with absent data value, Not a Number (NaN) as 
specified in [6]. Explicit application operational 
characteristics that depend on real-time access of 
concentrated synchrophasor data may be compromised, 
unable to execute accurate operation due to the anticipated 
but missing data. [6] in abstruse is this regard, limited to a 
NaN filler value and not stating any alternative methods 
for future real-time applications to be developed based on 
practical application of synchrophasors in protection 
schemes that rely on real-time high precision 
measurements [7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

An algorithm for mitigating this discrepancy is provided 
here. As opposed to filling missing synchrophasor data 
measurements with a NaN filler value as proposed by [6], 
this paper presents a two part algorithm given by Equation 
5 and Equation 6 for evaluation of subsequent 
synchrophasor data that is expected but not received. 
 
 

𝑋𝑟(𝑘) =  𝑋𝑟(𝑘−1) + [
(𝑋𝑟(𝑘−1) − 𝑋𝑟(𝑘−2)) + (𝑋𝑟(𝑘−2) − 𝑋𝑟(𝑘−3))

2 ] (5) 

 
 𝑋𝑖(𝑘) =  𝑋𝑖(𝑘−1) +  [(𝑋𝑖(𝑘−1)−𝑋𝑖(𝑘−2))+(𝑋𝑖(𝑘−2)−𝑋𝑖(𝑘−3))

2
]   

 
(6) 

  
The equations consider the archived data of real 𝑋𝑟 and 
imaginary 𝑋𝑖 components of the coherent synchrophasor 
measurements discretely, as illustrated in the flow chart in 
Figure 5 
  

PMUn Data Stream 

Is anticipated 
(𝑋𝑟(𝑘), 𝑋𝑖(𝑘))  

 received? 

𝑋𝑟(𝑘)  
 

𝑋𝑖(𝑘) 
 

𝑋𝑟(𝑘−1) 
 

𝑋𝑟(𝑘−2) 
 

𝑋𝑟(𝑘−3)  
 

𝑋𝑟(𝑘=1)  
 

𝑋𝑖(𝑘−1) 
 

𝑋𝑖(𝑘−2) 
 

𝑋𝑖(𝑘−3)  
 

𝑋𝑖(𝑘=1)  
 

GPStime stamp = 𝑡0 
 

GPStime stamp = 𝑡𝑛 
 

GPStime stamp = 𝑡𝑛+1 
 

GPStime stamp = 𝑡𝑛+2 
 

GPStime stamp = 𝑡𝑛+3 
 

PDC PROCESSING 
 

𝑋𝑟(𝑘) =  𝑋𝑟(𝑘−1) +  (𝑋𝑟(𝑘−1)−𝑋𝑟(𝑘−2))+(𝑋𝑟(𝑘−2)−𝑋𝑟(𝑘−3))

2
   

 
𝑋𝑖(𝑘) =  𝑋𝑖(𝑘−1) +   (𝑋𝑖(𝑘−1)−𝑋𝑖(𝑘−2))+(𝑋𝑖(𝑘−2)−𝑋𝑖(𝑘−3))

2
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The algorithm is incorporated into the PDC processing 
method and implemented in the developed CSAEMS 
testing software utility. The algorithm is based on 
extrapolation, where the algorithm utilizes the last two 
known samples to evaluate the expected but absent sample. 
With reference to Figure A4, k identifies the discrete 
sample number where at  𝑡0 , k = 1. 
 
Section 8 details how the algorithm is verified under real-
time conditions discussing the results and feasibility of the 
algorithm in Section 9. 
 
6. DEVELOPED LATENCY TESTING SOFTWARE 

UTILITY  
 
The Latency test tool is developed observing standard 
specification guidelines specified in [5] and [6]. It is tested 
and verified in accordance to performance requirements 
outlined in the [4], [5], [6], [7], [14] and [15] standard 
guidelines. 
 
The GUI presented in Figure A1 emphasizes simplicity 
with flexible user control, extending parameter 
specification and settings that relate to; the Ethernet 
transmission protocol, PMU network identification, and an 
exporting function to export database archived data for 
third party trend analysis. 
 

7. TEST BENCH DESCRIPTION 
 
The simulation considers two case studies in which the 
impact of latency for different report rates is evaluated. In 
each case study two PMUs with identical report rates are 
utilized. One PMU is exposed to induced latency while the 
other is used as a control PMU operating under ideal 
conditions to facilitate comparative analysis.  
 
The proposed algorithm is verified for the Real-Time 
Digital Simulation (RTDS) RSCAD power network given 
by Figure A3. In the network, a two winding differential 
scheme consist of a 115 kV source connected to the wye 
side of a 115 kV transformer while the delta side of the 
transformer is connected to a 230 kV rated transmission 
line 100 km long to a 230 kV source at a frequency of 50 
Hz. The PMUs in this simulation are connected to the wye 
side CT which are also connected to a low impedance 
differential relay. 
 

8. SIMULATION AND RESULTS 
 
With reference to Figure A2 in Appendix A, PMU1 and 
PMU2 are configured with a report rate of 200 frames per 
second, where PMU1 is the control, and adverse latency is 
induced in PMU2s’ synchrophasor measurement data  
transmission path. PMU3 and PMU4 are configured with 
a report rate of 25 frames per second, where PMU3 is the 
control and similarly, adverse latency is induced in 

PMU4s’ synchrophasor measurement data  transmission 
path. Configuration of the 4 P- Class PMUs is given in 
Table I. 

TABLE I.  PMU SETTINGS 

 PMU1 PMU2 PMU3 PMU4 

ID 30 31 32 33 

Report rate 
(frames / second) 200 200 25 25 

protocol C37.118 C37.118 C37.118 C37.118 

Base frequency 
(Hz) 50 50 50 50 

Phasor output 
format 

Cn & 
Phi 

Cn & 
Phi 

Cn & 
Phi 

Cn & 
Phi 

Phasor number 
format real real real real 

Frequency 
number format real real real real 

Simulation 
Configuration 

CASE 1: 
Control 
PMU 

 

CASE 1: 
latency 
affected 

PMU 

CASE 2: 
Control 
PMU 

 

CASE 2: 
latency 
affected 

PMU 

A statistical approach is employed in analyzing the 
simulation results, studying the synchrophasor 
measurement time logs for the received data, together with 
absent but expected data. The PDC latency test tool time 
stamps arrival of messages from the four PMUs. Analysis 
of data from the PDC provides statistics regarding the 
performance and quality  of each PMU path. All four 
PMUs are connected to the same source on the power 
system network and the resultant data provides an 
indication of impact severity of latency for a high sample 
rate of 200 frames per second and a moderately low sample 
rate of 25 frames per second. Figure A4 illustrates 
graphical representation of synchrophasor data relating to 
PMU2 superimposed on top of PMU1  at 200 frames per 
second, while Figure A5 illustrates graphical 
representation of synchrophasor data relating to PMU4 
superimposed on top of PMU3  at 25 frames per second.  
 
Figure A6 and Figure A7 illustrate the experimental results 
after implementing the developed algorithm. These results 
are discussed in Section 9. 
 

9. DISCUSSION OF RESULTS 
 
The developed CSAEMS Latency test tool facilitates 
critical analysis of synchrophasor measurement data, 
which is exported from the utility database and analysed in 
Matlab. Figures [A4 – A7] illustrate the impact of adverse 
synchrophasor latency and subsequent data loss. In Figure 
A4 and Figure A6, the discrete data samples acquired from 
the PMUs (PMU 2 and PMU4) effected by latency are 
superimposed on discrete data samples acquired from the 
PMUs (PMU 1 and PMU3) performing under ideal 
conditions respectively. Performance evaluation for the 
200 frames per second case and 25 frames per second case 
indicate that the severity of the impact of the adverse 
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synchrophasor data latency and subsequent data loss is 
independent of the specified report rate for each PMU. 
Successful mitigation of this data loss is illustrated in 
Figures [A8 – A11].  Upon implementation of the 
developed algorithm, samples that are discarded after lapse 
of the wait time interval are replaced with filler values 
evaluated by the algorithm. The results validate 
implementation of the algorithm for future high precision 
applications that acknowledge C37.238-2011and require 
coherent real-time access of concentrated synchrophasor 
measurement data. 
 

10. CONCLUSION 
 
Ambiguity of the C37.118.2-2011 and the C37.244-2013 
regarding an outline detailing synchrophasor data latency 
mitigation and packet loss under dynamic conditions does 
not support development of high precision applications 
based on [7] which require coherent  real-time 
synchrophasor concentrated data access.  
 
The Algorithm proposed in this paper is validated, 
mitigating the effects of synchrophasor data latency and 
packet loss. As an independent solution, the algorithm may 
be considered for development of future application 
specific PDCs that employ synchrophasors in protection 
schemes to administer real-time high precision 
measurements. 
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Figure A1: Developed synchrophasor latency test tool 

APPENDIX A:  
SIMULATION TESTS AND REULTS 

 

Figure A1 illustrates the developed latency test tool 
used to evaluate synchrophasor data latency. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2 presents a block diagram  used for the 
investigation, where the algorithm is implemented using 
the developed PDC software utility data stream latency 
testing tool while Figure A3 presents the subsequent 
RSCAD power network. Figures [A4 – A11] presents 
respective simulation results described in Section 9. 
 
 
 
  

Figure A2: PMU simulation set up 
 

PMU1 - 200 frames / sec 

PMU2 - 200 frames / sec 

PMU3 - 25 frames / sec 

PMU4 - 25 frames / sec 

PDC real-time 
access 

Algorithm 
impemented in 

data concentration 
process                .         𝑡process 

real-time application based 
on the C37.238-2011 

 

 

PMUsource 
 

Figure A3: Power system network over which the PMUs report  
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Figure A4: Impact of adverse latency and data packet loss on 
real-time access of concentrated synchrophasor data related to 

PMU2 
 

Figure A5: Error Margin between PMU1 and PMU2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Report Rate : 
PMU1: 200 (frames / second)  
PMU2 : 200 (frames / second) 

 

the expected but not received measurement data 
is filled with NaN values which are indicated on 
the zero line 
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Figure A7: Error Margin between PMU3 and PMU4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure A6: Impact of adverse latency and data packet loss on 
real-time access of concentrated synchrophasor data related to 

PMU4 

Report Rate : 
PMU3: 25 (frames / second)  
PMU4 : 25 (frames / second) 

 
the expected but not received measurement data 
is filled with NaN values which are indicated on 
the zero line 
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Figure A9: Error Margin between PMU1 and PMU2 after 
implementing developed algorithm 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure A8: Resulting effect upon implementation of developed 
algorithm for mitigating packet loss related to PMU2 

synchrophasor data  

Report Rate : 
PMU1: 200 (frames / second)  
PMU2 : 200 (frames / second) 

 

the expected but not received measurement data 
is filled with values computed by the developed 
and implemented algorithm. Superimposing 
PMU2 on PMU1, the algorithm-based filler values 
are comparable with the values of PMU1 which is 
unaffected by the latency induced in PMU2 
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Figure A11: Error Margin between PMU3 and PMU4 after 
implementing developed algorithm 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A10: Resulting effect upon implementation of developed 
algorithm for mitigating packet loss related to PMU4 

synchrophasor data  
 

Report Rate : 
PMU3: 25 (frames / second)  
PMU4 : 25 (frames / second) 

 

the expected but not received measurement data 
is filled with values computed by the developed 
and implemented algorithm. Superimposing 
PMU4 on PMU3, the algorithm-based filler values 
are comparable with the values of PMU3 which is 
unaffected by the latency induced in PMU4 
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Abstract: This paper presents the results of detailed validation of power transformer models for real-
time simulator testing of protection relay hardware to assess the susceptibility of the relays to 
maloperation due to the influence of geomagnetically-induced currents (GICs). The results show that 
detailed modelling of a transformer's magnetic core characteristics are required to correctly predict its 
saturation characteristics under GIC conditions. 
 
Key words: UMEC transformer model, GIC, model validation. 
 
 
 

1. INTRODUCTION 
 

Geomagnetic disturbances associated with solar storms 
can give rise to GICs in power transmission grids that can 
cause damage to key plant in the grid, as well as 
disruption to the normal operation of the grid [1]. Eskom 
has been carrying out investigations into the likely extent 
and impact of GICs in its transmission network [2]. The 
authors' work has been focused on one particular activity 
within this initiative, namely the investigation into the 
performance of protection systems under GIC conditions. 
Power transformers in the grid that are subjected to 
components of geomagnetically-induced, quasi-DC 
currents can (depending on the size of these currents and 
the type of transformer) become temporarily half-cycle 
saturated, giving rise to elevated harmonic content in the 
currents and voltages in the parts of the network 
surrounding the affected transformers. This elevated 
harmonic content could then result in incorrect operation 
of protection relays, leading to either incorrect tripping of 
key network components such as transformers and 
capacitors during a geomagnetic disturbance event, or 
failure to clear genuine faults during such events [1]. 
 
The aim of the authors' contributions to Eskom’s 
investigations into GIC preparedness has been to 
understand how the protection relays in Eskom’s 
transmission network are likely to be affected (from the 
perspectives of both security and dependability) in the 
presence of the DC currents associated with GICs, as well 
as in the presence of harmonic distortions in their AC 
measurement quantities as a result of half-cycle saturation 
of the power transformers in the system. Some of the 
findings regarding the performance of protection schemes 
under GIC conditions have been presented in [3]. 
However, the aim of this paper is to discuss the level of 
mathematical simulation model of power transformers 
that was found to be necessary when carrying out GIC 

studies, and the approach taken to validate the models of 
power transformers for use in such studies. 
 

2. SMALL-SCALE STUDY SYSTEM 
 
In order to consider the likely impact of GICs on 
protection relays in the Eskom network a detailed model 
of an intentionally small-scale study system (shown here 
in Fig. 1) was implemented on a real-time digital 
simulator (RTDS) in order to carry out extensive 
hardware-in-the-loop tests on a number of actual 
protection relays used in the field in order to assess the 
impact of GICs on all the principal types of protection 
scheme (e.g. impedance, current differential, etc.) and for 
a representative range of relay technology vintages still in 
use by Eskom for each such type of scheme. 
 
The topology chosen in Fig. 1 allowed for the two main 
types of power transformer (and their vector groups) 
predominant in Eskom’s actual transmission network to 
be included in the system model, with one of each type of 
transformer located at each end of the study system: a 
two-winding, Ynd1, generator transformer was included 
at Substation A, and a three-winding, YNynd1, auto 
transformer was included at Substation B. The chosen 
topology also allowed for injection of DC current into the 
neutral of one transformer (at Substation A) and provided 
a return path to ground via the neutral of the other 
transformer (at Substation B) in order to represent the 
effects of GICs on the plant in the study system model. In 
the RTDS model of the small-scale study system, the GIC 
current was injected by applying a DC voltage source 
between the neutrals (earthing mats) of the two 
substations – Substation A and B. In this way the correct 
distribution of GICs (not only through the transformer 
neutral but also all other elements at each substation) was 
simulated. 
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A detailed evaluation of the mathematical models 
available in the RTDS environment, and their suitability 
for the study of GIC-related phenomena, was undertaken 
for each of the key components making up this power 
system. However, this paper focuses specifically on the 
approach taken to validate the mathematical models of 
power transformers for the study of GIC phenomena. 
 

3. MODELS OF POWER TRANSFORMERS 
 
The RSCAD simulation software used to develop 
simulation cases to run on RTDS Technologies real-time 
simulators provides, in addition to its standard models of 
power transformers, a so-called UMEC (unified magnetic 
equivalent circuit algorithm) model in order to represent 
the inter-phase coupling of 3-limb and 5-limb power 
transformers [4]. According to [4], the conventional 
three-phase transformer models used in EMT-type 
simulation programmes assume that the three phases of 
the transformer are independent, at least with respect to 
the magnetic circuit of the transformer, so that the three 
phases of the magnetic circuit are balanced and the fluxes 
in the core legs and yokes are as they would be in three 
single-phase transformers with their electrical windings 
connected together in a three-phase arrangement (shown 
diagrammatically in Fig. 2(a)). In reality though, the 
saturation of the iron in three-phase transformers is not 
uniform and in both 3-limb and 5-limb transformer cores, 
even under normal conditions, there is a degree of 
asymmetry in the magnetisation of each phase because of 
the different reluctances of the magnetic circuit paths in 
the iron core between different phase windings.   
 
When studying the impact on transformers of phenomena 
like GICs, these transformer core modelling details 
become very important, since all three of the limbs of the 
transformer core that carry phase windings may be 
saturated by DC components of flux in the same 
direction, and the presence of outer limbs in the magnetic 
circuit of a 5-limb transformer provides a path for the 
resultant (residual) flux to flow, whereas the absence of 
any outer limbs in a 3-limb transformer core structure 
impedes the flow of the residual flux. Hence the details of 
the core structure greatly influence the extent to which 
the transformer is likely to be saturated as a result of 
these DC fluxes caused by the flow of GICs through the 
transformer phase windings, and it is important both that 
the true core structure of the transformer’s magnetic 

circuit, and the mutual coupling between different parts 
of the transformer’s magnetic circuit, are properly 
represented in such studies. 
 
The UMEC model allows the user to simulate any type of 
three-phase transformer arrangement that has multiple 
windings per phase arranged on coupled limbs of a 
magnetic circuit as shown in Fig. 2(b) (3-limb 
transformer core type) or Fig. 2(c) (5-limb transformer 
core type). The model uses the normalised core concept 
to allow the magnetic characteristics of the core 
arrangements to be represented in the required level of 
detail, whilst only requiring a minimum amount of 
parametric data from the user (specifically, information 
about: the voltage rating of each electrical winding; the 
ratios between cross-sectional areas of the core limbs and 
yokes; the ratios between the lengths of the core yokes 
and limbs) [5]. 
 

 

Fig. 2 – Representations of three-phase transformer cores in 
simulation models (a) standard model; (b) 3-limb UMEC 

model; (c) 5-limb UMEC model. 

 
Fig. 1 – Topology of the small-scale study system. 
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4. EXPERIMENTAL VALIDATION OF THE UMEC 
MODEL FOR GIC CONDITIONS 

 
4.1 Laboratory test transformer 

For the purposes of this project extensive tests were 
carried out on a practical three-phase transformer in a 
laboratory for both 3-limb and 5-limb core constructions 
to establish confidence in the UMEC model for the 
particular application of GIC studies (the UMEC model 
has already been extensively validated for more-general 
application studies in other work [4,5] by its developers.  
 
For these tests a three-phase, 10 kVA transformer with a 
3-limb core construction was available whose core 
dimensions could be directly measured since the 
transformer’s core is exposed. A second transformer was 
found that had been scrapped, and this transformer was 
stripped, and the magnetic steel laminations from its core 
were then used to construct outer limbs that could be 
bolted on to the core of the 10 kVA transformer to allow 
it to be readily converted between a 3-limb core structure 
and a 5-limb core structure for comparative tests. The 
cross-sectional area and length ratio parameters of these 
outer limbs that were added to the laboratory transformer 
turned out to closely approximate those of the outer limbs 
of an actual transformer at Eskom's Midas substation; the 
Midas transformer parameters had been provided for use 
in the main studies of this project as a representative 
example of a large, transmission transformer of 5-limb 
core construction. Furthermore, as mentioned previously, 
the added outer limbs were constructed from magnetic 
steel laminations taken from another transformer, so the 
conversion of the 10 kVA laboratory test transformer 
between 3-limb and 5-limb core constructions was done 
in a realistic and representative manner. 

4.2 Response to steady-state and transient DC currents 

The first set of tests was conducted to assess the UMEC 
transformer model’s mutual coupling and transformation 
behaviour in response to steady-state and transient DC 
currents flowing in its windings.  
 

 

Fig. 4 – Practical test used to verify UMEC transformer model 
under DC and near-DC energisation conditions. 

 
Fig. 4 shows a diagram of the test arrangement in which a 
battery was used to apply a step input DC voltage to the 
Phase-B primary winding on the centre limb of the 
laboratory transformer whilst the resulting induced 
voltages were measured on all six windings. This test was 
carried out for both 3-limb and 5-limb core types with the 
primary windings connected in star and the secondary 
windings connected in both star and delta arrangements. 
The voltages induced in all six windings for each of these 
four test cases were measured and compared against an 
RTDS simulation model of the same test arrangement 
using a carefully-parameterised UMEC model of the 
laboratory transformer (with either a 3-limb or 5-limb 
core as appropriate). 
 

 
Fig. 3 – Photo showing 10 kVA transformer with temporary outer limbs in place to create a 5-limb-type core construction. 
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The results from one of these tests appear in Fig. 5 and 
show very close agreement between the laboratory 
measurements and RTDS simulations. The transient 
voltages induced in each winding in the simulation model 
in response to the DC step input voltage on the Phase-B 
primary winding all showed the correct amplitudes and 
polarities relative to the measured results for both 3-limb 
and 5-limb core constructions. Furthermore, the results 
showed that once the transients are over, and the Phase-B 
primary winding carries constant DC current as a result of 
the applied DC voltage, there are no induced voltages on 
any other windings as would be expected (i.e. the 
transformer model correctly responds to steady-state DC 
and slowly-changing “near-DC” transient currents) 
 

 
Fig. 6 – Practical test used to verify UMEC transformer model 

under simultaneous DC and AC energisation conditions. 
 
4.3 Response to steady-state DC and AC currents 

A second set of tests was carried out to assess the UMEC 
model’s performance when energised normally with AC 
input voltages on its star-connected primary winding 
whilst DC current was injected into the neutral of this 

primary winding to replicate GIC conditions. This test 
was done for a star-delta winding arrangement with a 
small resistive load being fed from the delta-connected 
secondary winding (equal to approximately 15% of the 
transformer’s power rating) for both 3-limb and 5-limb 
core types. Fig. 6 shows a diagram of the experimental 
test arrangement. 
 
Fig. 7 shows a comparison of real-time simulation results 
against measurements made on the 5-limb, star-delta 
transformer configuration in the laboratory when DC 
current was injected into the neutral during AC 
energisation of the transformer. Fig. 7 shows the 
distortion in the currents measured in the secondary 
(delta) phase windings of the transformer as a result of 
the half-cycle saturation caused by injecting steady-state 
DC current, via the neutral, through its star-connected 
primary windings. Once again there is good agreement 
between the measured results and those predicted by the 
5-limb UMEC model in the RSCAD simulations of the 
laboratory tests. 
 
Fig. 7(b) also shows a plot of the MMF versus flux 
obtained from the 5-limb UMEC model of the laboratory 
transformer captured during the real-time simulation of 
the laboratory test results. The locus of the MMF versus 
flux plot clearly demonstrates the degree of half-cycle 
saturation in the transformer as a result of the flow of DC 
current in the negative direction in its primary windings 
(i.e. upwards, from the neutral), forcing the transformer 
core much further past its knee point and into the 
saturated region of its magnetisation characteristic on the 
negative half cycle, and resulting in no movement past 
the knee point into saturation at all on the positive half 
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Fig. 5 – UMEC model performance versus laboratory measurements for DC step voltage input test on a 3-limb, Y-Y transformer. 
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                                                                   (a)                                                                                                             (b) 

Fig. 7 (a) – UMEC model performance versus laboratory measurements of secondary winding variables during AC energisation of 
a 5-limb, star-delta transformer with simultaneous injection of DC current into the neutral; (b) –  MMF versus flux captured from 
the UMEC model of the 5-limb, star-delta transformer during the tests shown in part (a). 
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                                                                   (a)                                                                                                             (b) 

Fig. 8 (a) – UMEC model performance versus laboratory measurements of secondary winding variables during AC energisation of 
a 3-limb, star-delta transformer with simultaneous injection of DC current into the neutral; (b) –  MMF versus flux captured from 
the UMEC model of the 3-limb, star-delta transformer during the tests shown in part (a). 

cycle. Physically, such half-cycle saturation in response 
to the injection of the DC currents is made possible by the 
presence of the outer limbs in the 5-limb core structure of 
this transformer, which provide a closed, low-reluctance 
path for the resulting residual flux to flow. The close 

agreement between the simulated and measured results in 
these tests indicates that the UMEC model is able to 
correctly represent these characteristics of a practical 5-
limb transformer under simultaneous steady AC and DC 
current injection. 
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Fig. 8 shows a comparison of real-time simulation results 
against measurements made on the star-delta transformer 
in the laboratory when DC current was again injected into 
the neutral during AC energisation of the transformer, but 
now for the case when the test transformer had a 3-limb 
core construction. Fig. 8 shows that in this case, even 
though the same amplitude of DC current was injected 
into the transformer neutral as was the case during the 
tests in Fig. 7, there is now little distortion evident in the 
currents measured in the phase windings of the 
transformer. However, once again there is good 
agreement between the measured results and those 
predicted by the 3-limb UMEC model in the RSCAD 
simulations of the laboratory tests. 
 
Fig. 8(b) also shows a plot of the MMF versus flux 
obtained from the 3-limb UMEC model of the laboratory 
transformer captured during the real-time simulation of 
the laboratory test results. The locus of the MMF versus 
flux plot clearly demonstrates that there is now no half-
cycle saturation of the transformer, despite the flow of 
DC current in its primary windings: the locus of the 
MMF versus flux plot exhibits the characteristics one 
would expect under normal AC energisation, that is it 
moves symmetrically up and down the magnetisation 
curve of the transformer, past the knee point, in both the 
first and third quadrants on successive positive and 
negative half cycles of the AC input voltage waveform. 
This absence of any half-cycle saturation of the 
transformer in response to the injection of the DC 
currents is because of the absence of a closed, low-
reluctance path for residual flux to flow in a 3-limb 
transformer core construction. The close agreement 
between the simulated and measured results in these tests 
indicates that the UMEC model is able to correctly 
represent these characteristics of a practical 3-limb 
transformer under simultaneous steady AC and DC 
current injection. 
 
On the basis of the comparisons with laboratory tests, the 
UMEC transformer model in RSCAD was shown to be 
suitable for predicting the performance of power 
transformers (both of 3-limb and 5-limb core construction 
types) for the GIC studies in later tasks of the project.  
 

5. COMPARISON OF UMEC AND REGULAR 
TRANSFORMER MODELS 

 
The UMEC model is mathematically complex, and 
therefore requires significant processor resources for its 
solution on a real-time simulator. As a result, further 
investigations were carried out in order to compare the 
regular (i.e. standard) transformer models available in 
RSCAD against that of the UMEC model in order to 
assess whether the full complexity of the UMEC model is 
necessary to represent the performance of 5-limb type 
power transformers under GIC conditions.  
 
In these further investigations, the regular RSCAD 
transformer model and the UMEC transformer model 

performances were compared when both were energised 
normally with AC input voltages on their star-connected 
primary windings whilst DC was injected  in the  neutral 
of their primary windings to replicate GIC conditions. 
This approach was used to compare the performance of 
the 5-limb UMEC and regular models of a YNYn 
400/275 kV transformer in RSCAD under GIC conditions 
with the transformer on no-load conditions. Both 
transformers were rated at 800 MVA and their electrical 
parameters and ratings were taken from those of the 
primary and secondary windings of an actual transformer 
in the Eskom transmission system. 
 
Fig. 9 shows a comparison of the primary currents 
flowing in the HV (400 kV) windings of the two YNyn 
transformer models (5-limb UMEC and regular) when 
their secondary windings are open circuited and 43 Amps 
of DC current is injected upwards into the neutral of both 
transformers to simulate the flow of GICs. The value of 
43 Amps of DC current was chosen as this corresponds to 
approximately 75% of the amplitude of the AC 
magnetising currents drawn by this transformer under 
normal, no-load conditions (i.e. in the absence of GICs). 
As such, this level of DC bias current is sufficient to 
cause significant half-cycle saturation of the transformer. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 – Primary winding currents predicted by regular RSCAD 
model and 5-limb UMEC model of a YNyn transformer with its 
secondary winding open circuited and DC current injected into 

the neutral of its primary winding. 

The primary currents of both transformer models in Fig. 9 
exhibit strong characteristics of half-cycle saturation as a 
result of the injection of an additional component of DC 
current in their primary windings of approximately 75% 
of the amplitude of the normal AC magnetising currents. 
Under these tests conditions, the half-cycle saturation of 
the transformer, and its impact on the magnetising 
currents drawn by the transformer, are easy to discern 
since the secondary windings of the transformer are open 
circuited, and hence the only components of current 
present in the primary windings are the magnetising 
currents of the transformer and their distortion as a result 
of the bias of the DC current forced through the 
transformer neutral point. 
 
When comparing the impact of the DC current injected 
into the neutrals of the two transformer models, both 
models predict broadly similar characteristics (i.e. 
broadly similar shapes) of the distorted primary currents 
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as a result of half-cycle saturation. The differences that 
can be seen in the characteristic shapes of the saturated 
primary currents predicted by each of the two models can 
be explained as follows. Firstly, the peak amplitudes of 
the saturated currents are different in each phase of the 
UMEC model, whilst these peaks are of equal amplitude 
in each phase in the regular RSCAD model. This 
difference between the models is exactly as expected, 
since only the UMEC model correctly represents the 
asymmetric core structure, and hence the different 
reluctances and susceptibility to saturation in each phase 
of the transformer’s magnetic circuit that are actually 
present in a practical three-phase transformer.  
 
Secondly, the UMEC model shows some small 
distortions in the transformer currents at points on the 
current waveforms where the amplitudes are relatively 
small. These distortions are not present in the 
magnetising currents of the regular transformer model, 
since the regular model uses a pre-programmed, 
continuous (i.e. smooth) function to represent the shape 
of the transformer’s magnetising characteristic, based on 
standard parameters entered by the user. By contrast, the 
UMEC model requires the user to manually enter 10 
points from a measured magnetisation curve in order to 
characterise the shape of the transformer’s magnetisation 
characteristics.  
 
However, when comparing the results predicted by the 
two transformer models in Fig. 9, the most important 
difference is in the overall amplitude of the saturated 
peaks in transformer magnetising current predicted by 
each model. As has been seen earlier in the laboratory test 
measurements, the UMEC model is able to fairly 
accurately predict the magnitudes of the currents of a 
five-limb transformer under similar test conditions (i.e. a 
mix of normal AC winding currents and DC current 
injected into the transformer neutral). The response 
predicted by the UMEC model of a two-winding YNyn 
transformer when now compared with that predicted by a 
regular RSCAD model of the same transformer, shows 
that the regular RSCAD transformer model significantly 
overestimates the amplitude of the saturated peaks in the 
transformer magnetising currents. (The peak currents 
predicted by the regular RSCAD transformer model are 
approximately three times the amplitude predicted by the 
UMEC model). Consequently, any harmonic distortion in 
the wider power system as a result of GIC-induced half-
cycle saturation would also be significantly overestimated 
using the regular RSCAD transformer model.  
 
 
 
 
 
 
 
 
 
 

6. CONCLUSION 
 
This paper has presented the results of laboratory 
measurements and comparative simulation studies to 
assess the suitability of transformer models for the study 
of GIC in power systems. The results show that proper, 
detailed representation of both the actual type (3-limb 
versus 5-limb) of the transformer's magnetic core 
construction, as well as the relative dimensions of the 
limbs in the magnetic core are needed in order to predict 
whether half-cycle saturation of the transformer will 
occur under GIC conditions, and the extent of any such 
half-cycle saturation. Models that are unable to represent 
the magnetic core characteristics of a three-phase power 
transformer in this level of detail are therefore not 
suitable for use in GIC studies. 
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Abstract: Power system protection schemes are designed to detect faults on the network and to 
disconnect the affected elements of the power system during fault conditions. Protection operations 
are investigated to determine the efficiency of the protection system. This paper discusses the value of 
such investigations in identifying problems on the power system and in improving the power system. 
Two case studies demonstrate the process and the value of protection performance investigations. 
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1. INTRODUCTION 
 

The objectives of power system protection are to prevent 
loss of life, minimise damage to equipment, and prevent 
unnecessary customer interruption. The protection system 
detects faults on the network and disconnects the affected 
elements of the power system during fault conditions [1]. 
The protection system should not disconnect portions of 
the power system in the absence of a fault, and in the 
event of a fault, it should only disconnect the smallest 
portion of the power system necessary to isolate the fault. 
When the protection system fails to do this it is seen as a 
mal-operation. 
 
Protection scheme designs and settings calculations are 
done in accordance with national protection standards and 
philosophies. The protection settings are calculated based 
on the current ratings of the equipment and simulated 
fault current values at the intended reach of the protection 
system. For phase-to-phase faults, the simulated fault 
current values are accurate. For phase-to-earth faults, the 
simulated values may differ from the actual fault current 
values. This is due to the variance of the ground 
resistance. Even if the ground resistance is measured at 
every point along a feeder and these measured values are 
used to calculate the earth fault currents at each point, it 
will still not be 100% accurate because the ground 
resistance changes over time with the moisture content of 
the ground. Therefore a small chance exists that the 
protection system might fail to operate or operate 
incorrectly for some earth faults.  
 
After a protection operation occurred, the functionality of 
the protection system can be evaluated by analysing the 
data recorded during the fault condition. In most phase 
three relays (numerical relays) this data will include at 
least the fault currents and voltages, phase angles, and the 
binary signals indicating which protection elements 
operated during the fault. A disturbance recorder can be 
installed in parallel with the older electromechanical 
relays to record the analogue and binary values needed 
for investigations.  If the protection did not function 
correctly as per the protection philosophy, remedial 

action is implemented to prevent future mal-operations. 
Remedial action may include, but is not limited to, 
settings changes or relay replacements. In the Western 
Cape Operating Unit of Eskom, all protection operations 
on the high voltage (66kV to 132kV) network are 
investigated and the resulting data is captured in a central 
database. 
 
The investigation results that are captured in the database 
are used to calculate protection performance statistics and 
indexes, such as the Protection Equipment Performance 
Index. The performance statistics indicate the prevalence 
and causes of protection mal-operations. These statistics 
are used to improve the performance of the network and 
prevent protection mal-operations. 
 
This paper discusses the value added to the business 
through protection performance investigations. This 
includes the identification of the root causes of network 
faults and the long term benefits of performance 
monitoring. Two case studies demonstrate the 
investigation process and some of the benefits added by 
these investigations to improving the overall performance 
of the power system. 
 

2. VALUE ADDED THROUGH PROTECTION 
PERFORMANCE INVESTIGATIONS 

 
2.1 Immediate benefits 
 
The information acquired during protection performance 
investigations can be used to establish the physical 
locations and root causes of faults. If the fault data that 
was recorded during numerous recurring protection 
operations on a feeder are similar, there is most likely a 
single cause for the faults. Phase-to-phase faults with 
currents of the same magnitude are most likely caused by 
clashing conductors in the same span. The location of the 
fault can be determined through simulations and 
confirmed through line inspections. If the faults on a 
feeder occur mostly at sunset or sunrise it is most 
probably caused by bird activity. See Section 3 for a case 
study on this. Once the root cause of the faults is 
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identified remedial action can be put in place to prevent 
future faults and mal-operations. 
 
In rare cases, the circuit breaker immediately upstream of 
a fault fails to isolate the fault. The protection scheme 
upstream from that breaker will then operate to isolate the 
fault and a larger portion of the power system will be 
disconnected. The protection performance investigation 
will reveal whether the protection immediately upstream 
of the fault failed to operate for the fault, or whether the 
protection operated but the breaker failed to open to 
isolate the fault. If the latter is the case the breaker will be 
maintained or replaced to prevent it from failing to open 
in the future. See chapter 3 for a case study on this. 
 
2.2 Performance monitoring 
 
The information acquired from protection performance 
investigations is used to compile monthly protection 
performance reports. These reports contain the statistics 
of certain key performance indicators (KPIs) calculated in 
accordance with the Protection Performance KPI 
Standard [2], as well as the details of protection mal-
operations. When common issues are identified, remedial 
action is put in place to mitigate or eliminate the risk of 
future faults or mal-operations. 
 
The Protection Equipment Performance Index (PEPI) is a 
Key Performance Indicator (KPI) that measures the 
number of protection mal-operations as a percentage of 
all protection operations. Protection mal-operations can 
be caused by relay failures, auxiliary equipment failures, 
setting errors, and human errors made by protection field 
staff, to name a few. The index is calculated as follows: 
 

!"!# = %&'()
% × 100%       (1) 

 
Where: 
 
=T   Total number of protection operations 
=Inc   Number of incorrect protection operations 

 
Figure 1 shows an example of protection performance 
statistics. The chart shows the causes of all protection 
mal-operations that occurred over a period of five years. 
In this example, more than a third of the mal-operations 
were caused by relay failures. 
 
If the statistics indicate that a certain relay model is prone 
to failure, protection schemes with these relays are 
prioritised for refurbishment projects. If a relay model for 
which a purchase agreement is in place fail often, a non-
conformance report (NCR) can be filed against the 
supplier, and the contract can be terminated to prevent 
more of the failure-prone relays to be installed in the 
network. 
 
The statistics in Figure 1 show that more than 10% of the 
protection mal-operations occurred due to human errors. 
Upon investigation, it was found that many of these mal-

operations occurred on protection schemes that were 
commissioned during the same era. During this era, the 
protection technology changed drastically. Technicians 
had to commission protection schemes and use equipment 
that they were not familiar with. This highlights the need 
for an extensive training programme for the technicians. 
The number of protection mal-operations due to human 
errors decreased drastically as the training programme for 
protection technicians improved. 
 

 
 

Figure 1: Protection mal-operation causes 
 
Settings errors also tend to occur when new technology is 
introduced or when the protection philosophy is 
amended. When a settings error is discovered, the setting 
is corrected on the scheme that mal-operated, as well as 
on all other similar schemes. 
 
The diagram in Figure 2 shows that the protection 
performance of a province improved over a period of five 
years, as remedial actions were put in place after mal-
operations were identified. This prevented future mal-
operations of the same kind; thus the overall performance 
of the power system improved. 
 

 
 

Figure 2: Protection Equipment performance over time, 
showing the monthly performance as well as the twelve 

months moving average (12MMA) 
 

3. CASE STUDIES 
 
3.1 Identifying the root cause of faults 
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This case study demonstrates how the information 
acquired during protection performance investigations 
was used to identify and eliminate the root cause of 
recurring faults on a feeder. 
 
The protection system of Feeder A (66kV) operated 97 
times from 2012 to 2016. This is an average of two 
protection operations per month. After most of the 
operations, the auto-reclose cycle started; thus supply was 
restored to the customers after about three seconds. If the 
customers had suffered extended outages, line inspections 
would have been initiated by the technical teams to find 
the root cause of the faults. The feeder mostly runs 
through wheat fields and is inaccessible between sowing 
season (May) and harvest season (October). Therefore 
line inspections can only be done during the summer 
months. 
 
Each of the 97 protection operations was investigated. 
During the investigations, fault currents recorded by the 
protection relays and voltage dips recorded in the 
surrounding network at the time of the protection 
operations were analysed. The durations of the voltage 
dips indicate the time that it took for the protection 
system to clear the faults. This, together with the 
magnitudes and angles of the fault currents, was used to 
prove that the protection system operated timeously and 
correctly.  
 
The fault currents and voltage dips recorded during the 
protection operations were not of the same magnitudes or 
on the same phases. This indicates that the faults occurred 
at different locations along the line. All the faults were 
phase-to-earth faults. Most of the faults occurred at sunset 
or sunrise, as shown in Figure 3.  
 

 
 

Figure 3: Times of day of the protection operations on the 
66kV feeder from 2012 to 2016 

 
The timing of the faults suggests that the faults were most 
likely caused by bird activity. Birds tend to take flight 
when the sun rises or sets. When birds take off from a 
structure, they often expel long “streams” of excrement, 
called streamers [3]. These streamers can conduct 
electricity between the live conductor and the structure or 

the bird. The birds can thus be electrocuted. The 
excrement can also build up on the insulators, causing 
flashovers between the live conductors and the grounded 
structures. The protection scheme should operate and 
issue a trip signal to the breaker during the flashovers. 
The breaker should then auto-reclose after a few seconds. 
 
A line inspection was done in December 2015 on portions 
of the feeder. A few large decomposing bird carcases 
were found on the ground under the conductors. This 
supports the theory that the faults were most likely caused 
by bird activity. In a study done by Shaw et al, it was 
found that Egyptian Geese, Helmeted Guineafowl, and 
Cape Crows are the most frequent victims of 
electrocutions in the region where the feeder is situated 
[4]. The bird carcases found under the feeder are similar 
to these bird species. Many of the stay-wire insulating 
bobbins were cracked or partly melted, showing signs of 
flashovers. The flashovers between the live conductors 
and the grounded stay wires were most likely caused by 
bird collisions or bird streamers. Bird diverters had been 
installed on most of the wood pole structures of the 
feeder, but bird diverters are never 100% efficient [3]. 
 
Early in 2016, the stay bobbins were replaced with 
insulating stay rods. The rods are longer than the bobbins 
and therefore provide better insulation. After this, the 
number of faults drastically decreased. Only two faults 
occurred on this feeder between February and October 
2016. High fault currents damage equipment; therefore, 
with fewer faults on the feeder, the equipment should last 
longer than it would have if the pattern of two faults per 
month had continued. 
 
3.2 Identifying power plant issues 
 
In the event of a fault on the power system, the protection 
systems should operate and disconnect the smallest 
possible portion of the network to isolate a fault. If the 
protection system that is immediately upstream from the 
fault fails to isolate the fault, the next upstream protection 
system should operate as a backup to isolate the fault. 
This would result in a larger portion of the network being 
disconnected and more customers affected. In most cases, 
the customers would also be affected for a longer period 
of time when the fault is isolated by the backup 
protection because the auto-reclose functionality is 
usually not implemented with backup protection. This is 
especially true for transformer protection because auto-
reclosing in the case of a transformer fault could be 
catastrophic. 
 
At a Substation A, two medium voltage (MV) feeders are 
supplied from one transformer, as shown in Figure 4. The 
red phase conductor of Feeder A broke about 4.5km 
outside the substation and fell to the ground. According 
to the protection philosophy, the Feeder A breaker should 
have opened to isolate the fault. In this case, the fault was 
isolated when the transformer’s HV breaker opened 
instead. Feeder A and Feeder B was thus without supply. 
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During the protection performance investigation the 
operating data, fault data recorded by the protection 
relays, and the settings applied to the relays were 
scrutinised. 
 

 
 
Figure 4: Simplified single line diagram of the substation 
 
The fault data recorded by the feeder’s protection relay 
showed that the earth fault protection element of the relay 
operated during the fault. This element issued a trip 
signal to the breaker, but the breaker failed to open. The 
fault data recorded by the relay is shown in Figure 5 and 
Figure 6. The graphs show the currents recorded during 
the fault and the binary signals show the protection 
elements that operated and the output signals that were 
triggered during the fault. Table 1 gives the descriptions 
of the binary signals shown in Figure 5 and Figure 6. 
 
Table 1: Description of the binary signals recorded by the 

Feeder A relay 
Signal  Description 

51G1 Ground Time overcurrent  
51G1T Ground Time overcurrent TRIP 

OUT201 Circuit breaker open  
OUT202 Circuit breaker closed  
OUT210 Trip coil fail 

 
The time that elapsed since the earth fault protection was 
triggered (51G1 in Figure 5) until the trip signal (51G1T 
in Figure 6) was issued, was 1635ms. The breaker 
remained closed and the relay detected that the trip coil 
had failed 20ms later. 
 
The transformer’s protection operated after the feeder 
breaker failed to open. The fault data recorded by the 
transformer’s protection relay is shown in Table 2. The 
backup earth fault protection element of this relay 

operated (“Io>> Start on”) and issued a trip signal (“Io>> 
Trip on”) to the transformer’s MV breaker after 2.78 
seconds. This breaker failed to open. The transformer’s 
“breaker fail” protection element then operated and 
issued a trip signal to the transformer’s HV breaker. This 
is indicated by the 510ms time delay between the “Io>> 
Trip on” and “Io>> Trip off” signals. The 510ms include 
the 400ms “breaker fail” delay in the settings (see Table 
3) and the time that it took for the breaker to open 
mechanically. The “Io>> Trip off” time indicates when 
the HV breaker was fully open. At that time the fault was 
isolated, but Feeder B was also without supply. 
 

 
 

Figure 5: Extract from the first disturbance recorded by 
the Feeder A protection relay 

 

 
 

Figure 6: Extract from the second disturbance recorded 
by the Feeder A protection relay 
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Table 2: Extract from the disturbance recorded by the 
Transformer protection relay 

Date Time Event Time Elapsed 
2016/07/03 02:34:22.896 Io>> Start on  
2016/07/03 02:34:25.676 Io>> Trip on 00:00:02.780 
2016/07/03 02:34:26.186 Io>> Trip off 00:00:00.510 
2016/07/03 02:34:26.186 Io>> Start off 00:00:00.000 

 
According to the protection philosophy, the transformer 
protection should function as a backup for the feeder 
protection. Therefore the transformer protection should 
issue a trip signal to the transformer’s MV breaker only 
after the feeder protection has issued a trip signal to the 
feeder breaker. The standard delay between the 
operations of protection systems in successive zones is 
400ms. This is to allow enough time for the downstream 
breaker to open before the upstream protection operates. 
This ensures that the minimum number of customers is 
disconnected during a fault on the feeder. 
 
The settings of the relays are shown in Table 3. The pick-
up current is the minimum current at which the protection 
element will be triggered. The time dial determines the 
time delay before the protection element will issue a trip 
signal to the relevant breaker. The graph in Figure 7 
shows the grading of the feeder’s protection and the 
transformer’s protection based on the settings applied to 
the relays.  
 

Table 3: Feeder and transformer protection settings 
Bay Type of 

Protection  Settings 

Feeder A Overcurrent 
Curve: Normal Inverse 
Pick-up: 200A 
Time Dial: 0.25 

  Earth Fault 
Curve: Normal Inverse 
Pick-up: 80A 
Time Dial: 0.21 

Transformer Backup 
Overcurrent 

Curve: Normal Inverse 
Pick-up: 75A(HV) =225A(MV) 
Time Dial: 0.36 

 
Backup 
Earth Fault 

Curve: Normal Inverse 
Pick-up: 100A(NEC) 
Time Dial: 0.28 

  Breaker Fail Timer: 400ms 
 
In the graph in Figure 7, the two lines on the left (purple 
and green) represent the tripping times of the earth fault 
protection and the two lines on the right (blue and brown) 
represent the tripping times of the overcurrent protection. 
The lines at the bottom represent the feeder’s protection 
and the lines at the top represent the transformer’s 
protection. 
 
The conclusion of the protection performance 
investigation was that the protection of the feeder and the 
protection of the transformer operated correctly. The 
protection relays issued the trip signals to the correct 
breakers at the correct times, but the feeder’s breaker, as 
well as the transformer’s MV breaker, failed to open. 
These two breakers are identical. The statistics of 
previous protection performance investigations revealed 
that this type of breaker is prone to mechanical failure. 

Due to this the trip coils of these breakers also tend to 
burn out. The trip signal is applied to the coil until the 
fault current is interrupted. If the breaker fails to open, it 
will take at least 400ms before the upstream breaker will 
open. The current that flows through the trip coil during 
this time heats up the coil. The coil will eventually burn 
out if current flows through it for extended periods of 
time. 
 

 
 

Figure 7: Graph showing the grading of the transformer's 
protection and the feeder's protection 

 
During physical inspections of the breakers that failed to 
open, it was found that the grease inside the breaker 
mechanism had become viscous, preventing the breaker 
from opening freely. As a result, the maintenance 
procedure of these breakers was revised. The rollers of 
the breakers will be cleaned thoroughly and a different 
type of lubrication will forthwith be used during the 
periodic breaker maintenance.  
 

4. CONCLUSION 
 
Protection systems are designed to detect faults on the 
power network and to isolate only the affected part of the 
network during fault conditions. Protection operations are 
investigated to determine whether the protection system 
operated as per design. Remedial action is implemented if 
the protection system did not operate as per design. 
During the investigations, valuable information is 
acquired. This information is used to identify issued and 
to improve the reliability of the power system. 
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Abstract: This paper focuses on the creation of a testing protocol or procedure for verification of an 
in-phase transfer method used on a modern motor bus bar transfer scheme. The voltage decaying theory 
is shortly discussed and an example of an actual recorded decaying voltage on a motor bus bar system 
is given. A short description of the other available transfer methods is given but with emphasis on the 
in-phase transfer method. The estimated time of phase coincidence is calculated, with a simulation to 
verify this calculation. Similarly, a test protocol to test this transfer method is provided with 
recommendations given for future research work and testing. 
 
Key words: In-phase transfer, first coincidence, voltage decay. 
 
 

1. INTRODUCTION 
 

In today’s modern production driven environment, it is 
important to have a continuous supply of electrical power 
feeding critical plant loads [11]. This means that a safe and 
reliable method of testing and maintaining motor bus bar 
transfer schemes needs to be implemented to ensure 
continuity of this supply. Alternatively, a generic testing 
protocol might be used to test and verify these schemes still 
in the installation phase or on an annual basis. A simple 
diagram displaying a basic motor bus bar transfer scheme 
can be seen in Figure 1-1. Indicators A, B, C and D are 
used to indicate circuit breakers in Figures 1-1, 1-2 and 1-
3. The use of these circuit breakers is essential in the 
operation of the modern motor bus bar transfer scheme. 
Two incoming transformers, one operating as the normal 
feeding transformer connected to circuit breaker “A” and 
the other as the standby emergency incoming transformer 
connected to circuit breaker “C”, provide electrical power 
to the motor bus bar load. Motor bus bar load can be seen 
as a system of motors which are predominantly inductive 
feeding from the same source or system on a bus bar [7]. 
Normally, only most critical plant motor loads would be 
associated with a modern transfer scheme. This implicates 
that the critical motors need to be supplied by electrical 
power continuously by changing the source from circuit 
breaker “A” to circuit breaker “B” as fast and safe as 
possible in the event of normal incoming supply failure on 
circuit breaker “A”. This operation will only be true if 
circuit breaker “C” is running normally closed (N/C) and 
circuit breaker “B” is running normally open (N/O) during 
normal conditions as displayed in Figure 1-0-2 [2]. A 
High-Speed Transfer Device (HSTD) as seen in Figure 1-
2 will be mainly responsible for the transfer of the motor 
bus bar load between circuit breaker “A” and circuit 
breaker “B”. 
 

 
Figure 1-0-1: General Arrangement for Motor Bus Bar 

System 

 
Figure 1-0-2: Motor bus bar transfer system operating in 

normal operation 

In the event a fault develops on the transformer connected 
to circuit breaker “A” the HSTD will issue an open 
command to circuit breaker “A” and a closing command 
to circuit breaker “B”. This scenario can be seen as a 
“break-before-make” transition such that the system will 
not feed back into the existing fault. During this transition, 
the HSTD will monitor all circuit breaker contacts 
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measuring opening and closing times and the state of each 
breaker to determine if the transfer was successful or not 
[2]. In the event that circuit breaker “A” does not open 
when an open command is issued, suitable protection must 
be in place to open the last circuit breaker closed, thereby 
preventing a paralleled operation of the two incoming 
transformers [9]. A successfully transferred system can be 
seen in Figure 1-3. 

 
Figure 1-0-3: Motor bus bar transfer system operated 

under transferable conditions 
 

Section 2.1 of the paper addresses the basic theory behind 
motor bus bar transfer and its operating principle as well 
as a discussion of an actual motor bus bar voltage run down 
recording which is given in section 2.2. Section 2.3 of the 
paper briefly describes the different transfer methods 
available. A brief testing protocol was discussed during 
section 2.4 and the mathematical approach given to obtain 
an in-phase transfer verifying parameter. All test results 
ran were also displayed in a tabular form with a discussion 
in section 2.5. The paper ends off in section 2.6 with a short 
discussion of the what was set out to be achieved. 
 
2. THEORY OF VOLTAGE DECAYING TRANSFER  

2.1 THE EFFECT OF DRIVE INERTIA  

A running loaded induction motor under open circuit 
conditions has a certain amount of mechanical and 
electrical energy stored in the rotating parts of the motor 
and the load inertia it is connected to [14]. The frequency 
and residual voltage on the stator terminals decays at a rate 
which is directly related to the motor drive speed and 
therefore the inertia of the motor load [14]. “Inertia can be 
seen as a body’s resistance to a change in velocity “[8]. 
This decaying characteristic decays exponentially, if a 
constant decaying frequency is assumed, according to the 
motors time constant. The time constant reduces by the 
change in speed which depends on the rate of change of 
the decaying bus voltage [5]. A decaying voltage is mainly 
produced during an open circuit condition of an induction 
motor where a generator-like behaviour will be brought 
forward by the load inertia turning the rotor shaft of the 
motor [6]. The open circuit voltage characteristic is 
comparable to the voltage profile in Figure 2-1 where the 

faulted supply bus residual voltage would be maintained 
across the motor bus bar terminals but of a decaying form 
in voltage magnitude, frequency and phase-angle [14]. 

 
Figure 2-1: Typical Characteristic of a Voltage 

Decaying Bus 

When looking at the motor bus bar as a system connected 
to each other for a short period of time it can be seen that 
the higher the speed on the motor, due to the load inertia 
connected to the motor, compared to its corresponding bus 
voltage frequency the more this specific motor acts as a 
generator [17]. Similarly, on the same motor bus bar 
system the motors running at a lower speed than that of the 
corresponding bus frequency are acting as induction 
motors. A similar characteristic profile of the decaying bus 
voltage will be obtained until the motors are forced to fall 
out due to under voltage limitations [1]. Most motor bus 
bar transfer schemes are designed and based on the 
American National Standards Institute (ANSI) C50.41 
standard which dictates that the maximum criterion for a 
bus transfer to be successful must be at least 1.33pu V/Hz 
[5]. This standard allows a criterion for a safe transfer for 
all the relevant transfer methods relying on the decaying 
voltage [3]. At different voltage magnitude values 
compared to the phase angle and frequency, the Intelligent 
Electronic Device (IED) will enable and disable the 
specific required zone of transfer required as indicated by 
Figure 2-2 [17].  

 
Figure 2-2: Transfer stages based on voltage decaying 
theory displayed on an axis which compares voltage 

magnitude, phase angle and time. 
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2.2 MOTOR BUS BAR VOLTAGE DECAY 
RECORDING 

It was decided that actual decaying voltage measurements 
had to be done to prove the voltage decaying theory being 
investigated. The opportunity to measure actual motor bus 
decay occurred when a fault developed on one of the motor 
feeders feeding from a 6.6 kV incomer Similar to the flow 
chart displayed in Figure 2-3. The IED on which the 
measurement was recorded was on the 525V incomer 
feeding from the same bus bar system as the motor feeders 
making use of the IED fault recorder, downloading the 
fault record and then analysing it with SIGRA Fault 
Record Evaluation software. The secondary voltage 
recorded by the IED has a nominal Line voltage of 
110Vac, thus secondary phase voltage is 63.5Vac. 

 
Figure 2-3: General switchgear arrangement including 

protection IED flow chart 

This was possible because the design arrangement allowed 
the transformer feeder to remain closed during an under 
voltage, only when it receives an inter trip or lockout 
condition should it be tripped via protection. The faulted 
motor feeder didn’t operate when a protection trip was 
issued as it was intended to and the way the protection 
settings was structured caused the particular incomer to 
trip and open thereby locking out the transfer. On the 525V 
voltage level which was being supplied by a 6.6/0.525kV 
transformer a relay captured the under-voltage condition 
which continued for a period of 1.2 Seconds. The motor 
feeding buckets on the 525V level was designed to stay 
electrically latched and fall out at approximately 80% of 
Un (nominal voltage value). During this scenario, all the 
525V motors on the relevant incoming section unlatched 
and did not contribute to the voltage decay on the still 
connected system which must now be viewed as an 
asynchronous system. On the 6.6 kV section, the motor 
feeder contactors were designed to stay latched until a trip 
is issued or mechanically forced to open. These contactors 
stayed closed until an under-voltage trip was issued at 1.2 
Seconds after the under voltage on each individual relay 
picked up at approximately 60% of Un. The 1.2 Seconds 
was a pre-determined definite time setting programmed to 
each relay used to protect the motors against under voltage 
scenarios over a period of time. It is debatably if the setting 
of 1.2 Seconds under voltage trip time is correct. Because 
of the mechanically latched contactor motor feeders on the 
6.6 kV level, the major contributors to the asynchronous 
system was the 6.6 kV motors running at that instance of 
time. The signal measured by the fault recorder over a 
period of 1.2 Seconds was a combination of all the motor 
feeders on the relevant side of the motor bus. The complete 

voltage decay recording can be seen in Figure 2-4 and 
Figure 2-5.  

 
Figure 2-4: Complete motor bus decaying voltage 

recording displayed in R.M.S. mode 

 
Figure 2-5: Complete motor bus decaying voltage 

recording displayed in instantaneous mode 

2.3 MODERN TRANSFER METHODS 

(1) Fast Transfer: the fast transfer method can be referred 
to as simultaneous transfer or the safer method sequential 
transfer [3]. During a simultaneous transfer, the opening 
signal of the normal circuit breaker feeding the board and 
the closing signal of the auxiliary/standby circuit breaker 
are sent at the same time [12]. This method is the fastest 
method of transferring plant loads to the auxiliary supply, 
but there is a chance of paralleling the two sources with the 
total transfer time only dependant on the opening and 
closing times of the two circuit breakers [15]. It is therefore 
advised that a suitable circuit breaker failure scheme be 
employed to cater for such a scenario [13]. The sequential 
fast transfer will wait for a contact known as an auxiliary 
contact which will open in sequence with the “breaker 
open” auxiliary contact [10]. Fast-sequential transfer may 
be the safest fast transfer method but with a speed 
disadvantage of only 5 – 10 cycles rather than the 1 – 2 
cycles of the fast-simultaneous transfer [13].  
(2) In-phase Transfer: If the fast transfer opportunity is 
missed, the IED will select the next suitable transfer 
method, which will be the in-phase transfer method. The 
in-phase transfer will wait for the first opportunity of the 
phase angle rotating the 360-degree axis [15]. Once the 
angle is within the predefined closing limits, the transfer 
command will be issued [3]. Typically, the relay 
parameters are set so that the phase angle limit must not 
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exceed the 25-degree window of phase difference and 
voltage decay below 75% for an in-phase transfer to be 
successfully initiated [2].  
(3) Residual Voltage and Slow Transfer: Residual voltage 
transfers can be seen as a safer option to transfer the system 
but is with a disadvantage in speed as compared to the fast 
and in-phase transfer methods [16]. This time-consuming 
transfer ignores the phase angle and only verifies if the 
voltage has decayed very fast to a point of at least 30-35% 
of the nominal voltage at which point the IED will initiate 
a residual voltage transfer. At this stage, load shedding 
may be necessary to limit excessive inrush currents due to 
large inertia motor loads connected to the motor bus [4]. 
Whereas the slow transfer will wait for a pre-determined 
time and issue a transfer regardless of bus voltage and 
phase angle.  
 

2.4 IN-PHASE TRANSFER TESTING 
a) Mathematical transfer time estimation:  
The mathematical method used, as seen in equation 1 and 
2 determines an estimated time of synchronising of two 
different sinusoidal waveforms. The values used were 
chosen such that a fast transfer could not occur and a 
comfortable transfer measuring time would be brought 
forward before the slow transfer could be activated. The 
two wave form parameters needed for the IPT test will be 
110𝑆𝑖𝑛(2𝜋(50)𝑡) and 110𝑆𝑖𝑛 (2𝜋(49.5)𝑡 +  𝜋

4
) of 

which the faulted side bus voltage frequency was adjusted 
to 49.5Hz and a phase difference starting position of 45° 
was introduced to disable the fast transfer opportunity. 
Keeping the frequency of both sine waves constant an 
estimated in-phase time can be obtained. By using the k 
method solving 𝑡 in terms of 𝑘 to obtain equation 1: 
 
110𝑆𝑖𝑛(2𝜋(50)𝑡) = 0 
 
Cancelling 110𝑆𝑖𝑛 = 0 and equating 𝑘𝜋 to the 
remaining equation we have that:  
(2𝜋(50)𝑡) = 𝑘𝜋 
 
Solving 𝑡 we have that:  
 
𝑡 =  𝑘

100
                                                                           (1) 

Where: 
𝑡 = time 
𝑘 = Non-Negative Integer  
 
By using the k method solving 𝑡 in terms of 𝑘 to obtain 
equation 2: 
 
110𝑆𝑖𝑛 (2𝜋(49.5)𝑡 +  

𝜋
4

) = 0 
Cancelling 110𝑆𝑖𝑛 = 0 and equating 𝑘𝜋 to the 
remaining equation we have that: 
 
99𝜋𝑡 +  

𝜋
4

= 𝑘𝜋 
Solving 𝑡 we have that:  
 

𝑡 =  𝑘
99

− 1
396

                                                                   (2) 
Where: 
𝑡 = time 
𝑘 = Non-Negative Integer  
 
Solving Simultaneous equation to obtain the value of k: 
 
𝑘

99
−

1
396

=  
𝑘

100
 

 
4𝑘 − 1 = 396𝑘 
 
𝑘 = 25 

 
Substituting 𝑘 into (1) or (2) we have that 𝑡 = 0.25𝑆𝑒𝑐. 
Figure 2-5 indicates the simulation run with SIMetrix to 
verify this calculation and it can be seen that estimated 
time for the two wave forms to be in-phase is 250ms. It 
should be noted that a suitable tolerance would have to be 
incorporated when measuring signals secondary to the IED 
as there will be a relatively small time delay between the 
actual signal and measured signal. 

 
Figure 2-5: Synchronising of 50Hz and 49.5Hz injection 
for in-phase transfer testing starting at a 45° phase 
difference within estimated 250ms 

2.5 IN-PHASE TRANSFER TESTING AND 
VERIFICATION PROTOCOL 

The method of testing will rely on the mathematical 
transfer time estimation as indicated. It is important to do 
this calculation with the individual and appropriate 
parameters unique to the installation and breaker operating 
times. With the in-phase transfer synchronising time 
calculated the tests can begin. 
(a) In-phase transfer time test: The three-phase injection 
set must be programmed in such a way that two steps for 
each individual test will be obtained. Step 1 will only be 
an unhealthy transfer condition where by step 2 will allow 
for a gradual change in frequency still at an unhealthy 
condition. By adjusting the phase-angle maximum limit 
outwards of the tolerable window the fast transfer 
opportunity is disabled. Both the frequency and phase-
angle parameters are needed for the synchronising time 
calculation. These two values are crucial when 
programming the injection set. The protection initiate 
signal must be applied on the instant step two begins to 
obtain the most accurate transfer time. Once all the 
relevant parameters are programmed to the test bench the 
test can be started and the values noted down in tabular 
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form. The constant difference in frequency will cause a 
“spiral effect” of the phase angle thereby simulating a 
constant rate of voltage decay. Figure 2-6 displays the 
voltage injection scenario, the total transfer time must be 
measured from the protection initiation signal up to the 
definite close signal from the breaker. 

 
Figure 2-6: In-phase transfer injection diagram at 
constant 110V and 45° phase shift with varying 

frequency 

Table 2-1 displays the actual recorded times when the test 
unit was connected to actual circuit breakers controlled by 
the modern transfer device using the test protocol as 
discussed. A relative small difference between the actual 
and expected transfer time can be observed and is due to 
the relaying unit used to change the signal measured from 
the circuit breakers to voltage free contacts not to damage 
any measuring equipment. These results are based on 
testing a modern motor bus bar transfer device. 
 
Table 2-1 In-phase transfer protection initiated operation 

time test results

 

 
2.6 CONCLUSIONS AND RECOMMENDATIONS 

 
There were some minor challenges when computing the 
actual transfer time when testing the in-phase transfer 
method where a calculation should be done to ascertain the 
first-phase coincidence and hence some marginal errors 
could be introduced. The practical experimentation results 
obtained closely matched the calculated and simulated 
values achieving the goal of creating a testing protocol for 
the in-phase transfer method. It was noticed that the testing 
protocol, might have to be adjusted from time to time to fit 
different plant philosophies and scenarios. This is also the 
case for different transfer electronic devices which may 
differ in the algorithmic approach the electronic device 
uses when interpreting different voltage signals. Further 
research and testing can be done on the main-tie-main 
based schemes as well as the remaining transfer methods 

which may greatly improve practicality of factory 
acceptance and maintenance testing. 
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Abstract: Although South African earthing practice regulations allow use of terre neutral separated 
and terre neutral combined system, the latter one is preferred in a typical rural electrification 
application. Along with its advantages, this earthing practice also presents potential risks to service 
installations if combined neutral and earth conductor fails on the utility side and yet the hazardous 
condition is undetectable by existing protection schemes in place both on utility and customer sides. 
This paper work demonstrates that there are dangerous conditions at the households, especially, when 
the loading is extremely unbalanced and the combined neutral and earth conductor at the utility is 
broken. The simulation results are presented and analysed to have an insight into the phenomenon. 
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1. INTRODUCTION 
 

The terre neutral (TN) earthing system is one of three 
primary earthing arrangements applied on low voltage 
(LV) distribution systems worldwide [1]. The terre 
neutral combined separated (TN-CS) system is a 
derivative of TN earthing system. The TN-CS earthing 
system features three phase-conductors together with a 
combined neutral and earth (PEN) conductor which is 
solidly-earthed at neutral point of the distribution 
transformer and splits into constituent earth and neutral 
conductors at the entrance to LV service installations [2]. 
South African electricity utilities apply the TN-CS system 
as required by regulation [3] notwithstanding that it is 
preferred due to lower installation costs from not running 
a separate earth conductor as in a five-wire terre neutral 
separated (TN-S) system. 

Unbalanced loadings on three-phase TN-CS systems are 
undesirable as they cause a large current to flow in the 
PEN conductor. The cross sectional area of the PEN 
conductor is permitted by regulations to be fifty percent 
of that of a phase conductor as in an ideal balanced 
system the instantaneous neutral current sums up to zero 
[4]. High magnitudes of currents in the PEN conductor 
increase the incidence of thermal related failures. A PEN 
conductor failure on an unbalanced three-phase system 
with single-phase loads creates a hazardous condition at 
service installations. The hazard is characterized by 
abnormal phase-to-neutral voltages beyond regulatory 
limits and dangerous touch potentials. The excessive 
voltages may also cause household appliances and utility 
equipment failure. 

It is common for a high degree of unbalanced loading on 
typical South African rural electrification transformers 
due to the incongruent geographical layout of the load, 
the preference of the use of three-phase transformers to 
lower costs, the retrospective addition of loads to existing 
transformers. There is thus a high probability that a rural 
household is likely to experience a condition of a broken 
PEN conductor on the utility’s LV network. The 
consequences of the ensuing risks are also stacked against 

rural households as they usually draw very little load and 
also have poor floor insulation which increases the 
probability of electrocution. There is a need to quantify 
the level of exposure of typical rural households to the 
risk emanating from a broken PEN conductor within the 
context of the existing over-current and earth-fault 
protection systems on both the utility and customer sides. 
 
The existing South African regulations on LV earthing 
practices do not fully cater for a condition of a broken 
PEN conductor on the utility LV network.  Many rural 
homesteads are mostly informally constructed with mud 
floors, wood and mud walls and thatch roofs which 
increases the consequences related to this dangerous 
condition. The situation is exacerbated by the notion that 
if a human were to touch the exposed conductive part 
while standing on the household floor, injury or death 
may occur as a result of the current that would flow 
through the human body to ground. The work illustrates 
the obvious risks at a typical rural household due to an 
incidence of a broken PEN conductor. 
 

2. REVIEW OF INTERNATIONAL SYSTEMS, 
INCLUDING PROTECTION AND EARTHING 

 
There are three primary system-earthing arrangements 
applied worldwide, viz. the terre-terre (TT), isolated terre 
(IT) and TN systems [5]. The TN system is further 
subdivided into the terre neutral combined (TN-C), TN-S 
and TN-CS subsystems. The TT system-earthing 
arrangement is characterised by the transformer neutral 
being solidly earthed while the exposed conductive parts 
of customer installations are directly earthed via a local 
ground electrode [6]. The earth essentially provides a 
return path for earth-fault current. This system is utilised 
in several countries including Belgium, Denmark, 
Portugal, Italy, Greece, Spain, Turkey, Luxemburg, 
Japan, Morocco and Kenya [7]. One of the disadvantages 
of this system is that the loss of the earth connection is 
not automatically detected; this system is not considered 
for application in South Africa due to high soil resistivity 
and high incidence of earth conductor losses [3]. 
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In an IT system, the source is either unearthed or 
connected to ground through high impedance. The 
customer installations have a separate and independent 
earth electrode and all exposed conductive parts at the 
installation must be electrically bonded to the earth 
electrode [6]. A primary advantage of the system is the 
availability of supply to the system during the occurrence 
of a single-phase fault; the protection will however 
operate when another fault occurs on a different phase 
[7].  One of the drawbacks is that line-to-neutral loads are 
not possible. This system may be found in certain 
applications in South Africa such as hospitals and 
continuous process plants and not a feature of LV 
residential applications [3]. 

The TN-CS is the preferred method in South Africa and 
other countries such as Germany, Australia, Sweden, the 
U.K. and the U.S.A. although the latter countries apply a 
variation with the PEN conductor earthed multiple times 
in the circuit [2]. In South Africa, the TN-CS earthing 
system is applied with only the neutral point of the 
transformer being solidly connected to the ground, the 
rest of the system, including the customer’s installation, 
is dependent on this solitary point of earthing [3]. 
 
There are differing opinions on the safety of a multi-
grounded neutral system. According to [8], the system is 
hazardous due to the uncontrolled flow of electric current 
over the earth posing a risk to animals and humans citing 
that currents exceeding nine milli-amperes may be 
hazardous to humans. According to [9], some European 
utilities’ choice is to earth the PEN conductor multiple 
times along the  circuit in their application of the TN-CS 
system to prevent dangerous touch potentials and the 
possibility of an electric shock should a human come into 
contact with energized enclosures during a broken neutral 
fault on the utility side. The European practice of 
multiple earths along the PEN is successful due to low 
effective earth resistances as a result of good soil 
resistivity. Soil conditions in South Africa makes it 
difficult to easily attain low resistance values hence 
multiple earthing of the neutral is not employed [9]. 
 
3. RURAL SOUTH AFRICAN HOUSEHOLDS AND 

BROKEN PEN CONDUCTOR 
 
The South African earthing practice is regulated by [4] 
which states that only the TN-S and TN-CS earthing 
systems may be used in South Africa. In a typical rural 
electrification application, the TN-CS earthing system is 
utilised. Regulation [4] stipulates that the PEN conductor 
must be earthed at the source transformer, while at the 
service installation, the PEN conductor must split into 
constituent neutral and protective earth conductors prior 
to the residual current device (RCD). The advantage of a 
combined neutral and earth protective conductor is the 
financial savings from not running a separate protective 
earth conductor. From a protection perspective, there is 
an added benefit that over-current protection also protects 
against earth faults as phase-to-earth faults are seen as 
phase-to-neutral faults [10]. Further, the provision of a 

separate earth conductor (yet connected to the neutral) at 
the service installation allows for the effective 
functioning of a RCD [11]. One of the main 
disadvantages of the TN-CS system is that a neutral 
conductor failure on the utility side may result in 
excessive voltages at single-phase supply terminals and 
dangerous touch potentials at the exposed conductive 
parts under certain load conditions, yet undetected by 
existing over-current and earth-fault protection systems 
on both the utility and customer side [12]. Although 
many rural electrification installations are supplied from 
dual-phase or single-phase feeder, use of MV/LV 
transformers are common in practice. According to [12], 
there is indeed an impending risk to service installations 
if a PEN conductor fails on the utility side and that:  

x the risk is confined to a three-phase system serving 
single-phase loads 

x the consequences are dependent on the load balance 
and position of the PEN conductor failure on the LV 
network.  

x the consequences include overvoltage (up to phase-
to-phase) at single-phase installations and hazardous 
touch potentials at exposed conductive parts.  

x the hazard is not detectable by existing protection on 
both the utility and customer side. 

x this may lead to appliance failures, fires and injury or 
loss of life. 

x the risk of a broken PEN conductor on the utility side 
does not extend to a single-phase installation derived 
from a single-phase source or transformer. But the 
PEN conductor will still be elevated to the phase 
voltage which poses an electrocution risk if some 
should touch the exposed conductive parts of an 
appliance. 

 
4. SYSTEM MODEL 

 

 
Fig. 1: Equivalent model of an electrification schemes 

 
A typical rural electrification supply comprises a 50 kVA 
three-phase transformer supplying single-phase 
households with 20 A meters via an overhead LV 
network. Figure 1 is an equivalent single-line diagram of 
three single-phase loads derived from a three-phase LV 
transformer. The transformer supplies a LV network 
comprising five-hundred metres of LV conductor, 
typically the extent of LV conductor in a rural 
electrification scheme. Three single-phase purely 
resistive lumped loads are initially utilised to collectively 
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represent households connected per phase on the 
network. 
 
The PEN conductor on phase-A is modelled to separate 
into neutral and protective earth conductors upon entering 
the distribution box at a service installation, as required 
by the South African regulation for the wiring of LV 
systems [3]. This configuration is a characteristic of a 
TN-CS system [2]. The installation on phase-A is 
modelled as live, neutral and earth sourcing a two-plate 
stove appliance. Live and neutral conductors are 
connected across the stove element represented by a 
resistor and the earth conductor is connected to the 
chassis of the appliance [3]. 

A Matlab Simulink model was compiled for the system 
depicted in Fig. 1 to simulate several scenarios of 
balanced and unbalanced loads and broken PEN 
conductors. The model uses a three-phase, 22 kV, 50 Hz 
AC supply as input voltage. The secondary side of the 50 
kVA, 22 kV/415 V, dyn11 distribution transformer is 
solidly earthed at the star point from which a PEN 
conductor is derived to supply single-phase loads. The 
equivalent line parameters built into the model for a 7.85 
mm diameter LV conductor of length five-hundred 
metres considered. A 6 ohm resistor to cater for 
variations in the type of metal surface of stove, though 
the measured stove chassis resistance physically found to 
be 1 ohm. Initial combined resistance was chosen to be 
500 ohm and 800 ohm to cover the case of a kid with bare 
feet on a wet and muddy floor [13]. The second set of 
simulation-studies to identify detection and mitigation 
options consider the LV transformer earth-electrode 
resistance which is in the range of 30 ohm to 70 ohm 
[14]. At power frequencies, the ground resistance 
dominates the impedance. Pole-earths with typical soil 
resistivity may therefore be classified as predominately 
resistive [15]. Three single-phase lumped resistive loads 
are initially utilised to collectively represent typical 
households in a rural electrification scheme given that 
there are generally incandescent lighting and heating 
elements [16]. 
 

5. SIMULATION STUDIES AND RESULTS 
 
The case studies considered for the PEN conductor are 
discussed as follows: 

5.1 Balanced three-phase loads 
 

 
Fig. 2: Phase-A-to-neutral r.m.s. voltage 

In this scenario, although equal single-phase loads are 
applied to all the three-phases, the load on phase-A is of 
particular interest as it is modelled as a typical household. 

The phase-to-neutral r.m.s. voltage at phase-A is 
illustrated in Fig. 2. There is a 2.6 V voltage-drop when 
compared to the no-load voltage due to the load current. 

 
Fig. 3: Phase-A-to-earth r.m.s. voltage 

Fig. 3 illustrates the r.m.s. voltage between live and earth 
for at phase-A. A voltage difference of 0.07 V is 
observed between phase-to-neutral and phase-to-earth 
voltages which is due to presence of human resistance in 
the circuit. These two voltages become a focal point in 
the unbalanced load condition with a broken PEN 
conductor. The r.m.s. current flow through a two-plate 
stove load on phase-A is illustrated in Fig. 4. 

 
Fig. 4: Phase-A load current (r.m.s.) 

 
Fig. 5: R.M.S. Current through human 

Fig. 5 displays the current-flow through a human of 
body-resistance of 500 ohm in contact with the chassis of 
a stove connected to the earth point of the distribution 
board. The magnitude of the r.m.s. current observed was 
0.16 mA which is considered not harmful to humans. The 
step in current after the first 20 ms is merely an artefact 
of the simulation initialization. 
 

 
Fig. 6: Earth return r.m.s. current 

Fig. 6 displays the transformer earth-return current which 
is exactly the current as shown in Fig. 5 representing the 
current-flow through the human. For the case under 
consideration, the magnitude of the resultant current in 
the PEN conductor is shown in Fig. 7 to be in the order of 
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3 mA. The deviation from the perfect condition may be 
attributed to the minor load difference on phase-A present 
in the circuit. 

 
Fig. 7: Neutral return r.m.s. current 

5.2 Unbalanced three-phase loads 

 
Fig. 8: Combination of loads used 

Unbalanced loads were simulated using load 
combinations 1-to-8 (in Fig. 8) to observe the 
consequence to the current in the PEN conductor. Other 
system parameters such as phase-to-neutral voltages and 
touch potentials were also observed to determine if an 
unbalanced load condition creates a hazardous condition.  
Fig. 8 depicts the resultant current in the PEN conductor 
which is observed to increase as the loading on phases 
become more unbalanced. A key observation, therefore, 
is that the degree of unbalance on a three-phase system 
determines the magnitude of current flowing in the PEN 
conductor. Load combination 7 yielded the highest 
neutral current which forms the basis of the discussion 
that follows. 

The degree of unbalanced load on the system is further 
illustrated by the difference in peak amplitude of the 
instantaneous voltage profiles of the three-phases as in 
Fig. 9. The phase-to-neutral r.m.s. voltage on phase-A 
was 223.3 V, as depicted in Fig. 10. The remaining 
phase-to-neutral r.m.s. voltages were also observed to be 
within the ± 10% range from nominal as required by 
South African regulation [17]. 

 
Fig. 9: Instantaneous voltages - end of LV network 

Fig. 11 depicts that for the worst unbalanced condition, 
the magnitude of current through a human is 
approximately 0.75 mA for a body resistance of 500 
ohms which is not harmful to humans regardless of 
exposure time. Fig. 12 shows the current returning on the 

PEN conductor and as expected the magnitude is 
undesirably high at 38.07 A. 

 
Fig. 10: Phase-to-neutral r.m.s. voltage – LV network end 

 
Fig. 11: R.M.S. Current via human 

 
Fig. 12: Neutral return r.m.s. current 

5.3 Balanced three-phase loads and broken PEN 
conductor 

A broken PEN conductor was introduced to the balanced 
three-phase system to establish how the condition 
manifests itself by observing system parameters which 
indicate if a hazardous situation is created. 

 
Fig. 13: Utility voltages along the LV network 

Fig. 13 is a summary of the r.m.s. voltages observed on 
the LV system during an incidence of a broken PEN 
conductor on the balanced three-phase system. The utility 
r.m.s. voltages are all within regulatory limits and do not 
display any uncharacteristic elements that may have been 
induced by the broken PEN conductor incidence. The 
maximum r.m.s. touch potential observed at phase-A was 
0.05 V. The current through the human to earth was only 
0.10 mA which is not harmful to humans, irrespective of 
the exposure time. 

5.4 Unbalanced three-phase loads and broken PEN 
conductor 

This case study considers unbalance loadings on the 
phases by applying load combinations as shown in Fig. 8. 
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An incidence of a broken PEN conductor, close to the 
utility LV transformer, is introduced to the system. It is of 
importance to observe the current flow through the 
human body as the conditions change from one to the 
other together with other associated parameters such as 
the phase-to-neutral voltages, the touch potentials at 
exposed conducting parts, the current flowing through the 
respective loads and the currents returning on the PEN 
conductor and the transformer earth electrode for any 
significant changes in them and if they contribute to any 
hazardous situation characterized by: 

x Phase-to-neutral r.m.s. voltages (at customer 
installations) that are above the declared voltage 
limits as prescribed by the NRS048-2 regulation. 

x Dangerous voltages between true earth and exposed 
conductive surfaces at customer installations.  

x Current flow through a human standing on the 
ground while in contact with the exposed conductive 
surface. 

 
Fig. 14: Ph-to-N voltages versus degree of unbalance 

 
Fig. 14 relates the degree of unbalance on the system to 
the phase-to-neutral r.m.s. voltages on each phase. The 
transformer neutral currents obtained from the 
simulations were used as a proxy for the degree of 
unbalance. The load combination 7 yielded the highest 
neutral current and in this case also yielded the highest 
phase-to-neutral r.m.s. voltages at installations on phases 
A and B. Phase-C, however, experienced a severe voltage 
depression. Therefore, during an incidence of a broken 
PEN conductor on an unbalanced system, the greater the 
unbalance, the greater the deviation of the phase-to-
neutral r.m.s. voltage from legally allowed limits. 
 
The relationship of load per phase and the degree of risk 
is further demonstrated in Fig. 15 where it is observed 
that the phases lightly loaded, experience higher phase-
to-neutral voltages while the heavily loaded phases 
experience lower voltages. The simulations results 
obtained from utilising load combination 7 serve as a 
basis for the discussion to follow. 
 

 
Fig. 15: Load per phase versus the Ph-to-N voltage 

Fig. 16 displays the r.m.s. voltages observed at phase-A 
during an incidence of a broken PEN conductor on a LV 
network with a high degree of unbalance. The phase-to-
neutral r.m.s. voltage at phase-A is 348.9 V which is 
almost the full phase-to-phase voltage of the three-phase 
supply whereas the r.m.s. voltage between phase and 
true-earth was 229.6 V which is within the range of 
normal supply voltage. The touch potential was observed 
to be 165.2 V. The excessive phase-to-neutral r.m.s. 
voltage and the touch potential are serious risks. 

 
Fig. 16: R.M.S. Voltages at phase-A installation 

The transformer neutral current and the load currents per 
phase are illustrated in Fig. 17. Of interest initially, is the 
phase-A load current which is just over 6 A while the 
over-current protection at the house is provided by a 20 A 
miniature circuit breaker (MCB) on a ready-board. The 
utility LV protection from the transformer bushings to the 
point of common coupling at the customer’s installation 
is based on an elaborate philosophy that guides the 
selection of appropriate fuse and/or circuit breaker ratings 
at various points along the circuit. However, a crude 
interpretation of the philosophy is that to achieve the 
grading of over-current protection, all the upstream over-
current protective devices must at least be greater than the 
20 A MCB on the ready-board supplied to electrification 
households. Furthermore, Fig. 17 indicates that none of 
the phase currents exceeded 20 A, therefore, the utility 
over-current protection would not have detected this 
dangerous condition. The transformer neutral current 
illustrated in Fig. 17 confirms that the neutral conductor 
is broken as zero current returns to the transformer. 

 
Fig. 17: Load and transformer neutral r.m.s. currents 

 
Fig. 18: Utility r.m.s. voltages 

Further, the utility phase to earth instantaneous voltages, 
as depicted in Fig. 17 offer very little opportunity for the 
detection of the broken PEN conductor phenomena as 
characteristics of the waveform in terms of amplitude and 
displacement of phases are very similar to that of a 
healthy condition on the network. The phase-to-neutral 
voltages on the load side of the broken PEN conductor, 
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however, display variations in the voltage outside of the ± 
10% range from nominal shown in Fig. 18. 
5.5 Phase-A at no-load condition 

A final case of the phase-A drawing no-load was 
considered based on the reasoning of the level of risk 
increasing with lower loading on a phase. The simulation 
of a broken PEN conductor on an unbalanced system with 
load magnitudes of infinite, forty and five ohms on 
phases A, B and C respectively, yielded the following 
results:- 

x The r.m.s. voltage between live and neutral at the 
installation on phase-A was 379.8 V 

x The r.m.s. voltage between the exposed conductive 
parts and true earth was 191.6 V 

x For a combined human, stove chassis and ground 
resistance of 506 ohms, an r.m.s. current of 368.68 
mA was observed. 

x The household residual current device and over-
current protection system and the utility over-current 
protection system did not detect the dangerous 
condition. 

 
6. CONCLUSION 

A broken PEN conductor close to the supply-transformer 
on a LV network with a high degree of unbalanced load 
sets up very dangerous touch potentials and phase-to-
neutral voltage variations at installations whereby neither 
the household over-current and earth-leakage protection 
systems nor the utility over-current protection system is 
able to detect the hazardous condition. In the context of a 
rural household fed of a three-phase unbalanced system, 
it was observed that a bare-footed person standing on a 
wet mud-floor and touching a two-plate stove chassis 
while it is plugged into the circuit but not necessarily 
drawing load, is at risk of fatal electrocution during an 
incidence of a broken PEN conductor close to the utility 
LV transformer. The risk to property, although 
insignificant when compared to loss of life still poses an 
indirect threat to life through fires caused by phase-to-
neutral r.m.s. voltages that are above the declared voltage 
limits as prescribed by the NRS048-2 regulation. In 
general, the phase-to-neutral voltage deviation from the 
declared nominal voltage is a function of the degree of 
unbalance on the system; the greater the unbalance, the 
greater the deviation from nominal voltage while 
customers connected to the phase with the lightest load 
are at highest risk, as the phase with the lightest load 
experiences the highest phase-to-neutral voltages. 
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Abstract: Lightning strikes tend to terminate on the earthwire and/or tower. Depending on factors 
such as the conductor, tower, soil impedance and magnitude of the strike, it will result in flashover 
across an insulator and the resultant fault surge will propagate along the line until it is extinguished or 
the breaker operates. This movement of the surge currents tends to ‘damage’ and reduce the life span 
of associated equipment such as circuit breakers and transformers and impacts network performance 
adversely. The paper investigates the concept of tower footing resistances and the factors that 
influence the earthing resistances. Tower footing resistance needs to be kept uniform and as low as 
possible to prevent back flashovers across the insulator under lightning conditions. Theoretical 
simulations were conducted on the different methods that are available to improve the tower footing 
resistance values. A case study was undertaken to ascertain the tower footing resistance of an 88kV 
Eskom line. The crows earthing configuration was then utilized to reduce the footing resistance to a 
value less than 30 ohms. Results obtained are presented and discussed. 
 
Keywords: Tower Footing Resistance, soil resistivity, electrodes, earthing, lightning. 
 
 
 

1. INTRODUCTION 
 

Tower footing resistance is the resistance offered by the 
metal parts of the tower combined with the ground 
resistance to the dissipation of current. The significance 
of a low value of tower footing resistance results in less 
voltage stresses across the line insulation. A lightning 
strike to the tower results in high currents flowing into 
the ground through the tower footing. This gives rise to 
soil ionisation and thermal effects. As a result, the ground 
resistance of the tower base decreases by an amount 
depending on the soil resistivity, the current magnitude 
and tower footing construction [1], [2], [3], [4]. Hence the 
tower footing resistance value should be as low as 
possible to prevent line back flashover and maintain the 
ground potential rise within safety tolerance. The lower 
the tower footing resistance, the more negative reflections 
are produced from the tower base towards the tower top. 
This assists in lowering the peak voltage at the tower top. 
 

2. FACTORS AFFECTING TOWER FOOTING 
RESISTANCE 

 
There are two key factors the affect the tower footing 
resistances:  These are: 
 
(a.) Electrode configuration 
(b.) Soil Resistivity 

 
2.1 Electrode Configuration 
 

An earth electrode is a metal plate, pipe or conductor 
electrically connected to earth. They are usually made of 
copper or aluminium or mild steel or galvanized steel. 
Some of the factors that influence the earthing are [5], 
[6]: 
 
(i.) Resistance of the electrode or group of electrode 
(ii.) Composition of the soil in the immediate 

neighbourhood. 
(iii.) Temperature of the soil 
(iv.) Moisture content of the soil 
(v.) Depth of the electrode 

 
2.2 Soil Resistivity 
 
Soil resistivity can be defined as the resistance of a cube 
of soil of 1 m size measured between any two opposite 
faces. It is usually expressed in Ohm-metres. This is a 
key factor in determining the resistance of the charging 
electrode and the depth level it should be plant to obtain 
low resistance.  
 
The resistance of the soil differs from place to place and 
fluctuates seasonally. Soil resistivity depends on the 
following factors [5], [7]:  
 
(i.) Moisture 
(ii.) Minerals 
(iii.) Dissolved salts 
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The lower the soil resistivity is, the less the number of 
electrodes required to achieve the desired earth resistance 
value. An additional factor that needs to be considered is 
the layer thickness. The soil environment can be 
considered as an upper layer and a more conductive lower 
layer [5]. Normally the grid or the electrode is buried in 
the upper layer. Detailed modelling is required to 
determine the soil resistivity for multi-layer and depth of 
soil. 
 

3. RESEARCH METHODOLOGY 
 
There are different types of earthing methods and 
configuration available for improving tower footing 
resistance. There are different types of earth electrodes 
[8]. These are: 
 
(i.) Vertical electrode (Driven rod) 
(ii.) Horizontal electrode 
(iii.) Earthing grid 
(iv.) Ring electrode 

  
3.1 Vertical electrode (Driven rod) 
 
The more common method of earthing towers is by the 
vertical electrode method. Here an electrode is driven 
vertically into the ground. Should the desired resistance 
not be met with a single electrode, additional electrodes 
can be driven into the ground. These electrodes would be 
in parallel, which would reduce the resistance. A genetic 
model was developed in MATLAB to calculate tower 
footing resistance. This was developed based on the 
following formula [5], [7]: 
 

R= *[ln ((L/a) + ((rods- 1)*D))]/(2*rods*pi*L)       (1)  
 
Where: 
R = Tower footing resistance 

 = soil resistivity 
L = length of conductor (meters) 
a = radius of conductor (meters) 
D = distance between rods (meters) 
Rods = number of electrodes 

Figure 1: Relationship between number of electrodes and 
tower footing resistance 

 
The model was written with the variables been inputs to 
the program and the tower footing resistance been the 
output. At this stage the soil resistivity is considered to be 
uniform.    
Figure 1 shows the relationship between the number of 
electrodes and tower footing resistance. From the graph, 
one can deduce that the tower footing resistance tends to 
converge towards a particular number as the number of 
electrodes increases. Based to this, it is not economically 
viable to increase the number of electrodes beyond the 
‘saturation’ number.  
 
3.2 Horizontal electrode (crows foot) 
 
Horizontal electrodes are particularly effective when a 
down wire is connected to a point in the middle of the 
electrode. This configuration has the effect of halving the 
surge inductance due to the parallel transmission paths 
created. They can be effective when used in combination 
with spike electrodes, located close to the junction of the 
down conductor. The resistance maybe calculated using 
the expression:  

Rg =                               (2) 

Where: 
 = soil resistivity in ohm-meter 

L = Buried length of the electrode in meters 
d = Diameter of the electrode in meter 
h = buried depth of the electrode in meter 
 
A genetic model was developed in MATLAB, to 
calculate tower footing resistance. This was developed 
based on equation (2).  The parameters used are:   
 

90 ohm-meter 
h = 0.5 meters 
d = 10 mm 
L = 10 meter and increased to 60 meters 
 

Figure 2: Relationship between earth resistance and 
length of conductor 
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From figure 2, it can be deduced that there is a significant 
reduction in the earthing value as the conductor length 
increases. The reduction is approximately 78%, which is 
significant. A further scenario was considered where the 
length of the conductor was maintained at 50meters and 
the depth to which it is buried varied between 0.5 to 4 
meters. 
 

Figure 3: Relationship between earth resistance and depth  
 
From the graph it can be seen that the reduction of earth 
resistance is 19.6%. In both scenarios, once again a 
‘saturation limit’ is reached, in terms of the amount of 
electrode used against further benefit of a reduction of 
earthing values. 
 
3.3 Radial conductors  
 
Due to the interaction of the radial conductors, doubling 
the number does not have affect the resistance. The 
increase in resistance is approximated by: 

 

Rg =                (3) 

Where  

 = Soil resistivity in ohm-meter 
L = Buried length of the electrode in meters 
d = Diameter of the electrode in meter 
h = buried depth of the electrode in meter 
n = number of radials 
 

Table 1 shows the relationship between the number of 
radials and resistance. The following unit parameter 
values were used:   = 90, L = 50, d = 0.01, h = 0.5 
 
Table 1: Number of radials and resistance 

* Number of radial conductors 
 
 
From figure 4 shows once again that a ‘saturation limit’ is 
reached, in terms of the amount of electrode used against 

further benefit of a reduction of earthing values. This 
information is valuable in carrying out optimum 
economic design of earthing systems. 
 
 

 
Figure 4: Relationship between resistance values and 
number of conductors. 
 
 
3.4 Options to improve high tower footing resistance  
 
The tower footing resistance can be minimized by 
adopting the following techniques: 
 
(i.) Use of short length radial conductors bonded at the 

injection point, rather than a single long length 
conductor. This produces the effect of having a 
number of conductors in parallel. 

(ii.) Terminating radial conductors with vertical 
electrodes. These measures are more effective in 
low to medium soil resistivity. 

(iii.) Using large bending radii when changing the 
direction of horizontal conductors. Sharp bends 
tend to increase the inductance. 

(iv.) The use of earth enhancing compounds to improve 
the soil resistivity in the proximity of the 
conductor, which will reduce the tower footing 
resistance 

 
3.5 Measurement of tower footing resistance  
 
Various instruments can be used to measure tower 
footing resistance. These meters should inject a high 
frequency lightning-like pulse into the base of the tower 
and measures the voltage response as a function of the 
injected current to give one an impedance value. This is 
often referred to as the fall of potential method. 
 
Meters, such as the Zed Meter varies from conventional 
three/four terminal low frequency earth testers. These 
testers use a low frequency generator that measures the 
power system resistance of a tower and adjacent parallel 
towers. Due to the high frequency nature of lightning, the 
affected tower is treated as isolated and ignores the 

N* 2 3 4 6 8 12 
N(n)  0.7 1.53 2.45 4.42 6.5 11 
Rg-ohms 2.19 1.61 1.34 1.09 0.96 0.85 
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parallel effect of adjacent towers. To simulate the high 
frequency response of the single affected tower, a high 
frequency pulse generator is required to calculate the 
towers impedance.  
 
It should be noted that a low frequency generator will not 
give one the same high frequency response and as a result 
will under read the impedance value since the shield-wire 
and adjacent towers dampen the frequency response of 
the injected current pulse. 
 
 

4. RESULTS AND DISCUSSIONS 
 
The tower footing resistance of an 88kV line was 
established during 2014/15. This line passes through 
different terrains, which includes forestry and rocky 
surfaces. The measured value is shown in figure 5.  
 

Figure 5: Tower footing resistance values along a terrain 
 
It can be seen that the resistance value varies along the 
length of the 49km line. In certain case, high values are 
recorded. The impact of these high values is that under 
lightning condition, a high number of back flashovers 
may occur. This would lead to the circuit breaker 
operating resulting in a poor quality of supply to the 
customers. In cases, the customers with sensitive 
equipment may have their production or parts of their 
production stopped due to these interruptions. 

 
4.1 Earthing Improvement 

Figure 6: Tower footing resistance values along a terrain 
 
The earthing on the towers with high resistance value 
were improved. This was done by including copper in the 
ground utilising the crows’ foot method. These were done 
on selected towers where the resistance value was greater 
than 30 ohms. Figure 6 illustrates the additional earthing 
installed to improve the resistance on selected towers on 
an 88kV line. 
 
The new tower footing resistance values superimposed on 
the old values are shown in the figure 7. 
 Figure 7: Old and new tower footing resistances 
 
 

5. CONCLUSIONS 
 

Various methods are available to calculate, measure and 
correct tower footing resistance. The measurement on the 
88kV line was carried out on a majority of the towers. 
These towers were located in flat level terrain and in hilly 
rocky areas. The values obtained varied from 3 – 56 
ohms. Additional horizontal electrodes based on current 
standards were then added to the towers with high 
resistance. Measurements were then taken to ensure that 
the values were reduced to values close to or below 30 
ohms. Various simulations were undertaken using 
MATLAB software to reduce tower footing resistance. 
The installation of additional copper electrode would 
assist, but the cost factor associated is high and that needs 
to be included and justified using a cost-benefit analysis. 
This is particularly significant if this has to be carried out 
on a large number of towers. Hence a trade-off or break-
even point has to be reached between the number/amount 
of copper electrodes to be used and the cost/benefit of 
further earthing resistance reduction. 
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Abstract: This paper is on developing improved electrical insulation through appropriately mixing 
carbon nanospheres with epoxy. The dielectric properties of epoxy-based nanodielectrics filled 
with carbon nanospheres at weight percentage (wt%) loadings of 0.11–3.86 wt% were investigated. 
The complex permittivity and conductivity of the nanodielectrics at frequency ranges of 40 Hz–
10 MHz were derived from measurements. The obtained results show that 0.11 wt% and 0.29 wt% 
have lower complex permittivity and conductivity compared to pure epoxy. This behaviour is 
explained by the role of the interphase (interfacial region around the individual nanoparticles). The 
higher permittivity and conductivity of 0.53–3.86 wt% is explained by the percolation effect. The 
results show that the permittivity and conductivity are not compromised when appropriate amounts of 
carbon nanoparticles are added to the epoxy. The presences of carbon nanoparticles, however, 
significantly improve other insulation properties, such as dielectric strength and thermal conductivity. 
 
Key words: carbon nanospheres, conductivity, dielectric spectroscopy, epoxy, interphase, 
permittivity, percolation.  
 

1. INTRODUCTION 

Research has shown that by mixing appropriate amounts 
of suitable nanoparticles with conventional electrical 
insulation, the resultant product (nanodielectrics) can 
exhibit remarkably improved electrical, thermal and 
mechanical properties [1, 2]. The improved results are 
mainly attributed to the unique properties of the nanofiller 
and the large interfacial area (interphase illustrated in 
Figure 1) between the nanoparticles and the polymer 
matrix [3–5]. The interphase allows the nanofiller to alter 
some properties of the host insulating material.  
 
There are different filler materials such as metal oxides 
and boron nitride used in the development of 
nanodielectrics. Carbon nanospheres (CNS) in epoxy is a 
promising nanodielectric. CNS has attractive properties 
such as low density, high surface area and stable 
mechanical and thermal properties [6]. Kosmidou et. 
al. [7] showed that carbon black epoxy nanocomposites 
have good space charge characteristics. The implications 
of these findings show promising applications in HVDC 
technologies.  
 
However, determining the optimal amount of CNS 
concentration in the polymer matrix is a challenge due 
to the percolation effect [7, 8]. Additionally, it is key 
with conductive nano-fillers to obtain a balance between 
electrical conductivity and desired mechanical and 
insulating properties [7]. This was evident in [7], where 
surface modified carbon nanotubes (CNTs) were reported 
to improve the flexural modulus, strength and storage 
modulus of the polymer. However, the high electrical 
conductivity observed becomes the main disadvantage 
when the nanodielectric is to be considered for electrical 
insulation. In [9] improved electrical properties as a 
result of nanodielectrics are presented and these include 

partial discharges, AC and DC breakdown strength, and 
improved treeing time. 

 
Figure 1: The relative interphase/interaction zone (10-
25 nm) to particle relationship shown for micro (1 µm-
500 nm), submicro (500 nm-100 nm) and nano (100 nm-
1 nm) spherical particles. 
 
The present work investigates the dielectric properties 
(permittivity, and conductivity) of CNS/epoxy 
nanodielectrics at different filler loading levels. This was 
to determine which filler wt% had better functional 
properties compared to those of pure epoxy. This paper 
is part of an ongoing larger project by the authors on 
improving dielectric properties of insulators using 
different nanoparticles. The unique properties of 
nanodielectrics are due to the existence of areas around 
the nanoparticles attributed termed, the interaction zone 
or interphase. 
 
1.1 The role of the interphase 
 
The interphase is defined as a transitional layer that 
separates the host polymer and the added filler shown in 
Figure 1. It has been shown that the interphase has 
different crystallinity, glass transition temperature, 
permittivity and thermal conductivity from the host 
polymer and the nano-filler [1, 8]. In an optimally filled 
nanodielectrics, the bulk properties are attributed to the 
interphase [1, 10, 11].  
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In the literature, lower relative permittivity of epoxy 
nanodielectrics at lower filler loadings has been reported; 
which is strongly associated with the presence of the 
interphase. The interaction of nanoparticles and polymer 
chains cause the interphase to be more pronounced at 
lower filler wt% [2, 12]. The nanoparticles cause a 
hindrance to polymer chains and thus, less polarisation. 
Another possible reason for low relative permittivity at 
lower wt% may be due to the hydroxyl groups (OH 
groups) present on the surface of nanoparticles, which can 
form a strong interaction with polymer chains [13]. Other 
work by Singha et al [14], claims the epoxide groups may 
form strong hydrogen bonds with the free OH groups of 
nanoparticles. They also argue that this may be further 
enhanced by the amine groups from the hardener that is 
added during sample synthesis. However, the chemical 
validation has yet to be explored. 
 
1.2 The percolation effect  
 
Percolation is defined as a transition from an insulator 
nanodielectric to a conductor nanodielectric as a function 
of filler concentration [15]. The effect results in 
pronounced increase of permittivity and conductivity. The 
critical value at which this transition occurs is known as 
the percolation threshold [15]. Above the percolation 
threshold, there is a continuous formation of conductive 
paths that further enhance the electrical conductivity of 
the nanodielectric [10]. The present work therefore seeks 
to identify the percolation threshold of CNS/epoxy 
nanodielectrics.  

CNS Mixing with high shear force Rheology

Hardener

Cleaning with Ethanol

Pre-heating and treatment of molds

Casting

Curing Specimen Deggassing

Mixing with high shear force

ER

Degassing

 
Figure 2: The flow diagram used in the fabrication of 
epoxy nanodielectrics [16]. 
 

 
Figure 3: Frequency response of dielectric mechanisms in 
different regions adapted from [17]. 

2. EXPERIMENTAL METHODOLOGY 

The nanodielectrics were fabricated using a direct 
dispersion method as shown in Figure 2. The epoxy resin 
(ER) and hardener used for this study were Araldite 
CY 231-1 and Aradur HY 925 respectively 
(Huntsman™). This type of epoxy was preferred for its 
favourable insulating properties in medium to high 
voltage applications [16]. The CNS particles used have 
diameters of 80 – 120 nm. The chemical synthesis of the 
CNS is detailed in [6].  
 
The manufactured sample sets were: 0.11, 0.29, 0.53, 
0.95 and 3.86 wt% loadings of CNS. Three samples 
per batch were analysed for dielectric spectroscopy (DS) 
measurements. The filler concentrations of less than 5 
wt% were considered in an attempt to avoid 
agglomeration effects (clumping of particles due to 
Van der Waals Forces). The conventional rationale was 
that the agglomerates and pathways may act as defects 
and compromise the dielectric properties [16]. The final 
fabricated samples had a diameter of 36 mm and thickness 
of 1 mm suitable for use with an 4249A Agilent 
impedance analyser with 16451B test fixture.  
 
2.1 Sample preparation for measurement  
 
The samples were first cleaned with ethanol to remove 
any trapped residues and were kept under vacuum 
evacuation 3 h prior to the measurement. It was assumed 
that 3 h was sufficient to remove trapped air moisture. 
The samples were coated with silver paint (colloidal 
silver) to achieve good contact between the electrodes of 
the test fixture [12]. The silver paint also minimised air 
gap errors due to sample surface unevenness.  
 
2.2 Dielectric spectroscopy measurement setup  
 
The dielectric spectroscopy (DS) is a measurement 
technique of complex permittivity as a function of 
frequency and/or temperature [9]. Through DS, the 
dynamics of molecular motion of a complex material 
and characterisation of bulk properties are evaluated [2]. 
The behaviour of permittivity as a function of 
frequency is shown in Figure 3. Each frequency region 
represents a different mechanism which influences the 
permittivity. Frequency ranges less than 100 MHz are 
vital for electrical insulation engineering [8]. In the 
present study, 40Hz – 10 MHz were investigated which 
lies in the region predominated by dipolar polarisation 
mechanism [9]. The dipolar polarisation mechanism 
describes how permanent and induced dipoles orient 
themselves in response to a changing electric field [12]. 
 
A schematic diagram of the DS setup is shown in Figure 
4. The measurements were done at ~25 ºC ambient 
temperature. Each sample set was sandwiched between 
the electrodes of the test fixture, connected to the 
impedance analyser. By measuring the complex 
impedance of the circuit, as a function of frequency,  
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the real and imaginary parts of the complex permittivity 
shown in equation (1) arises from equations (2) and (3). 
The obtained results were then plotted as a frequency 
response and the results are presented in Section 3. The 
ratio of energy lost over energy stored known as tan 
delta is shown by equation 4. 
 

 
Figure 4: AC powered, parallel plate capacitor model of 
the dielectric spectroscopy measurement method adapted 
from [18]. 
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Where: 
x Hc = the real part of the complex permittivity, 

which represents the relative permittivity that 
measures the amount of polarisation  [9].  

x H cc = the imaginary part of the complex 
permittivity which represents the dielectric loss 
of a material that measures the losses that are 
encountered during polarisation processes [9].  

x t  = the thickness of the sample [mm] 
x A  = the area of the samples [mm ] 
x Z  = the angular frequency [ fS2 ]  

 
3. EXPERIMENTAL RESULTS AND ANALYSIS 
 
The real and imaginary components of the complex 
permittivity and the conductivity were investigated in the 
frequency range of 40 Hz–10 MHz.  
 
Relative permittivity is defined as a measure of the 
polarizability of a material [19]. Dipoles are created 
within a dielectric under an externally applied electric 
field. Figure 5 shows the real part of the permittivity 
which decreases with increasing frequency for all 
samples. Figure 6 shows the imaginary part of the 
corresponding permittivity.  
 
 
 
 

At low frequencies, the dipoles are able to keep up with 
the frequency and this results in higher polarisation. As the 
frequency increases, polarisation then lags behind the 
electric field. This causes the reorientation of the dipoles 
to be opposed by internal friction, which generates heat 
and hence energy loss. The increase in loss is manifested 
as an increase in the imaginary permittivity as shown in 
Figure 6. A further increase in the frequency of the applied 
electric field reaches a point where polarization no longer 
occurs and this is termed the β-relaxation peak [17]. This 
can be realized at approximately 1 MHz in both the real 
and imaginary part of complex permittivity (Figure 5 and 
Figure 6).  
 
The unfilled epoxy sample results as shown in Table 1 
and 2 are comparable to Kochetov et. al. [20], who used 
the same epoxy system. The complex permittivity values 
at low filler loadings highlighted are marginally lower 
than pure ER. The hindrance of polymer chains due to the 
presence of CNS results in lower permittivity values as 
the degree of dipole orientation is reduced [21].  
 

 
Figure 5: Frequency spectrum of the real part of the 
complex in carbon/epoxy nanodielectrics. 
 

 
Figure 6: Frequency spectrum of the imaginary part of 
complex permittivity in carbon/epoxy nanodielectrics. 
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Table 1: Real part of complex permittivity values at 
different frequencies. 

 40 Hz 1 kHz 0.1 MHz 1 MHz 
pure ER 4.36 4.25 4.11 3.97 
CNS 0.11 wt% 4.18 4.09 3.96 3.84 
CNS 0.29 wt% 4.26 4.14 4.03 3.90 
CNS 0.53 wt% 6.31 6.17 5.50 4.90 
CNS 0.95 wt% 124.1 98.39 19.89 10.35 
CNS 3.86 wt% 155 137.9 20 9.98 

 
Table 2: Imaginary part of complex permittivity values at 
different frequencies. 

 1 kHz 0.1 MHz 1 MHz 
pure ER 0.04 0.07 0.07 
CNS 0.11 wt% 0.03 0.07 0.09 
CNS 0.29 wt% 0.03   0.07 0.09 
CNS 0.53 wt% 0.12 0.35 0.41 
CNS 0.95 wt% 125.1  14.31 4.56 
CNS 3.86 wt% 351.7  23.86 5.45 

 
From Figure 5 and Figure 6, as well as Table 1 and 2; it is 
noted that permittivity of 0.53 wt% loading is slightly 
greater than that of pure epoxy. This can be explained by 
considering the percolation effect. This effect is also 
noticeable in the 0.95 and 3.86 wt% loadings, where 
values of H c  and H cc  are higher than that of pure epoxy. 
 
According to Chung et. al. [22] the relative permittivity 
of carbon black (long chains of carbon nanospheres) at 
100 kHz is ~100 which is significantly higher than pure 
ER ~4. The increased number of CNS results in the 
overlapping of the interphases, according to [9, 10] and 
hence the carbon permittivity becomes  highly 
prevalent [8, 16]. The inter-particle distance between the 
nanoparticles decreases with an increase in filler loading. 
The charge carriers therefore are able to move more freely 
between nanoparticles. With reference to Figure 7 plotted 
from equation (5), at low frequencies, the samples with 
higher filler loadings have conductivity values which are 
five orders of magnitude greater than pure ER and lower 
filler loadings. As the frequency increases, the pure ER 
and lower filler loadings become increasingly conductive, 
and values of conductivity approach that of heavily 
loaded samples.  
 

0HZHV ��cc  (5) 

 
4. DISCUSSION 

 
There are six models used to describe the behaviour of 
nanodielectrics illustrated in Figure 8 [5, 8, 17–19]. As 
the models have been developed and further 
investigations were obtained, these models were further 
refined to incorporate current understanding. The first 
model which is the intensity model is based on colloidal 
chemistry. Essentially, it postulates that the interphase is 
a function of surface chemistry around the particles. The 
multi-core model describes how by surface conditioning 
the particles,  

the properties of the interphase are three distinct regions. 
The polymer chain model claims that the interphase is a 
result of surface conditioning causing the polymer chains 
around the particles to be more ordered. The new barrier 
model generalises the first three models by looking at the 
work energy function of the interphase which causes 
changes in material properties around the particles. The 
volume model ignored the properties of the interphase, 
assumes that it is present, and describes the mathematics 
of how particles would be ordered in this situation. The 
simple bulk model uses the volume model to explain 
what would be observed in the bulk properties of the 
nanodielectrics.  
 
Currently all work into the modelling have been based on 
ceramic (metal oxides, boron nitride and clay) 
nanoparticles and have not investigated conductive 
particles as candidates. The findings presented in this 
paper are consistent with all the models except the multi-
core and polymer chain model. This is because the CNS 
particles used were not surface conditioned.  
 

 
Figure 7: Frequency spectrum of the electrical 
conductivity in carbon/epoxy nanodielectrics. 
 

 
Figure 8: Nanodielectric models developed (A) Intensity 
model, (B) multi-core model, (C) polymer chain model, 
(D) New barrier model, (E) Volume model, (F) Simple 
bulk model where N is nanoparticle, I is interphase and M 
is matrix [5, 8, 17–19]. 
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Based on the nanodielectrics synthesis, and the results 
obtained from the dielectric spectroscopy, the effect of 
humidity, agglomerates and polarisation impedance at 
low frequencies must be considered. First, other work has 
shown that nanoparticles have a tendency to absorb water 
molecules on the surface irrespective of the type of nano-
filler. Therefore, the final nanodielectric would possibly 
have increased values of permittivity. However, the 
samples were exposed to the same conditions, and 
therefore any differences in the dielectric properties 
would be attributed to the different loading levels and not 
moisture.  
 
One could argue that the presence of agglomerates would 
be high in the materials analysed due to not using surface 
conditioning. Although agglomerates may be present in 
optimally loaded nanodielectrics, the results of this paper 
show that the agglomerates may not necessarily 
negatively impact the overall performance of the 
nanodielectric. However, in high concentration samples, 
the agglomerates only impact if the percolation threshold 
has been exceeded.  
 

5. CONCLUSION 
 
The purpose of this study was to investigate the dielectric 
properties (permittivity and conductivity) of epoxy 
nanodielectric filled with different wt% of CNS particles. 
The results can be summarised as follows: 

1. The percolation threshold of CNS/Epoxy 
nanodielectrics is 0.53 wt%. 

2. The permittivity and conductivity below the 
threshold are marginally lower than pure ER.  

3. The imaginary part of the complex permittivity 
and conductivity increases with an increase in 
frequency for filler loadings below the threshold.  

4. Beyond the threshold the permittivity and 
conductivity are increased by five orders of 
magnitude compared to low filler loadings and 
pure ER.   

5. The findings are consistent with models 
available in the literature which explain the 
interphase phenomena in nanodielectrics.  
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Abstract: This paper investigates the breakdown of CO2 under standard lightning impulse. The 
investigation was conducted for uniform and non-uniform fields, using various electrode arrangements. 
Paschen’s curve, ionisation and attachment coefficients and the streamer criteria, with the aid of 
BOLSIG+ and MATLAB, were analysed and comparisons were made to the results obtained from the 
experiment. The results proved to follow a behaviour of a higher breakdown voltage for a higher 
pressure, although experimental results were unexpectedly higher.   
 
 
 

1. INTRODUCTION 
 

The toxicity and environmental impacts of SF6 used in gas 
insulated switchgear (GIS) has created a platform for 
continuous and extensive research into finding 
replacement gases, or achieving a way in which to reduce 
the use of SF6. Carbon dioxide is one such gas that has 
been used as a standalone gas or combined with other 
gases. An investigation into the breakdown of CO2 is 
conducted. The experiment was carried out using a 
multistage Marx generator, producing a standard lightning 
impulse. 
 
1.1 ABB CO2 Circuit Breaker 
 
ABB has introduced the production and implementation of 
a CO2 high voltage circuit breaker. The LTA 72D1 circuit 
breaker is available for 72.5 kV distribution networks with 
short-circuit breaking current requirements up to 31.5 kA 
[1]. In 2010, the CO2 concept circuit breaker was installed 
in a pilot project in Sweden at a 132/45 kV substation [2]. 
ABB has also done a comparison of the life cycle 
environmental impact of their CO2 and their SF6 circuit 
breaker, where they found that the life-cycle 
environmental impact is significantly less than SF6. 

 
1.2 Green gas for grid 
 
Green Gas for Grid, or more commonly known as g3, is a 
gas mixture that can replace SF6 for high voltage gas-
insulated switchgear applications. G3 is based on 3MTM 
NovecTM 4710 and CO2. It has been specifically developed 
to drastically reduce global warming potential relative to 
SF6 and to comply with the stringent specifications of 
switchgears. The main specifications of the g3 gas include: 
high dielectric strength, high thermal dissipation, low 
boiling point, low toxicity, arc quenching capability, 
compatibility with materials used in the switchgear, high 
stability versus temperature and time and to be easily 
handled on site for gas filling or topping up [3].  
 
3MTM NovecTM 4710 fluid has a breakdown strength of 
approximately two times that of SF6 at a given pressure [4]. 
It has an atmospheric lifetime of 30 years, while SF6 is 
3200 years. The global warming potential (GWP) is 2100 

as compared to 23500 with SF6 [4]. The comparison of 
dielectric strength of 3MTM NovecTM 4710 and SF6, as 
measured in accordance with ASTM D877 test method 
with disk electrodes at 2.5 mm gap reveals that the 
performance is significantly better [4]. 
 
3MTM NovecTM 4710 fluid cannot be used alone due to 
liquefaction at low temperature and has to be consequently 
diluted into a buffer gas. CO2 has been selected over 
Nitrogen and air for its superior arc quenching capability 
to make the mixture suitable for disconnector and circuit 
breaker applications, and NovecTM 4710 ratio in g3 
mixtures are typically from 4%vol to 10%vol, the 
remaining component being CO2 from 90%vol to 96%vol 
[3]. 
 

2. BREAKDOWN IN GASSES 
 
2.1 Paschen’s Law  
 
The Paschen’s law describes the breakdown characteristic 
of a gas in a gap as a nonlinear function of the product of 
the gas pressure, p, and the gap distance, d, and usually 
written as V= f (pd). This shows that the breakdown 
voltage of a uniform field gap is a unique function of the 
product of gas pressure and the gap length, for a particular 
gas and electrode material. This relation does not mean 
that the breakdown voltage is directly proportional to 
product pd even though it is found that for some region of 
the product pd the relation is linear. 
 
The breakdown voltage is derived to be as follows, where 
A, B and K are constants [5]. 
 

kApd
BpdVb /ln

=                                                            (1) 

 
If values of A, B and ν are known both the (pd) min and 
Vbmin can be obtained. However, in practice these values 
are obtained through measurements. 
 
For values of pd > (pd)min, electrons crossing the gap make 
more frequent collisions with gas molecules than at (pd)min, 
but the energy gained between collisions is lower. Hence, 
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to maintain the desired ionization, more voltage will need 
to be applied. For pd < (pd)min, electrons may cross the gap 
without even making a collision. Hence, more voltage will 
have to be applied for breakdown to occur  [6]. 
 
Paschen’s curves for air and CO2 are seen in Figure 1, 
where it is noticeable that CO2 performs better than air. 
This is however for very small gaps or very low pressues. 
 

 
Figure 1: Paschen’s curve for air and CO2 

 
 
The breakdown voltage equations for air and CO2 in a 
uniform gap are as follows [7]:  
 

pdpdUair 72.64.24 +=                                        (2) 

pdpdUCO 27.926.172 +=                                     (3) 
 
These are displayed in Figure 2, respectively, where it can 
be seen that the breakdown for CO2 is less than air for the 
regions of interest. 

 
Figure 2: Paschen’s breakdown for air and CO2 

 
3. BOLSIG+  

 
The simulation to understand the breakdown and 
behaviour of carbon dioxide is done in MATLAB, with the 
use of information from BOLSIG+. BOLSIG+ is a 
Boltzmann equation solver that uses the cross-sections of 

gases to determine the Townsend coefficients and the 
electron energies. 
 
Ionisation, attachment and effective ionisation 
(combination of ionisation and attachment) coefficient 
curves were done for air and CO2. A further comparison is 
seen in figure 5, comparing air and CO2 directly.  
 

 
Figure 3: Ionisation, attachment and effective ionisation 

coefficients for air 
 

 
Figure 4: Ionisation, attachment and effective ionisation 

coefficients for CO2 
 
The ionization coefficient curve in Figure 3 only begins at 
an electric field of 30 kV/cm. When compared to the 
similar curve for CO2, in Figure 4, ionization begins at a 
much lower electric field, with a lower Townsend 
coefficient. Similar patterns are seen in the other curves in 
Figures 3 and 4. This indicates that air has a higher 
breakdown strength than CO2. Figure 2 depicts a similar 
deduction under Paschen’s law, where it is clear that for a 
given pressure distance, the breakdown voltage of air is 
higher than that of CO2.  
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Figure 5: Effective ionisation coefficient for air and CO2 

 
The graphs all depict a similar behaviour where at a lower 
electric field the attachment coefficient exceeds the 
ionisation coefficient. A comparison between the effective 
ionisation coefficients for air and CO2 show that there are 
higher coefficients for air and it is noticeable that the 
ionisation begins at a lower electric field than air. This 
infers that air has better insulating properties than CO2. 

 
Figure 6: Electron energy vs electric field 

 
Figure 6 is that of electron energy and electric field. This 
shows that for a small electric field, the electron energy 
increases rapidly. This is expected as the Lorentz force 
accelerates electrons in the electric field and they would 
gain more energy. It is noticeable that at low electric field 
the electron energy in air exceeds that of CO2, this is 
consistent with what is illustrated in Figure 1, where the 
breakdown strength of CO2 is higher than that of air. As 
the electric field increases, air becomes a better insulator. 
This is due to CO2 being an electron retarding gas. 
 

4. BREAKDOWN IN CO2  
 
The theoretical breakdown of the CO2 is investigated using 
the streamer criterion, where breakdown occurs if [1]:  
 
∝ 	−	$ %& = 18													     (3) 

 

Figure 7 displays the streamer criterion to voltage for a 
uniform electric field. 

 
Figure 7: Streamer criteria in uniform electric field 

 
 

Table 1: Resultant breakdown voltages by varying 
pressure and gap distances 

pd 
(bar.mm) 

Breakdown Voltage 
for Streamer 

Criterion (kV) 

Breakdown Voltage 
for Paschen’s 
Equation (kV) 

7.5 19.35 20.97 
15 35.75 37.24 

22.5 51.45 52.74 
 
Table 1 displays results obtained using the streamer 
criterion and Paschen’s equation. It is evident that an 
increase in gap distance increases the breakdown voltage. 
Thus, the greatest breakdown voltage seen in the table is 
obtained with the largest gap distance and highest pressure, 
under these conditions. This is in accordance to Paschen’s 
law that explains how increase of pressure causes the 
particles to be too concentrated, thus less chance of gaining 
energy. This implies that a higher voltage is required to 
cause breakdown in the gas. Figure 8 illustrates the 
relationship between the electric field and gap distance for 
a coaxial arrangement with an inner conductor radius of 18 
mm and an outer conductor radius of 51 mm. 

 
Figure 8: Electric field vs distance in non-uniform 

electric field of coaxial arrangement 
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Closer to the inner conductor the electric field is the 
strongest. This leads to higher ionization, at the lower 
electric fields away from the electrode the attachment is 
dominant. This is illustrated through the streamer criterion 
shown in Figure 9. The streamer criterion equals 18 for a 
voltage of 56.5 kV. 
 

 
Figure 9: Streamer criterion in non-uniform electric field 

of coaxial arrangement 
 
 

5. EXPERIMENT  
 
There were two electrodes used in this experiment: 

• The tinned brass sphere electrode has a diameter 
of 50 mm. 

• The coaxial arrangement consists of an inner 
radius of 18 mm and an outer radius of 51 mm 
resulting in a gap distance of 32 mm. Flashovers 
were avoided by using the insulating materials on 
certain points along the arrangement particularly 
around the edges. 

 
Figure 10 shows the experimental setup, whereby the gas 
chamber encloses the electrode system. The multistage 
Marx generator can be seen in the background.  
 

 
Figure 10: Test vessel 

Table 2 is a summary of the results obtained for the 
negative impulse waveform and table 3 are that of the 
positive impulse waveform.  
 

Table 2: Experimental results of breakdown voltages of 
CO2 for negative lightning impulse 

Electrodes Gap 
(mm) 

Negative U50 (kV) 

  1 Bar 2 Bar 3 Bar 
Sphere 7.5 60.421 56.166 66.378 
Coaxial 32 94.461 119.991 148.925 

 
Table 3: Experimental results of breakdown voltages of 

CO2 for positive lightning impulse 
Electrodes Gap 

(mm) 
Positive U50 (kV) 

  1 Bar 2 Bar 3 Bar 
Sphere 7.5 52.762 73.186 73.186 
Coaxial 32 66.378 88.504 114.885 

 
It is evident from the tables that generally an increase in 
the pressure results in an increase in breakdown voltage 
apart from the two anomalies for negative sphere at 2 bar 
where the voltage decreases and positive at 2 or 3 bar 
where the voltage is the same. It is also evident that the  
measured sphere gap breakdown voltage is higher than that 
predicted.  
 
Figure 9 is the streamer criterion for the coaxial 
arrangement. An increase in voltage showed an increase in 
streamer criterion and a shifting of the peaks. The voltage 
of 56.6 kV fulfills the streamer criteria at 1 bar. Table 3 
shows that at 1 bar, the breakdown voltage of the coaxial 
gap arrangement is at 66.378 kV, with a gap distance of 
3.2 cm, as with the sphere gap the breakdown voltage is 
higher than predicted.  
 
A comparison can be made between the breakdown 
voltages for the two impulses. It is evident that the positive 
lightning impulse results in lower breakdown values 
overall. It also shows the effect of an increase in pressure 
on the breakdown values. It can also be noted here the 
behaviour of uniform and non-uniform fields in 
comparison to each other. 
 

6. ANALYSIS AND DISCUSSION  
 
MATLAB and BOLSIG+ are packages that were chosen 
to conduct the simulation to understand the breakdown and 
behaviour of CO2. Waveforms of Townsend and streamer 
criterions of uniform and non-uniform fields were done. 
This comparison shows that air is a better insulator, 
according to the simulation done. However, it is important 
to note that gaseous insulation requires many other 
characteristics of a gas to be applied as insulation. Thus, 
air may not be a feasible insulating gas due to its other 
properties. CO2 has good arc quenching capabilities and 
can thus be implemented in switchgear for this property. 
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Breakdown voltages were simulated. It was understood 
that varying pressures and gap distance affect the 
breakdown voltage. The results tabulated were in relation 
to Paschen’s law. The results from the streamer criterion 
confirmed Paschen’s equation. 
 
The streamer criteria for the coaxial arrangement was 
further simulated at different voltages to identify the 
breakdown voltage.  
 
The experimental procedure was conducted very carefully 
and in accordance to the ASTM D2477 standard. 
 
It is noted that breakdown may not always occur as 
expected, as it depends heavily on the availability of an 
electron in the gap distance. Another factor could be the 
waiting period between breakdowns. The gas requires 
recovery time and the time taken in the laboratory could 
have possibly been too little. This will then affect the 
breakdown voltage obtained by the proceeding lightning 
impulse. 
 
A comparison between the negative and positive impulse 
waveforms shows that the positive impulse results in lower 
breakdown values. It is noted that the breakdown voltages 
for the sphere gap are not as expected with the breakdown 
occurring at similar peak voltages. The coaxial 
arrangement provides far more consistent results. 
 
In comparison to the simulated results, it is noted that the 
experimental breakdown is significantly higher than 
expected at the lower pressures with the closest value 
being the breakdown under positive lightning impulse for 
the coaxial arrangement. 
 
 

7. CONCLUSION   
 
The experimental procedure was conducted carefully and 
in accordance to the ASTM D2477 standard. However, the 
standard is set for commercial power frequencies and this 
investigation involved a standard lightning impulse. Thus, 
the experimental setup and apparatus was adjusted 
accordingly. The results show that there are many factors 
that affect the breakdown voltage of a gas, however the 
main factors in this investigation are the pressure and gap 
distances. The highest pressure for each test showed the 
highest breakdown voltages. The various electrodes used 
have successfully set up various electric fields, which 
evidently affected the breakdown voltages. The successful 
completion of this investigation can aid the research that is 
being done towards the improvement of gas insulated 
switchgear and to eliminate or reduce the use of SF6 as 
gaseous insulation. 
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Abstract: The work presents a small-scale experimental model against which Finite Difference Time
Domain (FDTD) simulations could be compared to measure their validity. A driven-rod electrode was
placed in a cylindrically-shaped galvanised steel test vessel, filled with different soil types with varying
moisture contents, and was excited by an 8/20µs current impulse. The measurements were taken with
the aim of explaining the ionisation characteristics of the different soil samples by comparing current
magnitudes, electric field profiles and time delays. The results showed that increased moisture content
within the soil improved the ability to ionise, unless the soil became saturated, which resulted in poorer
breakdown performance. Additional tests to determine other electrical properties of each soil, namely
resistivity and permittivity, were also carried out with varying degrees of success.

Key words: FDTD, Permittivity, Resistivity, Soil Ionisation, Time Delay

1. INTRODUCTION

Soil ionisation is a phenomenon that occurs when soil
is exposed to a high enough electric field to initiate
the mechanisms of ionisation and will ultimately lead to
electrical breakdown [1, 2]. A lightning strike imparts
a large amount of current and involves high voltages.
The objective of earthing and lightning protection is to
ensure that this current is diverted into the ground and
dissipated safely. In order for this to be achieved, the soil
in which the earth electrode is placed needs to offer the
lowest impedance path possible [3]. When ionisation takes
place it greatly reduces this impedance meaning that, in
terms of lightning protection, soil ionisation is a desirable
occurrence. It is therefore the aim of this investigation to
investigate the properties of soil that lend themselves to
better ionisation characteristics and how to measure this
performance.

Finite-difference time-domain (FDTD) simulations will
give invaluable real-time information as to what occurs
within soil excited by a lightning impulse. It will allow
any point in the simulation space to be observed with
respect to time. In terms of earthing, it will give users
the ability to observe the effects of an impulse throughout
the entire propagation of the current through the soil [4].
This investigation aims not only to extend on previous
knowledge in this field of research, but also to provide
a comparative physical model in order to ensure that
the FDTD simulations accurately model electrical effects
occurring around earthing electrodes.

The effects of moisture contents on soil breakdown
characteristics have been widely explored. The general
consensus within literature is that an increase in moisture
content reduces the breakdown strength of the soil [1].
This is due to the fact that the water increases conductivity
within the soil, thereby improving the ionisation process.

Figure 1: Current plot for short circuited 8/20µs generator
charged to 4kV.

According to [5], another measure of the effectiveness of
ionisation is to note the time delay between the moment
that the test object is excited by the impulse to the point
at which the current reaches its maximum value shown in
Figure 1 as t

b

. The smaller value of the time delay, the
more effective the ionisation of the test object. This will be
explored and used as a measure for the various test samples
presented in this investigation.

The main properties required to run effective FDTD
simulations were conductivity and permittivity [4].
Conductivity is the inverse of resistivity, a property that
relates to a material’s ability to resist the flow of current
[6].

s =
1
r

(1)
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The electric field required to cause electrical breakdown
is a function of the resistivity of the material [2]. It
is therefore a crucial value in the understanding of the
physics behind not only the simulations, but the practical
experiments as well.

2. EXPERIMENTAL PREPARATION

In order to carry out the investigation, a number of items
had to be acquired, especially for the impulse testing. The
most crucial of these items was the test vessel to be used in
the impulse tests and the soil types that would be used.

2.1 Test Vessel

The test vessel was used to contain the soil and
accommodate other measurement equipment such as the
voltage probes. This vessel was cylindrically-shaped, but
featured slightly different dimensions at either end.

The dimensions of the test vessel used were as follows:

• Upper diameter – 450 mm

• Lower diameter – 390 mm

• Height – 520 mm

It was crucial that the test vessel was both conductive and
that its shape did not enhance electric fields in a way that
would have a significant influence on the results of the
experiments. A galvanised steel test vessel was selected
after it was found, through FEMM simulations, that it
would be suitable for the tests that were to be carried
out. This was due to there being no significant field
enhancements as a result of the geometry of the vessel.

Figure 2: Screenshot of a contour plot for the electric field
simulation of the driven rod electrode in the galvanised
steel dustbin surrounded by air.

2.2 Soil Samples

Three different types of soil were chosen for testing
purposes. These were potting soil, river sand and building
sand. These samples were chosen as they give a wide
variation in physical properties. The building sand was
dense, fine and mostly silica based. The river sand,
while similar to the building sand, was made up of larger
particles giving it a gravel-like consistency meaning the air
gaps between particles would be larger. The potting soil is
a much lighter sample and gives a mixture of soil types
with a variety of contaminants such as plant matter.

As the effects of moisture content in the soil were to be
investigated, the existing moisture contents of each of the
soil types were found by taking small samples of each,
weighing them, drying them out completely in an oven and
then weighing them again in order to calculate the moisture
content as a percentage of mass. The existing moisture
contents were as follows:

• Potting Soil = 36%

• Building Sand = 1.4%

• River Sand = 9.4%

Irrespective of these moisture contents, these were
designated as ‘dry samples’, to which water was then
added to give the ‘wet sample’ set. The different increases
in moisture content were a result of each soil featuring
different saturation points. The new moisture contents,
once the water was added to each of the samples, were as
follows:

• Potting Soil = 41%

• Building Sand = 5%

• River Sand = 12.4%

3. IMPULSE TESTING AND ELECTRIC FIELD
MEASUREMENTS

3.1 Methodology

These tests were carried out using the 8/20µs current
impulse generator to produce an output conforming to the
IEC 62305-1 standard for lightning tests, as can be seen
in Figure 1. The generator was connected in combination
mode which allowed for the higher voltages, required to
break the soil samples down, to be generated. In this
mode the generator was able to achieve voltages of up
to 20kV and a maximum current of approximately 10kA.
This limited the size of the gaps that would be possible
to break down. The brass electrode was connected to
the output of the generator and the earthing point was
connected to the test vessel. The setup of the impulse
generator allowed only for a positive current impulse to be
generated, therefore only the effects of positive lightning
were investigated.
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The soil sample under investigation was contained within
the test vessel. The electrode was placed in the centre
of the soil under test at various depths between 20mm
and 400mm. A voltage probe was attached directly to
the electrode and three more probes were inserted into the
soil at 50mm increments (measured from the electrode) at
varying probe depths. The generator was charged up to the
desired voltage and then discharged, allowing the current
to flow through the electrode and through the soil under
test. The voltage measurements were taken using four
Tektronix P6015A 1000:1 voltage probes and the current
readings using a 100:1 Pearson coil and a 10:1 oscilloscope
probe to give a combined 1000:1 divider.

Once the dry sample tests were completed, water was
added to each of the samples to increase their moisture
content. The tests were then repeated.

3.2 Results and Analysis

All the results obtained were summarised using the
MATLAB IDE. The summarised values were then used
in the analysis process. The average values presented
in these results were calculated by amalgamating all the
respective tests into one single set of values, essentially
taking an average of all the test values over the same time
period. This was done instead of taking averages of all the
maximum values to ensure that the time delays were taken
into consideration too. It was felt that this would give a
clearer picture of what would be expected if the tests were
to be repeated.

Initial analysis showed some anomalies in the readings,
particularly for the calculated electric fields in the potting
soil readings at probe depths of 20mm. These anomalies
occurred less frequently at other depths and showed
that the electric field would decrease, increase and then
decrease again over the distance between the electrode and
the test vessel, which made little sense (see Figure 3).
These errors were attributed to the fact that the potting soil
had a lot of debris within it, especially near the surface so
the voltage probes may not have been appropriately placed
in the soil. This is evidenced by the fact that the readings
from greater depths, where the soil was more compacted,
were, for the most part more stable and in the wet sample
tests, where the sample was more dense, the occurrence
of these anomalies were further reduced. It was for this
reason all further analysis was conducted on the readings
from a 150mm depth for river sand and 300mm for both
potting soil and building sand.

This was further supported by the fact that it was found
that different probe depths (within the soil) did not have a
significant effect on the electric field profiles generated.

The electric field profiles shown in Figures 3 and 4 were
plotted using curve fitting, as only four measurements were
taken within the field. This implies that they are not
completely accurate representations. The data collected,
nonetheless, gave some valuable information and clear
step potentials were observed. In the case of the potting
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Figure 3: Electric field profile for 30mm gap (dry samples)
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Figure 4: Electric field profile for 30mm gap (wet samples)

soil where the ionisation performance was better (i.e.
more current flowed, see Table 1) for the higher moisture
content; the field reduced significantly, yet more current
flowed. This indicates that the addition of water meant that
the field established did not have to be as intense in order
for breakdown to occur, indicating a substantial decrease
in the breakdown strength of the soil. In the case of the
building sand, the field established stayed about the same
but more current flowed. This indicates that the ionisation
performance had improved. The river sand’s performance
diminished, since the established field in the wet sample
was significantly higher than that in the dry test and less
current flowed, meaning the breakdown strength probably
increased significantly.

It was assumed that the addition of water to the samples
would decrease resistivity, thus allowing for improved
ionisation performance of the soil and therefore increased
current magnitudes. This is supported by the results found
in Table 1, for both the potting soil and the building sand
samples. The river sand, however, showed a decrease in
current magnitudes for the wet sample. The reason for
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Table 1: Average maximum currents measured in different
sized gaps for different soil types, dry and wet samples

Soil Type Gap Size
(mm)

Current(A)
Dry Wet

Potting
Soil

20 6560 6069
30 4888 5541
40 3592 4672

Building
Sand

10 5264 6712
20 5576 5800
30 4796 5440

River
Sand

10 8387 7443
20 7312 6533
30 6423 6064

this deviation is suspected to be due to the fact that the
sample may have been saturated. According to Leadon et
al. [7], the mechanisms of soil breakdown refer to the the
ionisation within the small air gaps between soil particles.
When the soil becomes saturated these air gaps, that would
have been expected to ionise and break down, were filled
with water. This made it more difficult to break down, as
water now had to be ionised and compared to air. This
would require an electric field intensity of approximately
3kV/mm to break down, whereas water requires closer
to 10kV/mm [6]. This point is further evidenced by
the results of another test conducted using building sand,
where its moisture content was increased to 15%, which
completely saturated the sample. These results indicated
that it was more difficult to break the sample down than
both the 1.4% and 5% samples.

One more discrepancy in these results was that for the
20mm gap in potting soil tests, the currents measured
in the dry sample tests were substantially higher, which
contradicts the results of other tests. It was determined that
this was a result of a measurement error when placing the
electrode in the soil, meaning the gap was smaller than the
desired 20mm. This in turn meant that it was easier for the
gap to break down and therefore less voltage was required
to cause breakdown.

The VI curve presented in Figure 5 shows a case where the
wet sample performed better than the dry sample in terms
of ionisation. Note that the ‘kink’ in the graph (on the
right of the plot) indicates the point at which the maximum
current was reached and, as can be seen, the wet sample
allowed for the flow of more current. The position of
this kink also gives insight to the impedance offered by
the soil at this point. The fact that the kink on the wet
sample’s plot is lower on the voltage axis than the dry
plot indicates that it is tending towards becoming a short
circuit, as it requires less voltage to push more current
through the sample. A time stamp has been included on the
kinks, which indicate that the time delay for the wet sample
was 9.8µs shorter. This implies that the ionisation was not
only more effective, but occurred more rapidly. One more
property of the V-I curve that indicates the efficiency of
breakdown is the width of the right section of the graph;

Figure 5: VI curve for tests carried out on building sand
sample for a 10mm gap

the narrower this section, the more effective the ionisation
of the soil.

The noise on the left side of the plot is as a result
of fluctuations in the current and voltage values during
ionisation stages before breakdown occurs.

Further investigation of the time delays show a clear
correlation between the length of the delays and the
effectiveness of the ionisation, since the test samples
that outperformed their dry or wet counterparts in terms
of current magnitude all featured shorter delay times.
This further proves that the time delay can be used as
a benchmark for the ionisation performance of soils and
other dielectric materials in general.

4. ADDITIONAL MEASUREMENTS

The purpose of these additional tests were to improve
understanding of how the investigated characteristics affect
the ionisation of soil, as well as the relation between
the measurements taken in the laboratory and the FDTD
simulations. The values required for the FDTD simulations
to function effectively are permittivity and conductivity,
which is the inverse of resistivity. The static (i.e. values
under a constant voltage that would not result in ionisation)
resistivity and permittivity of the soils were therefore
investigated. As these tests were additional to the electric
field tests, relatively novel methods were employed in
order to determine the values.

4.1 Resistivity Measurements

In order to find the conductivity values required to
parametrise the FDTD simulations of the experimental
setup, the resistivity of each soil sample needed to
be found. The setup used to determine the values
involved the use of a perspex cylinder with moveable brass
plungers, between which the relevant samples could be
placed at distances between 50mm and 200mm in 50mm
increments. This was a similar setup to that presented in
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Table 2: Resistivity and conductivity of different soil
samples

Soil Types Resistivity (W·m)
Dry Wet

Potting Soil 51.89 19.11
River Sand 698.41 143.73
Building Sand 3023.62 452.14

Conductivity (S/m)
Dry Wet

Potting Soil 19.27 52.33
River Sand 1.43 6.96
Building Sand 0.33 2.21

[6]. The resistance was measured using an LCR meter set
to measure at 120Hz. The resistivity was then calculated
using Equation 2.

r = R

A

l

(2)

The conductivity was then found by taking the inverse of
the resistivity as shown in Equation 1.

These results are presented in Table 2. Further analysis of
these results shows significant reduction in the resistivity
of all the samples once water was added. This correlates
with what was found in literature and with the impulse
testing results where the soil was not saturated.

4.2 Permittivity Measurements

The method used to determine these values was to design
and construct a parallel plate capacitor. A Schering Bridge
circuit would then be used to determine the capacitance
of the designed capacitor. The Schering Bridge is based
off of the Wheatstone bridge and relies on impedances to
be balanced in order to determine the capacitance of a test
object. Once the capacitance value was found, the relative
permittivity could be calculated using formula 3.

e
r

=
Cd

Ae
o

(3)

Where:

e
r

= Relative Permittivity of sample
C = Capacitance of test object
d = Distance between parallel plates
A = Area of parallel plates
e

o

= Permittivity of free space

Several capacitor designs were tested, each with varying
degrees of success. The design process was based
around developing a capacitor that would give the relative
permittivity of air as close to e

r

= 1 as possible. Initially, a
cylindrical perspex tube with adjustable brass plungers as
the parallel plates was constructed, but this gave inaccurate

readings due to extensive fringing occurring. According
to [8], a higher ratio between the area of the parallel
plates and the distance between the plates would aid in
the mitigation of this fringing. This led to the design of a
wooden box capacitor which gave a value of approximately
e

r

= 1.5 for air, which was deemed to be close enough to
the required value to be used for further experiments.

The capacitor was then filled with a soil sample and
connected to the Schering Bridge circuit. However, apart
from the dry building sand sample, no value could be
obtained. This was due to the circuit drawing large
amounts of current while the voltage on the secondary
side of the transformer would not increase. The capacitor
therefore appeared to be behaving like a short circuit.
The result of this meant that the capacitor could not store
any charge and therefore the capacitance could not be
measured and permittivity could not be determined. The
theory of the capacitor behaving like a short circuit is
further evidenced by the resistivity values, in that the only
sample to have had any success was the building sand,
which had the highest resistivity value by a large margin.
It was at this point that permittivity tests were abandoned.

5. DISCUSSION

The results showed that of the three soil types, the potting
soil outperformed the other two samples. It seems this
was due to its ability to absorb relatively large amounts
of water without saturating, which means that it benefits
from a substantial increase in conductivity without the
mechanisms of ionisation being interrupted. This suggests
that in lightning protection systems, placing electrodes
in soil with high silica contents would be undesirable
and a soil type that can absorb a large amount of
water without saturating would be ideal. In either case,
this investigation shows that wherever an electrode is
placed the drainage characteristics of the ground being
used should be observed. Otherwise, there is a risk
that the effectiveness of the protection system could be
compromised by the saturation of soil.

While the results suggest that the soil will ionise more
easily with increased moisture contents until saturation
occurs, more samples would need to be tested to
conclusively determine the validity of these findings.
Being limited to positive impulses meant that the effects of
different polarities were not investigated. This too could
be explored in future investigations.

In order to take the voltage readings, leads (approximately
1m in length) were connected to the voltage probes in
order to obtain measurements from different depths within
the test vessel. The potential effects that these leads had on
the electric field were ignored throughout the analysis of
results. The inductance of the leads may have also skewed
results, but this was also ignored. It would be pertinent
to quantify these effects in future tests. It is for this
same reason that using more voltage probes to increase the
resolution and accuracy of the field measurements would
not be practical.
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The fact that the resistivity and permittivity tests were
carried out at a single frequency could imply that the
values may not be entirely accurate, especially considering
the wide range of frequencies involved in a lightning
flash. There is clear evidence that frequency can play
a significant role in altering these values, particularly
in permittivity measurements. The values found for
resistivity are comparable to those found in literature,
which provide wide ranges for different soil types.

Larger gaps may have shed more light on the behaviour
of soils under impulse conditions. However, the results
obtained give clear insight into the electrical behaviour
of soil. In real-world situations, when an earthing rod
is struck by a lightning flash, the field that is formed is
very large and the current dissipates into the ground. In
the experimental setup, the test vessel itself is connected
to earth so that the current terminates directly to the test
vessel. This means that this is not a completely accurate
representation of real-world behaviour. The presented
work does, however, give clear insights as to how different
soil types and moisture contents affect the performance of
the earthing electrode.

Unfortunately, comparisons between physical experimen-
tation and FDTD simulations were unable to be carried
out. This is therefore an aspect of this investigation which
requires further work in future.

6. CONCLUSION

It was shown that there are many parameters that can
be observed to gauge the ionisation and breakdown
performance of different soil types. Current magnitude,
electric field strength and time delays were all used to
analyse the results collected during the investigation. The
analysis showed that moisture content has an effect on
the performance and the properties of soil in terms of
ionisation. The addition of moisture makes the soil
easier to ionise and break down. This is true, unless
the soil becomes saturated, causing the voltages required
to achieve breakdown to increase. In terms of the
additional test results, there was a degree of success in
finding resistivity values of all the soil samples that were
investigated. The permittivity tests were abandoned due to
the fact that reliable values could not be found. Although
there were limitations in terms of what could be effectively
measured, valuable results were presented and explained.
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Abstract: A brief summary of the relevant work across multiple fields relating to the interaction of
trees and lightning is given. Each aspect drawn from the studies from various fields is interlinked and
discussed. The merits of an experimental versus a modelling approach is put forward. Finally, a basic
dielectric model is suggested as a next step to gain an insight into the internal response of the tree trunk
to a lightning current injection.
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1. INTRODUCTION

The purpose of this paper is to show what research has
been done thus far relating to the interaction of lightning
and trees, thereby forming a better understanding of what
occurs during this process. A modelling experiment is also
proposed as the next step in furthering the knowledge of
this field of study.

Lightning research has been ongoing for many decades, a
greater understanding of which is helpful to prevent loss
of life and possessions. It is a particularly difficult subject
matter as it is a natural occurrence that cannot easily be
replicated or studied in a laboratory. It does not always
behave in the expected way, especially when there is an
interaction with living matter, such as animals or trees, as
there is so much variance in biological tissues.

However, over the years an attempt has been made to
quantify the metrics of lightning and fit theories and
statistical models to it. As it relates to trees, very little
research has been done in comparison to the field of study
as a whole. The relevant experimental and modelling
research is documented in section 3. and section 4.
respectively.

2. TREE COMPONENTS

A brief overview of the generalised tree is given here,
with specific mention of resin as it is referred to in the
experiments.

All trees will have the same basic layers in their trunk,
simplified here in figure 1. Pictured is the bark, phloem,
cambium, sapwood and heartwood. The sapwood also
has channels formed mostly from dead cells which run
from the roots to the leaves, transporting solutes and water
upward. The heartwood is a denser collection of the oldest
cells and does not have these vessels.

The bark has a protective function and can vary between
smooth and rough between different species. The phloem
is a thinner layer of living cells that transports sap from

Figure 1: Generalised Cross-section of a Tree

the leaves downward to the rest of the tree. The cambium
is the layer at which the new phloem and sapwood tissue
grows.

The resin discussed in the following chapter is from the
pine tree (Pinus Elliotii). The resin is contained within
channels that run mainly longitudinally along the trunk, but
is present in the branches in the crown as well.
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3. EXPERIMENTAL RESEARCH

Since modelling and simulations were not common a few
decades ago, there is more experimental data available
dating from as far back as 1921. This is a case study
documenting a lightning attachment where the current path
followed the roots of the tree and was so severe that large
trenches were dug following the path of the current [1].

The literature has been divided into experiments performed
in the laboratory and in the field, including documented
case studies.

3.1 Case Studies and Field Experiments

There is, as of yet, no definitive way of proving a direct
attachment to a tree or object and a probabilistic analysis
has to be made if there are no eye-witness accounts. There
are indicators, such as charring or burning, and the familiar
ferning pattern on skin tissue, but these are not always
present or are not visible to the naked eye. Most often
tearing damage is seen, if there is any visible damage
at all, but this can also be due to high winds during
storms or age defects. Even in cases where trees that
have explosive damage where large pieces of tree matter
have been ejected, it is difficult to prove conclusively that
lightning was the definite cause.

One theory, which has some case studies to support it, is
that positive cloud to ground lightning, which has a higher
current magnitudes, causes explosive damage. Heidler et
al [2] used the appropriate lightning location system to link
cases of trees that had explosive damage to the most likely
occurrence of lightning. The current magnitude for the two
cases of positive cloud to tree investigated, showed over
35kA and over 112kA and resulted in pieces of wood over
30m away from the remains of the tree stub.

Similarly, the data from an appropriate lightning detection
network could be used along with the tree’s location to
determine if positive strikes had occurred in the vicinity
of the tree as the previous study had done. This is one
way to ascertain whether the damage seen on the tree
is from lightning or another source; however, this is not
absolutely conclusive and only raises the probability that it
is lightning damage.

Some other supporting evidence is found in Mäkelä et
al’s investigation of 37 cases of lightning attachment to
trees [3]. They posit that positive flashes result in more
damage than negative and that a high peak value in current
magnitude causes more damage. This is inferable, as the
higher the peak current magnitude, the higher the amount
of energy that is transferred. This knowledge can also be
used in conjunction with the detection system to infer the
likelihood that it was an attachment to the tree, as with the
positive strikes.

This paper also postulates that poor quality trees are more
likely to be destroyed by a direct lightning attachment and
that it is unclear whether the soil that the tree is growing in
contributes to the damaging effect.

The moisture content of the trees is not directly measured
and can thus not be used as a factor in the investigation;
however, the rainfall was recorded and conclusions can be
drawn with regard to water present on the tree. In this case,
that more water has a negating effect on the damage to the
tree. Mäkelä et al only link the rainfall to ground moisture
and do not make any hypotheses about the moisture on or
within the tree.

Another investigation that adds value to the understanding
of the interaction is that of Taylor. His observations show
that if a tree has a furrow on it’s trunk due to a previous
lightning attachment, then a second attachment will likely
cause ignition [4]. In this case, no measurements are made
of the peak current amplitudes, which play a definitive role
and as there is no collection of the electrical properties of
the occurrences, the data may be witness biased.

There is not much data present on what the chemical and
physical changes are after an attachment, which would
make this secondary ignition process far clearer. But there
is a dessication effect, also mentioned by Taylor [4] and
Mahaney and Milner [5].

Mahaney and Milner also show that a carbonisation of
cellulose occurs on a microscopic level, even though there
is no burning observed on a macroscopic scale. Several
minerals from the surrounding soil are also fused into the
fissures where the lightning current passes, indicating a
high peak amplitude, as the temperatures must reach the
fusion points of the minerals. It is not recorded whether it
is positive or negative, nor what peak amplitude values this
attachment had and cannot be numerically correlated.

Further electrical knowledge that is of importance to the
understanding of the interaction of lightning and the tree
is that wood and living tree matter has a negative thermal
coefficient. This is supported through a study done by
Defandorf, measuring the resistance of a live tree [6].
Using a megger, he determined that the resistivity of a
live tulip tree is in the region of 5-10kW/cm, but that with
multiple applications of current, the resistivity dropped
and did not fully recover to the same values. As the
standard impulse waveform used for lightning is 1.2/50µs,
there is a broad frequency spectrum which the megger
measurements do not account for.

Defandorf suggests that there is a filamentary concentra-
tion of current that occurs when a lightning attachment has
formed. This suggestion would also support the idea that
lightning forms a channel which burns out like a filament
and is apparent afterwards as a fissure.

3.2 Laboratory Experiments

The paper has shown how field experiments and
observations of actual occurrences of lightning have
formed a general idea of the interaction. The difficulty
in any lightning related field of study is that enormous
amounts of energy are required to replicate natural
lightning in a laboratory. The waveshape of the voltage
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and current waveforms can be simulated, but the current
required is not easily achieved. The laboratory tests
described in the following section are therefore not always
a simulation of the natural occurrence of lightning, but
they use an impulse or flashover test through which an
indication of natural lightning trends can be made.

Wood poles used in cross arms have generally been dried
and treated and are no longer considered to be live wood.
However, the research performed on poles can still give
insight into the interaction of lightning and living trees.

Sporn and Lusignan [7] performed flashover tests on wood
poles from two different species, pine and Douglas fir.
From this, even though the pine was treated, a clear
difference in flashover strengths is seen, where the Douglas
fir has a consistently higher flashover strength. This
indicates that the flashover strength varies between species
enough to make a generalisation of an interaction with
lightning and trees less plausible. The species would
have to be evaluated separately. It is also apparent in
these tests that an increasing moisture level decreases the
insulation strength, meaning each individual tree would
respond differently to a direct lightning attachment due to
the different degrees of moisture present.

Similarly Darveniza et al [8] perform impulse tests on
wood, using seasoned and unseasoned wood, confirming
that the moisture level in the wood is of high importance in
terms of flashover strength.

In their tests, the green unseasoned wood sustained more
damage; their theory is this is because the path of current
flow is internal to the wood causing damage to the tree
tissues themselves. When external arcs did occur, there
was only slight chipping in the outer layer.

Using these same specimens, repeated impulses were
performed and showed that the same breakdown path was
not repeated, maintaining the breakdown strength of the
wood better.

A small experiment was performed in the high voltage
laboratory at the University of the Witswatersrand to
determine the breakdown strength of a portion of pine
tree. However, it was found that a standard U50 test could
not be performed as tracking phenomena caused an early
breakdown. This difficulty will be repeated in most tests
as the wood samples change after each impulse is applied.

Another test, intended to isolate the effects that resin has
on the interaction of lightning and the tree, was performed
in the laboratory. The results of this indicated that the
resin has a very large impedance and apparatus with higher
energy capability is required to perform full tests [9]. This
high impedance in resin would likely also contribute to
the high breakdown strength that living pine trees have,
possibly overriding the effect the moisture level has.

It is important to note that the lightning current will most
likely follow the path of least impedance and that wood and

Heart Root Tap Root Flat Root

Figure 2: Tree Root Structures

trees have a lower impedance than air, particularly when
the wood is not dry.

4. DIELECTRIC AND SIMULATED RESEARCH

Simulations of a natural occurrence of a direct lightning
attachment to a tree (as closely as possible) in the
laboratory are hindered by the difficulties as previously
mentioned. This infers that the idea that is formed on
the interaction of lightning and a tree is not complete or
conclusive enough due to lack of knowledge.

It is clear from the case studies that the moisture level of
the tree and path of the current play an import role in the
damage that results from a direct attachment. However,
in the laboratory it is not easy to see the path that is
followed. A simulation would allow for this and give a
better indication of what the experimental results mean.

An insight into the macro-geometric effects of trees with
respect to lightning and regard to the roots has been briefly
evaluated by Wiater [10], by modelling the step potential
measured a set distance away from the trunk of a tree,
varying the root spread type (tap root, heart root and flat
root) as can be seen in figure 2. The tap root system shows
the lowest measured voltage, while the flat root shows the
highest, indicating that the current travels through the root.
However, in this case, there are many assumptions that
were made that were not fully explained.

For a model, the geometric shape and dielectric
properties, along with a software modelling tool and the
understanding of the physics needed, are the minimum
requirements necessary to construct and perform a
simulation test. This can then give insight into the internal
mechanisms occurring during an attachment of lightning to
the tree. This could perhaps also lead to new hypotheses on
the behaviour of an impulse injection to biological matter.

Each tree family varies greatly in macro geometry (the
outer shape of the crown and branching pattern), internal
and micro geometry (number of cells, cell types and
layout thereof), along with the constituents (chemical
composition of additional substrates present, such as
resin). Between species, though from the same family,
there is usually still a large difference in chemical
composition and sometimes growth habits; the macro
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geometry however, is quite similar between them. Each
individual tree within the species is also subtly different
to the next individual due to unique growth conditions;
These include: soil type, moisture availability, weather
and surrounding flora and fauna. The model should be
constructed with one species in mind, in this case pine is
chosen due to accessibility.

Factors needed to model a plant are not readily available
and not easily averaged (due to aforementioned unique
placement). The best way to obtain the dielectric values
needed for the model would be to measure the physical
specimen itself.

One method, though only for microwave frequencies, is
presented by Daian et al [11]. By using a cube of
substrate to compare the calculated dielectric property to
the measured, assessments could be made about multiple
directions of measurements(cross grain, along grain,
longitudinal grain). This also proves that the orientation
of the impulse injection is significant in the case of natural
lightning and when devising the model geometry.

Another difficulty is present, due to the fact that the
dielectric values for conductivity and permittivity for
wood change as temperature and moisture changes. One
attempt to quantify these values was made by Boutros and
Hanna [12] using a sheet of cellulose as a simplification.

The dielectric constant increases with increasing temper-
ature and frequency. An increase in relative humidity
and therefore water available in the sample causes an
increase in both dielectric loss and the dielectric constant.
This is a confirmation of what the experimental research
shows, where an increase in the moisture content causes
breakdown to occur at lower voltages.

Similar results are found for a set frequency below the
range that Boutros and Hanna [12] used, by Maeda
and Fukada [13]. Here, the frigid temperature effects
are mainly investigated, but confirms that the dielectric
constant increases with a temperature increase. In their
case, using bamboo and cedar, the higher the hydration
level, the quicker the dielectric constant would increase.
However, the hydration levels were in a narrow range of
0-11%.

While Chilcott et al [14] use a different technique and
frequency range to model the expected capacitance and
dielectric effect, there is a consistency with Maeda. Their
concept models the tracheids⇤ as a conductance and
capacitance in parallel and this unit in series with the
pits (microscopic holes between tracheids), which is also
modelled as a parallel conductance and capacitance. The
pit and tracheids are in parallel with the side wall, which
has its own conductance and capacitance in parallel. This
evaluates the wood structure on a micro level, but shows
similarity to the model which would describe the higher
level wood structure.

⇤ Channels through which the solutes and water are transported,
similar to the vessels but with slightly different cell types.

Figure 3: Model of wood bole (trunk) as conductor

This experiment is assessed as the wood sample (pine) is
drying, the model therefore needs a unit to describe the
diffusion process. This is represented as a conductance
and variable capacitance in series added to the previously
described circuit.

When comparing this to the measured values, the
parameters of the side wall could be ignored due to the
orientation of current injection, as the area of the side wall
is minimal in this direction. This indicates the relative
volume of the different substrates will play a role in
determining the overall dielectric value.

This investigates the wood as a dielectric on a far more
microscopic level. Once results have been obtained from a
macroscopic model, they can be compared to this study to
make a more accurate description on the micro level.

5. RELATING RESEARCH HYPOTHESES

A lightning stroke is an impulse and so will have a
very large frequency range 1Hz - 300MHz and even
detectable above, but the peak frequency spectrum is at 5 -
10kHz [15].

This is the range of frequencies that would need to
be simulated. The simplest model to use as a first
attempt would be a cylinder with a single dielectric
constant which does not alter. However, following
the research as previously described, this will not fully
explain the phenomena seen in the case studies or the
experiments [16]. If further layers are added, such as the
bark and cambium, a more realistic model will be formed,
but the cost of simulation increases as well.

As seen in the first figure, the center of the tree is the
heartwood, which has the highest resistivity. It would be
likely that the current would not follow this path, being
internal and of high resistance, but it is modelled in this
case as dry wood substrate because there is a large variance
between dry and wet wood.

While some of the tests in the literature would not
accommodate this multi-layered cylindrical model, the
orientation of the current injection tests, as done by
Chilcott et al [14] would. This describes how the path
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of current flow would most likely follow the grain of the
wood, as is clearly seen in lightning scars in all cases
mentioned. The reason that the scar is often spiralling or
twisting on the tree bole (trunk), is that trees, particularly
older ones, rotate as they grow for added structural strength
and the grain of the wood would be twisted as well.

Inferring from the previous sections: If the path of current
followed is internal, it would likely pass through internal
water transport vessels. If sufficient water on the bark
formed an external water channel, this would be the
most likely path followed by the lightning channel. This
is purely dependent on the amount of rainfall and the
tree cover density. Both the internal and external water
channels as conductors would allow for the filamentary
action as described by Darveniza [8]. This model is
illustrated in figure 3.

If the assumption is made that the path of conduction
current is through the internal water and solute channel, a
further assumption can be made that the high temperature
would vaporise the water, causing cell death around this
channel as well. Anderson et al’s paper showed how the
fissures left by the current do not hold the same moisture
as the healthy tissue further from the path, indicating there
is indeed cellular damage and that the vessels nearest the
fissures are disrupted [17].

This notion is further carried by the likelihood that older
and damaged trees sustain explosive damage [3, 4]. If an
air pocket (from damaged growth) is present next to the
channel or in line with the channel, the heating would
vaporise the air, causing some wood matter to be ejected.

Similarly, Taylor’s observation that the second occurrence
of lightning could cause ignition, seems more understand-
able as the first attachment would irreparably damage the
tree and vessels, allowing the second attachment to cause
an ignition, as there is less water flow to protect the
tree cells as the current is forced to pass through these
instead of water [4]. The ignition could also be because
the combustible tree resin with a high impedance is now
present on the outside of the tree bole along the fissure line
and is heated to burning point by the second attachment.

In general, the moisture level present in the vessel or along
the outer bark serves a protective function, by allowing the
path of current flow to vaporise the water instead of tree
tissues, causing a small fissure and damage localised to the
fissure. By inference, tree families that have more water
channels or store more water in their trunk, or have rougher
bark, would more likely survive (continue to grow for the
rest of it’s lifespan) a lightning attachment than a tree from
a different family.

The trees that have resin would also have smaller channels
encapsulated by the highly resistive resin, if these are
viewed as separate conduction paths, the electromagnetic
force from the impulse would force these apart, causing
fissures as well, or possibly igniting the resin.

If, as has been shown by Mahaney at al [5], the

temperature and energy is enough to cause fusion of
minerals and scorched carbon layers, there should be a
microscopic method of proving where the main conduction
path was during a lightning attachment. However, as these
cases are usually associated with an incredibly high peak
current amplitude [3], it is unlikely that a lesser damaged
tree would show the same micro-fissuring to be able to
probabilistically prove where the main conducting current
path was.

Though this paper has focused mainly on the tree trunk
and not the roots or crown of the tree, there have been
some studies on the effect of the roots, as mentioned in
the previous section in the study done by Wiater. Here, the
roots can be seen as a continuation of the conductor model
of the tree, which splits or extends differently, based on the
root system. This can also be seen by the case study where
the root transmitted the current along the ground, forming
a furrow [1].

As the roots are more delicate and provide the barrier to the
earth through which the nutrients are obtained, it stands to
reason that less electrical interference is required to disturb
the growth. This would also explain why some trees,
though showing no external damage, soon wither and die
after an attachment [16]. The step potential would also be
detrimental to root health, but is not the focus of this paper.

To include the roots in the initial exploratory simulation
model would not be feasible though, as it only
adds complications and could cause cross-dependencies.
However, these studies do confirm that using a cylindrical
multi layer model for the tree is valid.

6. CONCLUSION

A brief overview of the most relevant studies has been
given, with a suggested model for simulation. Through
this model, the most promising theory: ’Water forms the
channel through which the lightning current will flow’ can
be further investigated. It is unclear whether the water
channel that is followed is external or internal to the tree,
but the result of the simulation should give insight to this.
A simulation model was chosen as the laboratory or field
experiments would not resemble the natural occurrence
closely enough.
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Abstract: This paper describes the preliminary ideas for a project involving the investigation of 
lightning physics in Johannesburg, South Africa. The project shares support from international 
collaborators, namely ZT Research in South Dakota, USA and the National Institute for Space 
Research (INPE) in Brazil. A high-resolution Gaussian density map based on SALDN data is used to 
investigate points in Johannesburg city that may proof effective for instrumentation. 
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1. INTRODUCTION 
 

The purpose of this paper is to present some of the 
preliminary ideas for a project that is to be undertaken in 
2017-2018. This is a scientific project that aims to 
investigate the physics of lightning by high-speed video 
observation along with electric field measurements and 
potential current measurements as well in Johannesburg, 
South Africa. It is part of an international collaboration 
between Brazil, USA, Austria and Sweden. Historically, 
these are all locations where tall tower investigations of 
lightning have been performed (using high-speed camera 
observations, electric field measurements, current 
measurements or a combination of these). Tall towers 
provide a useful tool for investigating lightning as they 
generally have a high repeatability of events. The 
Johannesburg region has two tall towers, the Brixton 
tower and the Hillbrow tower, with a high frequency of 
lightning events. However, these events are usually 
upward in nature, and an investigation of the density of 
lightning over Johannesburg to determine other, less tall 
locations is considered. 
 

2. BACKGROUND OF OUR COLLABORATORS: 
 
The project has two main collaborators who will assist 
both with equipment and experience: ZT Research in 
South Dakota, USA and INPE in São Paulo, Brazil. This 
section details the nature of the projects performed by 
these collaborators and highlights how their knowledge 
and results feed into the South African project. 
 
2.1 ZT Research 

 
Tom Warner, of ZT Research, has worked with high-
speed cameras since 2010 in Rapid City, USA. The city 
has 10 towers that produce upward lightning [1]. 
Figure 1. shows a frame from a high-speed video which 

captured upward lightning events from the towers in 
Rapid City. The researchers spent four summers 
recording flashes in Rapid City along with electric field 
measurements provided the Brazilian National Institute 
for Space Research (INPE). Tom Warner has agreed to 
lend assistance and two high-speed cameras (10,000 and 
1,000 frames per second) to the project in South Africa. 

 

 
 

Figure 1. Frame from high-speed video observations 
of upward lightning to towers in Rapid City, South 

Dakota. 
 

2.2 National Institute of Space Research (Brazil): 
 

The INPE team has experience with high-speed cameras 
and flat plate electric field measurements since 2003, and 
are pioneers on the characterization of the different 
polarities of flashes by images [2,3,4]. The team are able 
to lend a flat plate electric field sensor, able to record data 
continuously at 5 MSamples/s to the South African 
project for 2017. 

 
Jaraguá Peak: For the last 4 years, the group has focused 
on characterizing upward flashes from tall towers. The 
upward flashes were recorded at Jaraguá Peak, a 300 
metre hill in Sao Paulo city with three radio towers 
(130m, 90m, 90m) on top that produce these flashes [5].  
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Figure 2. Upward flash from Jaraguá Peak [6]. 
 

       
 

Figure 3: Lightning connecting to the instrumented building. One frame of the high-speed video (30,000 fps) prior 
to the attachment with the building: the lightning rods are reacting to the approach of the downward leaders toward 

towards the ground. 
 

The towers were filmed using high-speed cameras during 
the storm seasons. The characteristics of the location 
allowed the observation of the channel and all the 
processes during the development of the flash. Figure 2. 
shows an example of high-speed footage of a flash 
captured at Jaraguá peak. It is possible to see the 
development of an upward leader. More than 120 flashes 
like this were observed and filmed in this period.  The 
proportion of downward flashes on these tall structures is 
low, about 1%. While it was not possible to implement a 
current measurement on the tower, flat plate antennas 
used to measure the vertical atmospheric electric fields 
were located at numerous locations around the towers. 
This allows for analysis of electric field changes and 
charge transfer during the leader propagation that can be 
time-correlated with the high-speed video frames. 

 
P1 P2 Project: The P1 P2 project began in 2015 as an 
aspect of the Jaraguá peak project. P1 and P2 refer to two 
14-story apartment buildings (about 48 meters tall). 
These two buildings are located between Jaraguá Peak 
and the location of the tower and proved to be an 
interesting point of study: they were struck by downward 
flashes or they had upward connecting leaders from their 
lightning rods several times. These buildings are 
considered standard height, the usual size of apartment 
buildings, and presented a unique opportunity to study 

downward flashes by instrumenting these towers. 
Figure 3 shows an attachment to the instrumented 
building P1 and a frame from the high-speed video 
(30,000 fps) prior to the attachment with the building: the 
lightning rods are reacting to the approximation of the 
downward coming leaders towards the ground [7]. Figure 
4 shows the installation of the current measurement 
equipment. Pearson coils, with different gains allowing 
the measurement of low current processes (e.g. leader or 
continuous current – tens/hundred amperes) and high 
current processes (e.g. return stroke, M-components – 
thousands of amperes). 
 

 
 

Figure 4: Current measurement Pearson coil installation 
on P1 and P2 lightning rods. 
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Figure 5: Gaussian smoothed lightning density map based on SALDN data from 2007 - 2015. The Brixton and 
Hillbrow towers are indicated in the image and can be distinguished by the “hotspots”. 

 
5. JOHANNESBURG, SOUTH AFRICA 

 
Figure 5 shows a Gaussian smoothed density map of 
lightning over the Johannesburg city area. The data used 
comes from the South African Lightning Detection 
Network (SALDN) courtesy of the South African 
Weather Service (SAWS). The SALDN has been 
operating since 2006 and consists of 25 sensors placed 
throughout South Africa and one sensor in Swaziland. 
The network has an estimated average detection 
efficiency of 90 % and approximately 500 m location 
accuracy [8].  
 
Gaussian smoothed maps are based on the principle of 
visual smoothing using a gaussian kernel. In the case of 
lightning density maps, the error ellipses provided by a 
network such as the SALDN (used to evaluate the 
location accuracy) can be used as the smoothing kernel. 
In this way, high resolution maps can be made without 

losing larger visual trends – ideal for looking at areas 
smaller than 10 X 10 km. Given that each attachment 
point has been “spread out” and is rather represented as a 
fraction over the grid, no actual values can be attributed 
to the values but visual density trends are clearly 
displayed [9].  
 
From figure 5, two high density “hotspots” can be 
discerned. These correspond to the locations of the 
Brixton tower and the Hillbrow tower. As can be seen, 
these dominate the lightning density in the area and 
provide ideal locations for repeatable lightning 
observations. A simple monitoring system, located at 
WITS University, has been monitoring the Brixton tower 
lightning activity since 2009. Figure 6(a) and (b) shows 
an example of the type of images captured by the system 
– a lightning flash attaching to the Brixton tower on 
Friday, 20 November 2015 at 22:24:48 SAST. 

 

 
(a)                                                              (b) 

 
Figure 6: A lightning strike to the Brixton tower on the  20 November 2015 at 22:24:48 SAST. Two cameras 

observe the Brixton tower – (a) one situated at WITS university and facing east, (b) the other situated 1 km north of 
the tower and facing south. 
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Figure 7: Gaussian smoothed lightning density map over Johannesburg, WITS University campus. 
 

Table 1 Photographed Flashes to Brixton tower 

Season 
Number  
Upward 
Flashes  

Number 
Downward 
Flashes 

Total 
Number 
Flashes 

2009 - 2010 12 0 12 
2010 - 2011 24 2 26 
2011 - 2012 6 1 7 
2012 - 2013 17 4 21 
2015 - 2016 40 7 47 
Total  99 14 113 

 
Table 1 shows the number of flashes to the Brixton tower 
photographed by the camera for each season since 2009. 
The system was not running over the 2013 – 2015 period 
but was started again for the 2015 – 2016 season. The 
cases are also separated between upward flashes and 
downward flashes and, as is to be expected, the majority 
of flashes to the tower are upward. However, some 
downward events do also occur. 
 
One of the main goals of the project is to replace this 
simple monitoring system with a high-speed camera setup 
in February, 2017. This will allow for the observation of 
these very frequent lightning events to recorded 
approximately 10,000 frames per second. The current 
system does not allow for individual strokes to be 
discerned but with a high-speed system, this will be 
possible. Electric field sensors will also be installed on 
the university campus, on top of the building, so as to 
attempt to infer the current in of events to the tower. 
 
Figure 7 once again shows a Gaussian smoothed 
lightning density map over the Johannesburg city region, 
this time over a smaller area between the two towers 
(approximately centred on WITS University main 
campus). 
 

By examining a smaller area, excluding the many cases to 
the Brixton and Hillbrow tower, more detail can be 
gained on specific locations. 
 
It can be seen in the Figure 7 that there are a number of 
locations that seem to have been struck several times in 
the last 10 years. There are five locations that are 
identified on the map: 
 

• The SABC broadcasting buildings 
• A light post on a WITS football field 
• The Origins Centre building on WITS campus 
• The Protea Hotel in Braamfontein, Johannesburg 
• The WITS Education Campus 

 
None of these locations are significantly tall towers and it 
is very likely that the events they have endured are 
downward lightning events. The SABC broadcasting 
buildings, while close to the Brixton tower is clearly 
sufficiently far away so as not to be protected by the 
Brixton tower. Also of interest, is the Protea hotel in the 
Braamfontein area, a dense city area and yet, the Protea 
hotel clearly is struck fairly regularly, likely due to its 
height. These locations may all provide a possible 
location to implement equipment to measure the current 
in natural downward lightning events. 
 

6. SUMMARY 
 
The high resolution Gaussian smoothed map based on 
SALDN data firstly shows what is expected – that the 
Brixton tower and the Hillbrow tower have a high 
frequency of flashes. The simple monitioring system 
confirms that these are mostly upward flashes, which is 
similar to the collaborators’ experience in Brazil and the 
USA. The high-resolution maps also allow for other, 
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previously unexpected points of interest to be ascertained. 
Three locations on WITS university campus as well as 
the SABC buildings and the Protea hotel in 
Braamfontein, Johannesburg. 
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Abstract: Energy is a multi-domain concept that is relevant to science and engineering. The transfer, 
storage and usage of energy is present in many physical phenomena found in nature, organic 
organisms and also in many systems that engineers investigate. This paper investigates a thermal-
fluid system called a transcritical carbon dioxide heat pump. The aim of the paper is to present a 
cycle model for the heat pump system that may be used to visualise the energy transfer that takes 
place across its associated control regions. Energy-visualisation is used as an approach for condition 
monitoring of the heat pump system. The exergy domain is also investigated as a means for fault 
detection and isolation on the system.    
 
Keywords: Carbon dioxide, heat pump, transcritical, heat pump cycle model, energy-visualisation 

 
 

1. INTRODUCTION 
 

A heat pump is a thermal-fluid device that extracts heat 
from a low-temperature medium and transfers it to a high-
temperature medium. The low temperature medium is thus 
cooled and the high temperature medium is heated. Heat 
pumps operate on the vapour compression cycle. The 
vapour compression cycle is implemented in devices used 
for refrigeration, air-conditioning and cryogenic 
applications [1]. Heat pumps have also recently found 
application in the heating of water for domestic purposes 
in South Africa. An ideal electrical geyser is only capable 
of producing one unit of thermal energy for every unit of 
electrical energy it needs to operate. The advantage of 
using a heat pump for water heating, over an electrical 
geyser, is that a heat pump is typically capable of 
producing three units of thermal energy for heating while 
consuming only one unit of electrical energy [2].  
 
Wang et al. [3] investigated what the effect of heat transfer 
area and refrigerant mass flux through the gas cooler 
component had on the heating performance of an air-
source transcritical CO2 heat pump. It was found that an 
increase in the heat transfer area in the gas cooler yielded 
an increase in the heat pump’s coefficient of performance 
(COP) with a decrease in optimal discharge pressure in 
turn. It was also found that increasing the carbon dioxide 
mass flux only increased the heat pump system’s COP 
within a certain range after which an increase in CO2 mass 
flux would no longer be beneficial. The study of Wang et 
al. did not include an exergy domain analysis. A study by 
Shariatzadeh et al. [4] considered a transcritical CO2 heat 
pump with expander and throttling valve in the exergy and 
energy domain operating with and without an internal heat 
exchanger. The exergy loss percentage for the various 
components in the different cycle setups were presented as 
a function of evaporating temperature. The exergy 
efficiency was also plotted as a function of evaporating 

temperature and also separately as a function of gas cooler 
outlet temperature. A higher exergy efficiency was 
reported with lower evaporating temperature and also 
when in turn compared to gas cooler outlet temperature. 
The study also reported the COP of the various heat pump 
configurations as a function of gas cooler working 
pressure. The study did however not present a way to 
visualise the individual component exergies relative to one 
another at the various operating conditions. The shift in 
relative thermophysical behaviour of the heat pump’s 
representative cyclic points were also not reported under 
the various simulated operational conditions. Agrawal & 
Bhattacharyya [5] did a comprehensive study regarding the 
exergy analysis of a capillary tube-based transcritical 
carbon dioxide heat pump system. A comparative bar chart 
of percentage component irreversibility rates when using a 
throttling valve and capillary tube, under a specific set of 
operational conditions, is presented in the study. The 
relative magnitudes of component irreversibility rates and 
their origins are discussed. The system’s COP as a function 
of heat exchanger inlet water temperature was also 
investigated. The study was able to justify the use of 
capillary tubes over adjustable expansion valve devices for 
small capacity heat pump systems. This was done by using 
the higher exergetic efficiency of the cycle when using a 
capillary tube as deciding factor. The study did not make a 
verdict on how the exergetic efficiency may be used for 
condition monitoring and control of the heat pump system.  
 
This paper starts off with a basic overview of what a 
transcritical CO2 heat pump is in section 2. Section 3 will 
endeavour to present a system modelling methodology to 
simulate the energy and exergy domain behaviour of a 
transcritical CO2 heat pump under steady state conditions. 
The key focus being on the use of energy-visualisation as 
a means to describe the systems operational characteristics 
and exergy domain behaviour. The time dependent exergy 
behaviour of the system is investigated as a possible 
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domain which may be used for condition monitoring and 
control of the heat pump system. In section 4 the results of 
the model are presented and discussed. The model is 
validated against experimental data in section 5. Finally, 
the conclusions are made in section 6.  
 

2. TRANSCRITICAL HEAT PUMP OVERVIEW 
 
A transcritical heat pump is a system that consists of heat 
exchangers, a compressor device and an expansion device 
connected to one another in series. The transcritical heat 
pump modelled in this paper consists of four components, 
namely: an evaporator, a reciprocating compressor, a gas 
cooler and an electronic expansion valve. The evaporator 
and gas cooler are both heat exchangers that transfer heat 
to and from the working fluid as it circulates through the 
system. The reciprocating compressor does work on the 
working fluid by compressing it with pistons that move up 
and down during the compressor’s operation. The 
compression of the working fluid enables its circulation 
through the system and the transport of thermal energy. An 
electronic expansion valve is used to induce a large 
isenthalpic pressure drop on the working fluid in order to 
initiate the evaporation process before the working fluid 
enters the evaporator component.  
 
The diagrammatic representation of the heat pump cycle is 
illustrated by Figure 1 below: 

 
Figure 1: Transcritical heat pump system layout 

Note from Figure 1 that heat is extracted from atmospheric 
water in the evaporator and then used to heat water again 
in the gas cooler component. The heat absorbed by the 
system’s working fluid in the evaporator is transferred to 
water in the gas cooler with help from the compressor. A 
water-to-gas and gas-to-water heat pump layout was 
preferred for investigation due to its stable thermophysical 
behaviour compared to a heat pump system which extracts 
heat from atmospheric air which leads to psychrometric 
phenomena being present in the evaporator component.  
 

3. SYSTEM MODEL 
 
This section considers the thermodynamic system-level 
model of the transcritical heat pump cycle. The heat 
transfer from the cycle to the water and the manner in 
which it influences the cycle characteristics is also 
considered in the modelling approach.  

3.1 Transcritical cycle representation  
 
A thermodynamic cycle is often visualised by representing 
the cycle on a diagram that relates two thermophysical 
properties of the cycle’s working fluid to one another. The 
different points on the diagram are then used to investigate 
the changes that the working fluid undergoes as it moves 
from one point to another. Two of the most commonly 
used diagrams are the temperature-specific entropy (T-s) 
diagram and the logarithmic pressure–specific enthalpy 
(log P-h) diagram [6]. An example of a T-s diagram for 
carbon dioxide is represented by Figure 2 and an example 
log P-h diagram is represented by Figure 3. The diagrams 
were generated by using the built-in property plot 
functionality of the EES® software package.   
 

 
Figure 2: CO2 T-s diagram 

 
Figure 3: CO2 log P-h diagram 

The dome shape on Figure 2 and Figure 3 encapsulates the 
two-phase region of carbon dioxide. If a physical point lies 
to the left of the dome (on both figures), then the carbon 
dioxide is said to be in the sub-cooled state. If a physical 
point lies anywhere on the line that forms the left part of 
the dome, then the carbon dioxide is in the saturated liquid 
state. If a physical point lies within the dome carbon 
dioxide is in the two-phase state consisting of a portion of 
gas and a portion of liquid. If a physical point lies on the 
right line part of the dome, then the carbon dioxide is in 
the saturated gas state. The apex of the two-phase dome 
represents the critical point of carbon dioxide. If carbon 
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dioxide is at a state that exceeds the temperature and 
pressure at the critical point, then it is said to be in the 
supercritical state.  
 
3.2 Cycle component characteristics  
 
Component loss parameters were incorporated in the cycle 
model in order to characterise the real-world losses that are 
present in transcritical heat pump components. The loss 
parameters were set up in such a way that they would 
reflect as a shift in cycle point positions on a T-s and log 
P-h diagram. Static pressure drop percentages were 
introduced to characterise the reduction in static pressure 
the working fluid undergoes as it flows through the heat 
exchangers. The pressure drops on the water side were 
omitted in the model. The relation to find the outlet static 
pressure of the working fluid that leaves the heat 
exchanger was implemented using the generic form [7]: 
 

𝑃𝑒 = 𝑃𝑖(1 − ΔPi�e),                        (1) 
 
where 𝑃𝑒 refers to the exit heat exchanger pressure and 𝑃𝑖  
to the inlet heat exchanger pressure both in [bar]. The 
compressor losses were represented by incorporating a 
compressor isentropic efficiency into the simulation:  
 

𝜂𝑠 = �̇�𝑠
�̇�𝑎

,                                  (2) 
 
where 𝜂𝑠 is the isentropic efficiency of the compressor in 
[%], �̇�𝑠 is the ideal isentropic work done on the working 
fluid if the compressor has no irreversibility in [kW] and 
�̇�𝑎 is the actual work done on the working fluid during the 
compression process in [kW]. The pressure drop across the 
expansion valve component was characterised by using a 
dimensionless number known as the discharge coefficient 
[8]: 
 

�̇�𝑤𝑓
𝜌𝑢

= 𝐶𝑑𝐴𝑡 (𝐶∙∆𝑃𝑠𝑡𝑎𝑡
𝜌𝑢

)
0.5

,                        (3) 
 
where �̇�𝑤𝑓 is the working fluid mass flow rate through the 
valve in [kg/s], 𝜌𝑢 is the upstream working fluid density 
before the expansion valve in [kg/m3], 𝐶𝑑 is the coefficient 
of discharge, 𝐴𝑡 is the orifice opening area in [m2], C is the 
conversion factor from pressure in [bar] to pressure in [Pa] 
which is 100 000 [Pa/bar] and ∆𝑃𝑠𝑡𝑎𝑡 is the static pressure 
drop across the expansion valve in [bar].  
 
3.3 𝜀-NTU method 
 
The considered transcritical heat pump uses a gas cooler to 
transfer heat from the carbon dioxide to water. The gas 
cooler is a counterflow concentric tube-in-tube type heat 
exchanger. The 𝜀-NTU method is an approach presented 
by Cengel and Ghajar [9] which may be used to determine 
the total heat transfer in the gas cooler when the inlet 
conditions of the two interacting fluids are known. The 
method uses the geometry of the heat exchanger and the 
heat capacity rates of the two interacting fluid streams to 

calculate the actual heat transfer that takes place in a heat 
exchanger. The effect of fouling may also be investigated 
using this method by including fouling thermal resistance 
in the path of the simulated heat transfer rate. The actual 
heat transfer is calculated relative to a maximum heat 
transfer rate, which would only be achieved if the heat 
exchanger was 100% effective. The actual heat transfer rate 
is defined as: 
 

�̇�𝑎𝑐𝑡 = 𝜀𝐻𝑋�̇�𝑚𝑎𝑥,                           (4) 
 
where �̇�𝑎𝑐𝑡 is the actual amount of heat transferred in the 
gas cooler in [kW], 𝜀𝐻𝑋 is the effectiveness of the heat 
exchanger in [%] and �̇�𝑚𝑎𝑥  is the theoretical maximum 
amount of heat transfer that can take place in the gas 
cooler. The heat exchanger’s effectiveness is a function of 
the number of transfer units (NTU), the capacity ratio of 
interacting fluids and the flow configuration in the heat 
exchanger: 
 

𝜀𝐻𝑋 = 𝑓(𝑁𝑇𝑈, 𝐶𝑟, 𝑓𝑙𝑜𝑤 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛)       (5) 
 
The NTU is a function of the overall heat transfer 
coefficient of the heat exchanger and minimum heat 
capacity rate: 
 

𝑁𝑇𝑈 = 𝑈𝐴𝐻𝑋
𝐶𝑚𝑖𝑛

,                               (6) 
 
where the 𝑁𝑇𝑈 is a dimensionless number that provides an 
indication of the relative size of the heat exchanger [10], 
𝑈𝐴𝐻𝑋 is the overall heat transfer coefficient in [kW/K] and 
𝐶𝑚𝑖𝑛 is the minimum heat capacity rate also in [kW/K]. 
The capacity ratio is simply the ratio of the minimum heat 
capacity rate to the maximum heat capacity rate of the two 
interacting fluids: 
 

𝐶𝑟 = 𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥

                                  (7) 
 
The overall heat transfer coefficient is related to the total 
thermal resistance in the heat exchanger by the formula: 
 

1
𝑈𝐴𝐻𝑋

= ∑ {𝑅𝑡𝑖}
𝑛
𝑖=1 ,                        (8) 

 
where 𝑅𝑡𝑖 is the 𝑖-th thermal resistance in the path of heat 
flow expressed in [K/kW]. Once the heat transfer rate is 
known in the gas cooler; the exit temperature of the heated 
water may be calculated by using the standard single-phase 
relation [11]: 
 

𝑇𝑤𝑒 = 𝑇𝑤𝑖 + �̇�𝑎𝑐𝑡
�̇�𝑤𝐶𝑝𝑤

,                        (9) 

 
where 𝑇𝑤 is the temperature of the water in [K], �̇�𝑤 is the 
mass flow rate of water through the gas cooler in [kg/s] and 
𝐶𝑝𝑤 is the water’s bulk constant pressure heat capacity in 
[kJ/kg-K]. The single-phase heat transfer relation is used 
since a heat pump is not meant to be used to heat water to 
above its boiling point.  
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3.4 Exergy domain analysis  
 
Although performance indicators like the COP [6] and 
Lorentz efficiency [12] for heat pumps exist, another tool 
is needed to gain an in-depth insight into the performance 
of the heat pump system. The desired deeper insight may 
be gained by using exergy as a method of thermal analysis 
on the cycle. The advantage of using exergy is that the 
individual irreversibilities of each component in the heat 
pump system may be calculated and used to investigate the 
associated impact they have on the system as a whole. The 
exergy at any point in the cycle may be calculated from the 
relation: 
 

𝜖𝑖 = (ℎ𝑖 − ℎ0) − 𝑇0(𝑠𝑖 − 𝑠0),                (10) 
 
where 𝜖𝑖 is the specific exergy of the i-th cycle point in 
[kJ/kg], ℎ𝑖 is the flow energy at the associated point also 
in [kJ/kg], 𝑠𝑖 is the specific entropy at the cycle point in 
[kJ/kg-K], ℎ0 is the flow energy of the working fluid at 
atmospheric conditions in [kJ/kg], 𝑇0 is the ambient 
temperature in [K] and 𝑠0 is the reference entropy of the 
working fluid if it was at atmospheric conditions in [kJ/kg-
K]. The individual component’s irreversibility may then be 
calculated from an exergy balance. The general form for 
an exergy balance of a control region is given by Kotas 
[13] as: 
 

∑ �̇�𝑥𝑖
+ ∑ �̇�𝑥 = ∑ �̇�𝑥𝑒

+ ∑ �̇�𝑐
𝑄 + 𝐼,̇            (11) 

 
where ∑ �̇�𝑥𝑖

 is the rate of exergy addition to the control 
region in [kW], ∑ �̇�𝑥 is the rate of work done on or by the 
control region in [kW], ∑ �̇�𝑥𝑒

 is the rate of exergy leaving 
the control region in [kW], ∑ �̇�𝑐

𝑄 is the exergy flow from 
the control region via heat transfer in [kW] and 𝐼 ̇ is the 
irreversibility rate produced by component within the 
control region bounds naturally also in [kW]. The 
efficiency defect of each component may then be 
expressed as its irreversibility rate divided by the systems 
principle exergy input. The result is a dimensionless 
exergy coefficient which may be used to represent the 
performance of each individual component relative to one 
another. The efficiency defect for each component may be 
calculated from the relation [13]: 
 

𝛿𝑖 = 𝐼̇𝑖
�̇�𝑖𝑛,                                (12) 

 
where 𝛿𝑖 is the dimensionless efficiency defect of the i-th 
component, 𝐼�̇�  is the associated irreversibility rate of the i-
th component and �̇�𝑖𝑛 is the main exergy input to the 
system in [kW]. For the case of the heat pump investigated 
here the main exergy input is the electrical energy supplied 
to run the compressor. Once the efficiency defect of each 
component is known their relation to one another may be 
visualised by a representation on a dimensionless exergy 
pie diagram [13]. The angle each component contributes to 
on the pie diagram is calculated from its efficiency defect 
using the relation: 

𝜃𝑖 = 𝛿𝑖 ∙ 360°,                           (13) 
 
where 𝜃𝑖 is the i-th component’s angle from the previous 
segment on the pie diagram in [deg]. The angle of which 
the magnitude is representative of the system’s rational 
efficiency is represented by the amount of the pie diagram 
that remains left all the component’s irreversibilities are 
deducted from one complete rotation. Mathematically this 
concept is expressed below: 
 

𝜃𝜓 = 360° − ∑ 𝜃𝑖,                         (14) 
 
where 𝜃𝜓 is the angle, in [deg], that represents the rational 
efficiency sector on the dimensionless pie diagram. The 
percentage area covered by the rational efficiency slice 
relative to the total area of the pie diagram should correlate 
closely to the formula for rational efficiency as given 
below: 
 

𝜓 = (∑ ∆�̇�𝑒)/(∑ ∆�̇�𝑖),                      (15) 
 
where 𝜓 is the rational efficiency of the thermodynamic 
system in [%], ∑ ∆�̇�𝑒  is the change in exergy, in [kW], 
across the regions in the thermodynamic system delivering 
useful heat or work and ∑ ∆�̇�𝑖  is the change in exergy, in 
[kW], across the system components that inject exergy into 
the system in order for it to operate.   
 

4. RESULTS AND DISCUSSION 
 
When the methodology in the previous section is 
implemented with some typical real world input values for 
a steady state operating heat pump, a T-s diagram and log 
P-h diagram are obtained that represents the changes in 
thermophysical properties that the working fluid 
undergoes as it flows through the components of the 
transcritical heat pump. A water line that is indicative of 
the amount of heating the water undergoes, in the heat 
pump’s gas cooler, is also indicated on the T-s diagram. 
Figure 4 is the representation of the cycle on a T-s diagram 
and Figure 5 is the representation of the cycle on a log P-h 
diagram:  
 

 
Figure 4: Transcritical heat pump cycle T-s diagram 
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Figure 5: Transcritical heat pump cycle log P-h diagram 

The phase changes and thermodynamic processes 
undergone by the heat pump’s working fluid can be 
deduced from Figure 4 and 5. The water line in Figure 4 
also represents how much the water is heated from the inlet 
to the exit of the gas cooler. Also, note when the dimension 
of the vertical axis and horizontal axis of Figure 4 are 
multiplied one obtains specific energy 𝑒 with unit [kJ/kg]. 
The surface area encapsulated on a T-s diagram by a cycle 
is representative of the total specific energy associated 
with the cycle. The steady state total power of the cycle 
may also be calculated by assuming a constant mass flow 
rate and multiplying the total specific energy with the mass 
flow rate. The aforementioned property of a cycle 
represented on a T-s diagram makes this representation of 
particular interest for energy visualisation purposes.  
 
The exergy analysis yielded the pie diagram illustrated by 
Figure 6: 
 

 
Figure 6: Dimensionless exergy distribution in the heat 

pump system 

The dimensionless exergy pie diagram illustrates the 
amount of irreversibility contributed by each of the heat 
pump system’s components. One can see from Figure 6 
that the compressor component has the largest 
irreversibility rate. The rational efficiency is the 
proportion of dimensionless exergy that remains on the 
diagram after the irreversibility of each component has 
been subtracted from the total dimensionless exergy.  

5. MODEL VALIDATION 
 
The cycle behaviour as can be seen on Figure 4 and Figure 
5 is as expected from a transcritical thermodynamic cycle. 
From cycle point 1 to 2 the working fluid is superheated in 
the evaporator before it reaches the compressor. The 
working fluid’s temperature and pressure is then raised as 
it flows through the compressor. The compression process 
is represented from cycle point 2 to 3. Note that cycle point 
3 lies well within the supercritical zone of carbon dioxide 
as is expected when a cycle is operating in the transcritical 
manner. After compression, the working fluid flows 
through the gas cooler where its heat is absorbed by the 
atmospheric water that enters the heat exchanger from the 
opposite side. The temperature the water gains in the gas 
cooler can be visualised by the water line that lies beneath 
the supercritical heat rejection process represented from 
cycle point 3 to 4. The water line will always lie below the 
working fluid heat rejection process because the working 
fluid has to be at a higher temperature in order for it to be 
able to transfer heat to the water. After the water absorbs 
the heat from the working fluid, in the gas cooler, the 
working fluid flows through the expansion valve which 
imparts a constant enthalpy pressure drop on it. The 
isenthalpic expansion process is evident from the vertical 
line between cycle point 4 and 5 on Figure 5. After 
expansion, the working fluid flows into the evaporator 
which boils it into the saturated gas state. The working 
fluid is now once more at cycle point 1 and the process 
starts anew.  
 
The sensor data from a practical test bench running at the 
same conditions as the simulated cycle was plotted on the 
same T-s diagram. The overlaid plot on Figure 7 may be 
used to visualise how closely the simulation matches a 
real-world heat pump system’s operation: 
 

 
Figure 7: Test bench data vs. simulation overlaid on a T-s 

diagram 

From Figure 7 it can be seen that the overall shape of the 
transcritical cycle is matched closely by the EES® 
simulation. The simulation under predicts the total amount 
of heat transferred in the gas cooler component. This may 
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be attributed to using only one bulk increment to simulate 
the heat transfer in the gas cooler. A discretised approach 
should be considered which would more accurately 
capture the dynamic behaviour of the carbon dioxide’s 
convection coefficient as it flows through the gas cooler. 
This will change the total heat transfer amount predicted 
by the simulation.  
 

6. CONCLUSION 
 
From the results presented, it can be seen that the 
thermophysical diagrams considered are appropriate 
representations of the energy and thermodynamic 
behaviour of a transcritical heat pump’s working fluid. The 
diagrams are useful to visualise the state of matter the 
working fluid is in at every cycle point within the heat 
pump and evaluate whether the heat pump is operating 
correctly.  
 
An exergy analysis was used to represent the associated 
irreversibility rates of the heat pump’s components on a 
pie diagram. The rational efficiency of the heat pump 
system was also represented on the dimensionless exergy 
pie diagram. The representation of the component 
irreversibilities on such a diagram is useful for visually 
determining the weakest link in a thermal-fluid system. 
The component with the largest irreversibility rate has the 
greatest potential to improve the system’s rational 
efficiency if it is replaced with a more efficient alternative 
part. Cross-referencing the changes in the component 
irreversibility magnitudes represented on such a pie 
diagram, of a heat pump system, may be used to identify a 
component that is slowly failing within the system over 
time. Such a component will show an increase in its 
associated irreversibility with time. This steady increase in 
component irreversibility will in turn reflect as a steady 
decrease in the heat pump’s rational efficiency over the 
same time period.  
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DATA LOGGER FOR LOAD MODELLING APPLICATIONS 
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Abstract: Energy management and energy efficiency are becoming increasingly important due to 
rising electricity costs and the need to pursue environmentally sustainable usage of electrical energy. 
Energy management and energy conservation interventions require accurate and reliable load-specific 
energy consumption data and statistics, especially for baseline development and performance 
evaluation. The acquisition of statistically significant measured load modelling data for distributed 
loads such as appliances is, however, expensive due to the high cost of logging instrumentation and 
data communications. Long-term measuring installations using conventional instrumentation is, 
furthermore, highly intrusive. This paper describes the development of a low-cost event-based 
histogram logger for large-scale, cost-effective surveying of load behaviour. The main design 
objectives include non-intrusive current sensing, low-cost hardware, small physical footprint, low 
power consumption and programmability. The system topology, firmware design and implementation 
of the application software and embedded code are discussed. Performance results are presented for 
the power consumption characteristics of the design. 
 
Key words: Residential load sector, Low Cost Data Loggers, Load Profiling, Histograms. 
 
 

1. INTRODUCTION 
 
Rising electricity costs and the urgent need to pursue 
environmentally sustainable usage of electrical energy 
have given rise to increasing emphasis on Energy 
Management (EM) and Energy Efficiency (EE) in recent 
years. The Measurement and Verification (M&V) 
scoping studies, baseline characterisation and 
performance assessment exercises associated with EM 
and Energy Conservation (EC) interventions require 
detailed load modelling [1].  
 
Load modelling has historically focussed predominantly 
on applications related to power system planning and 
operations, including reticulation, distribution and 
transmission system design, load forecasting for optimal 
dispatch, etc., using aggregated load data measured at a 
Point of Supply (POS). Load modelling research is 
expected to benefit considerably in the foreseeable future 
from the deployment of modern smart meters with 
logging and data communications functionality [2]. 
Conventional aggregated load data are, however, of 
limited use for EM applications, which typically target 
specific load technologies or load classes. De-aggregating 
POS load profiles to extract models for individual loads 
or load classes is highly complex, requiring the 
application of advanced machine learning techniques [3]. 
 
Conventional instrumentation for load profile recording 
typically logs the energy consumption of one or more 
loads using a predetermined logging interval. For long-
term monitoring, such instrumentation requires extensive 
volatile storage capacity, which increases manufacturing 
costs, system complexity, power consumption and data 
retrieval costs. Power measurement requires both voltage 
and current signals. This increases installation costs and 
results in intrusive load connections that represent 
potential safety risks in environments associated with the 
residential and commercial sectors.  

 
The energy consumption profiles associated with most 
loads, especially in the commercial and residential 
sectors, exhibit pronounced daily, weekly and seasonal 
cycles. From a load modelling perspective, this implies 
that load data must ideally be acquired continuously over 
an extensive period, e.g. one year, in order to model the 
cyclic behaviour adequately. Distributed loads with usage 
patterns determined by human behaviour, such as 
appliances in residences, furthermore require that load 
data are acquired for a statistically significant sample of 
individual loads. As a result of these factors, together 
with the high capital costs, installation costs and data 
retrieval costs associated with conventional load profile 
logging instrumentation, load surveys targeting individual 
load classes are expensive and time-consuming [2]. 
 
Despite advances in recent years, load characterisation in 
the context of EM and for implementing bottom-up load 
modelling approaches [4, 5] remains constrained by the 
high cost of acquiring de-aggregated load data. While 
modern technology makes it possible to reduce the 
manufacturing cost of conventional load monitoring 
devices, the overall cost of deploying these devices on a 
statistically significant scale remains high due to the costs 
associated with installation, data retrieval and data 
processing [2]. As a result, studies aimed at modelling 
loads classes in the residential sector, for instance, often 
rely on statistically insignificant sample sizes [2, 4]. 
Addressing these issues requires innovative approaches in 
the functional design of the load monitoring devices. 
 
This paper describes the development of a non-intrusive, 
low-cost, battery-operated, event recorder with histogram 
logging functionality for load modelling applications. The 
system topology is discussed, including the on-board 
power supply system, microprocessor, real time clock, 
memory storage and Universal Serial Bus (USB) 
interface. Details are given about the associated high-
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level Graphics User Interface (GUI) used for 
configuration and data retrieval, the embedded program 
for event recording, event and histogram recording 
algorithms and power management. 
 
The proposed event and histogram logging technology 
fits in well with the rapidly evolving Internet of Things 
(IoT), which makes provision for integrating cost-
effective data gathering technology with appliances, etc. 
as shown in Figure 1. The histogram logging approach 
offers the opportunity to acquire statistically significant 
data samples on load characteristics such as appliance 
usage patterns, the energy consumption behaviour of 
water heating systems and air conditioning systems, etc. 
at relatively low data communications bandwidth 
requirements and costs. 
 

 
Figure 1: Connection between modern loggers and the 

Internet of Things. 

2 EVENT LOGGING 
 
By recording changes in the on/off state, rather than the 
power consumption of the targeted load, the following 
advantages are introduced: 
x Storage requirements are reduced, as events rather 

than a continuous sequence of data values are 
recorded. This allows the use of non-volatile 
memory, which reduces power consumption. 

x The system can make full use of the power 
management capabilities of modern microprocessors. 
The on-board microprocessor typically operates in 
sleep mode and only wakes when an event is 
registered through an interrupt signal. This makes it 
possible to design a battery-powered device that can 
operate for an extended period. 

x Power consumption is reduced by eliminating the 
Analogue to Digital Conversion (ADC) process. 

x Low-cost, non-intrusive current sensors, i.e. without 
galvanic connections, can be used. This also reduces 
installation costs and mitigates the safety risks 
associated with the installation. 

 
The disadvantage of logging On/Off events rather than a 
power consumption is that the power consumption profile 
has to be modelled. In practice, most appliances exhibit 
characteristic time-varying power consumption profiles 
during usage events [2]. A substantial range of power 
consumption models and profiles that reflect these 
characteristics have been proposed in literature and made 
available online for various load classes [3, 6, 7, 8]. The 
instantaneous power consumption is also affected by 
factors such as supply voltage, service level, operating 

temperature, etc. [2]. The effect of voltage fluctuations on 
power consumption is, however, bounded due to Quality 
of Supply (QOS) specifications that limit the allowable 
supply voltage fluctuations for reticulation networks [9].  
 
Despite some limitations, usage event data, in 
combination with energy consumption models for 
individual appliance classes, are highly suited for bottom-
up load modelling approaches, load modelling for EM 
applications and studies involving the usage patterns and 
behavioural aspects associated with the energy usage of 
individual load classes. 
 

3. HISTOGRAM LOGGING  
 
A histogram is essentially an estimate of the probability 
distribution of a continuous variable [10, 11]. The data 
range is divided into a number of regions or bins and the 
data samples are allocated to the various bins, yielding 
frequency of occurrence value for each bin. The bins are 
adjacent and non-overlapping, but need not be of equal 
size. Various methodologies have been proposed for 
selecting the number of bins and bin sizes, including 
Freedman-Diaconis and Scott techniques [10, 11, 12]. 
 
Many modern load models are based on statistical 
representations such as probability density functions and 
histograms [5]. By recording a histogram of usage events, 
rather than a sequence of events, the recorded data are 
presented in a format that is compatible with these 
statistical modelling approaches. Depending on the 
number of bins, histogram recording reduces the on-
board storage requirements of the logging device and the 
associated data retrieval overheads dramatically. 
Commercially available load monitoring devices, 
however, do not at present offer the advantages of 
histogram recording. Incorporating the concept of 
histogram recording into the design of an event-based 
load-monitoring logger requires careful consideration of a 
number of factors, including the following: 
x The optimal number of histogram bins and individual 

bin sizes are determined by the nature of the data. 
The bin number and bin sizes must therefore be 
software programmable in order to customise the 
logging device for specific load categories. This 
implies that the embedded control program must 
have the capability to configure the data storage 
memory map depending on the desired bin number 
and bin size parameters. 

x In the most basic form, an event is defined by two 
parameters, namely a start timestamp and an end 
timestamp. These can be translated by the embedded 
control program to alternative representations for 
storage, such as a start timestamp and an event 
duration, which is more suitable for modelling load 
behaviour. Representing this information as a 
histogram recording requires a three-dimensional 
histogram map, as illustrated in Figure 2, which 
shows a series of histograms of event durations. Each 
series is associated with a histogram bin that 
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represents the Time of Day (ToD) interval in which 
the event start time occurs. 

Figure 2: Histogram map of load events. 

The load event histograms depicted in Figure 2 allows for 
full restoration of the energy consumption load profile of 
the targeted load within the constraints imposed by the 
energy consumption variability addressed in section 2. 
 

4. SYSTEM DESIGN 
 

4.1 System topology 
 
The functional block diagram shown in Figure 3 
summarises the topology of the proposed system. The 
personal computer hosts an application program that 
communicates with the logger hardware via a Universal 
Serial Bus (USB) interface. The logger logic core consists 
of a microprocessor that interfaces to a Real Time Clock 
(RTC) and Electrically Erasable Programmable Memory 
(EEPROM) bank via Inter-Integrated Circuit (I2C) 
interfaces. The logic core also features a Universal 
Asynchronous Receiver/Transmitter (UART) interface 
for communicating with compatible communications 
technologies such as modems, radio links, etc.  

Figure 3: System topology. 

The non-intrusive current sensor detects changes in the 
on/off state of the target load and triggers event handling 
by the microprocessor using an interrupt signal. The main 
design objectives for the system firmware and software 
are summarised in Table I. 
 

Table I: System design objectives. 
Subsystem Design objectives 
Firmware Low manufacturing cost design using a 

minimum number of readily available, 
low cost components and compact 
Printed Circuit Board (PCB) footprint. 
Low-power hardware design that can 
operate for an extended period from a 
small lithium-ion battery. 
Modular design that can accommodate 
the diverse range of different sensors of 
interest in load modelling, e.g. current 
sensors, light sensors, temperature 
sensors, occupancy sensors, etc., with 
optimum use of common subsystems 
such as the logic core and power supply.  

Embedded 
software 

Optimum power management using the 
low power and sleep mode functionality 
of the logic core active components. 
A high level of configurability, especially 
with reference to parameters such as 
operational mode (profile versus 
histogram logging) and the configuration 
parameters associated with the different 
modes.  

Application 
software 

User-friendly GUI, high-level algorithmic 
support for optimising histogram 
parameters, graphical data display 
features, intelligent data downloading 
interface, relational database support for 
data storage and versatile data export 
functionality. 

 
4.2 Logic Core Design 
 
The logic core consists of an eight-bit, low-power 
microprocessor with advanced power management 
features, a Real Time Clock (RTC) and 1 Mbit EEPROM 
for storing event and histogram data. The microprocessor, 
which is operated at a clock frequency of 8 Mhz 
processor, features a USB interface that is routed to a B-
mini USB connector with external ESD protection, two 
400 kHz I2C interfaces that communicate with the RTC 
and EEPROM respectively and a UART interface that is 
reserved to integrate the logger with IOT communications 
devices in future. The processor features 2 kbit of on-
board EEPROM that is used for storing configuration 
variables, including the memory map pointer parameters 
for the histograms. The processor is flash programmed 
via a Program and Debug Interface (PDI). 
 
The low-power RTC uses a 32 kHz external crystal for 
accurate time-keeping. The device has an alarm function 
that can be programmed to generate an interrupt signal at 
a predefined date and time. This feature is used to wake 
the microprocessor from sleep mode when logging at a 
predefined sampling interval. 
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4.3 Power Supply Design 
 
The power supply implements automatic source selection 
circuitry that derives power from a 3 V lithium-ion 
battery when the logger operates in stand-alone mode and 
from the external USB source through a Low Drop-Out 
(LDO) voltage regulator when connected to a host 
computer. This feature prolongs battery life by powering 
the energy-intensive USB communications from the 
external supply. Hardware cost is reduced by using a 
highly efficient soft-switch circuit as On/Off switch. The 
source selection and switching circuitry, however, require 
careful design to minimise the power losses associated 
with this circuitry during stand-alone mode. 
 
4.4 Current Sensor Design 
 
The current sensor senses the targeted load current 
continuously and generates a logic signal that indicates 
whether the current waveform peak value exceeds a pre-
set threshold. The sensor topology, shown in Figure 4, 
consists of a commercially available toroidal current-to-
voltage transducer, passive low-pass filter, low-power 
analog comparator with a logic level output and a rectifier 
with ripple filter. The load current is routed non-
intrusively, i.e. without galvanic connections, through the 
core. The voltage induced in the secondary winding is 
filtered to remove high frequency spikes and compared to 
an adjustable threshold voltage. The logic output signal 
from the comparator is rectified and filtered to remove 
the power frequency ripple component. 
 

 
Figure 4: Current sensor block diagram. 

Commercially available passive current to voltage 
transducers are typically designed for dynamic ranges of 
the order of 10 A and higher. Some of the loads targeted 
by load modelling exercises, such as modern LED lights, 
have current consumption values measured in tens of mA. 
In this case the transducer operates around at very low 
operating point on the dynamic range curve. This poses a 
challenge to the design of the signal conditioning 
circuitry used in the sensor, especially since this circuitry 
operates continuously and must use a minimum number 
of active components to conserve battery power. 
 
4.4 Memory Mapping 
 
The system has two non-volatile memory banks, namely 
the processor on-board memory and the external 
EEPROM. 
Storage requirements and memory allocation depend on 
the mode of operation, namely raw event logging versus 
event histogram logging. In the case of event histogram 
recording, depending on the number of histogram bins, 

the processor on-board memory may be sufficient and the 
external EEPROM can be omitted to reduce hardware 
cost. 
 
A raw event is defined by a start and an end timestamp, 
sensor number and event status. It requires four bytes of 
memory using the bit-compressed storage format 
illustrated in Figure 5. This data is stored sequentially in 
the external EEPROM, yielding a maximum storage 
capacity of 32 768 events. 
 

Figure 5: Raw event encoding. 

Event histogram recording involves translating the event 
timestamps to start time and duration bins. Figure 6 
shows an example of mapping the histogram to the on-
board EEPROM. 
 

Figure 6: Histogram data mapped to the processor on-
board EEPROM. 

The first part of the histogram memory map is reserved 
for user-defined bin definitions, which are copied to the 
local variable space upon enabling the histogram 
recording mode. During event recording, the event data 
are compared with the bin definitions to determine the 
histogram memory map position to increment. A bin 
location in the memory map is accessed using two 8-bit 
indices, namely a start time bin index IT and a duration 
bin index ID.  The memory address for bin position X, 
shown in Figure 7, for example, is calculated using 
Equation 1. 
 

𝑃𝑋 =  𝑃𝑆𝑡𝑎𝑟𝑡 + (𝐼𝐷 − 1)𝑁𝑇 +  𝐼𝑇   (1) 
 

where NT denotes the number of start time bins.  
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Figure 7: Histogram memory map. 

Using a 16-bit memory allocation per duration bin 
requires a total of 96 bytes per duration bin for 48 half-
hourly daily starting time. However, it is possible to 
implement multiple memory maps consisting of different 
bin definitions and bin sizes. When recording weekdays 
and weekends separately, for example, the memory 
address for bin position Y in the second memory map is 
determined using Equation 2. 
 

𝑃𝑌 =  𝑃𝑆𝑡𝑎𝑟𝑡1 +  𝑁𝑇1𝑁𝐷1 + (𝐼𝐷2 −  1)𝑁𝑇2 + 𝐼𝑇2 (2) 
 

where NT1 and ND1 denote the number of start time bins 
and duration bins of the first memory map respectively 
and NT2 denotes the number of start time bins of the 
second memory map. 
 

5. EMBEDDED SOFTWARE PROGRAM 
 
5.1 Overview 
 
The embedded software program can be divided into 
three functional components, namely the main monitoring 
routine, USB command service routine and event 
recording service routine. 
 
5.2 Main Monitoring Routine 
 
The operation of the main monitoring routine depends on 
the status of the external USB power input. If external 
USB power is present, the routine monitors the USB 
interface and executes the USB command service routine 
to process the commands received. In the absence of 
external USB power, the routine configures the processor 
power saving mode and interrupt status and put the 
processor in sleep mode. On receiving an interrupt signal 
from the sensor input, the processor exits from sleep 
mode and the routine executes the event recording service 
routine, after which the processor is returned to sleep 
mode. 
 
5.3 Event Recording Routine 
 
The event recording routine determines whether the logic 
level transition that triggered the interrupt represents the 
start or the end of a load event. On registering a start 

indication, the current date and time is retrieved from the 
RTC and stored in the processor on-board EEPROM 
space as an event start timestamp. The event recording 
routine returns control to the main monitoring routine, 
which returns the processor to sleep mode. On registering 
an end indication, current date and time is retrieved from 
the RTC and stored in the processor on-board EEPROM 
space as an event end timestamp. The start and end 
timestamps are then retrieved and the event log or 
histogram is updated, depending on whether the logger 
operates in raw event logging or event histogram logging 
mode. 
 

6 APPLICATION SOFTWARE 
 
System configuration and data retrieval are facilitated by 
a software application implemented as a GUI on a host 
computer running a Microsoft WindowsTM operating 
system. The application software communicates with the 
logger hardware through the USB interface shown in 
Figure 3 and has been developed using the well supported 
C++ open-source QT Creator development platform. The 
software application has the following features: 
x Connects to the target device by selecting the COM-

port automatically based on device identification. 
x Sets RTC data using computer calendar or custom 

user input data. 
x Configures and initiates the logging mode, i.e. raw 

event mode or event histogram mode. 
x Retrieves, displays and exports raw event data or 

event histogram data. 
x Calculates and downloads the histogram bin 

parameters and associated memory map parameters 
depending on the histogram configuration selected 
by the user. 

 
7 PERFORMANCE EVALUATION 

 
7.1 Power Management 
 
In the context of designing a cost-effective logging 
device for large-scale acquisition of load data, the device 
is expected to operate from a battery source for an 
extended period of time. Power consumption therefor 
represents a key performance parameter.  
 
The power consumption of the logic core is related to the 
clock speed of the microprocessor. In order to determine 
the system operating frequency with the best energy 
consumption efficiency, average power measurements 
were taken for different clock frequencies. Operating the 
processor at a high clock frequency will let the device 
return to sleep mode quicker, but may consume more 
power, while a lower clock frequency will execute the 
same tasks over a longer period, but may consume less 
power. Figure 8 shows a comparison of power 
consumption at different clock frequencies. Operating at 
a clock frequency of 32 MHz will consume about 56 mW 
in one software cycle. A clock frequency of 8 MHz will 
consume less power, but processing one software cycle 
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requires an additional 0.2 s. High speed USB 
functionality, however, requires a minimum clock 
frequency of 8 MHz. This clock frequency therefor was 
selected. 
 

 
Figure 8: Power consumption at different microprocessor 

clock frequencies. 
 
Measuring the current consumption profiles of high-
speed logic circuits requires very high sampling rates due 
to the high frequency nature of the signals. This can be 
addressed by using the capacitor charge measurement 
solution shown in Figure 9. The switch is closed 
repetitively and source charges the capacitor and supply 
the load current during these cycles. The source voltage, 
switching rate and capacitor value is selected to maintain 
vc(t) in a close range around the desired operating 
voltage. The electric charge supplied by the source during 
a charging cycle, Qs, is given using the relationship 
 

𝑄𝑆 = ∫ 𝑖𝑅(𝑡) 𝑑𝑡𝑡2
𝑡1

= ∫ 𝑣𝑅(𝑡)
𝑅

 𝑑𝑡𝑡2
𝑡1

   (3) 
 

where t1 denotes the start time of the charging cycle, t2 
denotes the start time of the next cycle and R denotes the 
value of the series resistor [Ω]. The circuit filters the high 
frequency pulses drawn by the logic core from the 
measured voltage vR(t), so that good accuracy can be 
obtained using a relatively low sampling rate. The total 
charge supplied to the load during a charging cycle, QL, is 
given by the relationship 
 

𝑄𝐿 = 𝑄𝑆 − 𝐶(𝑣C(𝑡2) − 𝑣𝐶(𝑡1))    (4) 
 

where C denotes the value of the capacitance [F]. If the 
ripple voltage associated with vc(t) is small, 𝑄𝐿 ≈ 𝑄𝑆.  

 
Figure 9: Power consumption test circuit. 

The charging cycle of the circuit can be readily 
automated using an active switching element controlled 
by a switching sequence generator. The test arrangement 

can be used to determine the energy consumption 
associated with the various operating modes of the logic 
core, e.g. idle mode, sleep mode, etc. and to derive the 
energy consumption associated with any given operation, 
e.g. executing an event log. 
The battery lifetime for a scenario where the device 
operates in sleep mode, but executes a total of Ne event 
logs, can be calculated using the following relationship: 
 

𝑇𝐵 =  𝑄𝐶−𝑁𝑒𝑄𝑒
𝐼𝑠

+ 𝑁𝑒𝑇𝑒    (5) 
 

where TB denotes the battery lifetime in hours, QC 
denotes the battery capacity [mAh], Qe denotes the charge 
associated with an event log [mAh], Is denotes the sleep 
mode current [mA] and Te denotes the duration of an 
event log [s]. 
 
Figure 11 shows typical test results for the device during 
sleep mode. The device consumes an average current of 
94 uA during sleep mode. Figure 11 shows the current 
consumption profile if the cycle includes an event log. 
The total charge associated with a logging event is of the 
order of 0.3 uAh, while the event duration is of the order 
of 0.38 s. Figure 12 shows the project battery lifetime as 
function of the total number of event logs. For event 
counts below 10000, the lifetime is primarily determined 
by the sleep mode current consumption. 
 

 
Figure 10: Sleep mode current profile.  

 

 
Figure 11: Current profile during one event recording. 
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Figure 12: Battery lifetime as a function of event count. 

 
8 CONCLUSION AND RECOMMENDATIONS 
 
The paper described the design of a low-cost, low-power 
event histogram logger for use in wide-scale load 
monitoring applications, such as appliance usage 
monitoring, etc. The concept of histogram event logging 
dramatically reduces storage requirements and the 
associated hardware cost and power consumption. Design 
details are given of a non-intrusive current sensor and 
logic core topology for the device. It is shown that a 
programmable histogram memory map can be 
implemented using for simple pointer operations. 
 
The power consumption performance of the device shows 
that the sleep mode current consumption, rather than 
event count, dominates the battery lifetime for event 
counts below 10000. An event count of 10000 yields a 
battery lifetime of 96 days. For a logging period of 1 
year, an event count of 10000 translates to 27 events per 
day, which is ample for most appliance monitoring 
studies. It follows that efforts to increase the battery 
lifetime for practical applications needs to consider 
reduced sleep mode power consumption rather than 
reducing the energy consumption associated with the 
logging events. 
 
The proposed device topology and histogram recording 
mode fit well with the Internet of Things, as it is suitable 
for conducting cost-effective, wide-scale appliance 
monitoring with low communications bandwidth and data 
downloading costs. 
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DEVELOPMENT OF A 50 HZ INDUCTION POINT-OF-USE WATER HEATER 
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Abstract: An induction point-of-use water heater for use in a rural environment needed to be 
investigated and built.  The induction water heater needed to provide hot water for a shower flow rate 
of 1.4 litres/minute or a basin flow rate of 1 litre/minute, heating water from an ambient water 
temperature of 20 ºC to 40 ºC, while minimising energy cost and water wastage.  The method of heating 
by induction was investigated using FEMM simulations where it was determined that carbon steel was 
the best material to use from the materials considered.  Induction water heating experimentation was 
conducted statically and dynamically which resulted in a successful final prototype, produced 1.7 kW 
of heating power and achieved the target shower temperature of 40 ºC. 
 
Key words: Energy, Eddy currents, Hysteresis losses, Induction heating, Point-of-Use, Water heater. 
 
 
 

1. INTRODUCTION 

Point-Of-Use (POU) water heaters are the world’s solution 
to reducing electricity and water wastage in a society that 
is becoming focused on “green” technology and saving the 
environment.  This technology will benefit residential and 
rural users alike [1, 2, 3].  
 
This project was undertaken to investigate and build an 
induction POU water heater capable of running off of the 
utility power supply at 50 Hz for use in a rural 
environment, in order to feed a shower or a basin at an 
adequate flowrate. The project background and 
specifications are presented.  The theory governing heating 
by induction, experimentation and the induction prototype 
are investigated.  The prototype’s results, a critical analysis 
and future improvements are discussed. 
 

2. BACKGROUND AND SPECIFICATION 

The majority of South African electricity consumption in 
domestic houses is from electric geysers [4].  
Traditionally, water is heated through the use of electric 
geysers, however, the advantages and disadvantages of 
geysers are being outweighed by the advantages of POU 
water heaters [1, 2, 3].  POU water heaters are located 
nearby water usage points and heat water on demand as the 
water passes through the unit.  Since geysers are located 
far from the water usage points, heat energy is lost to pipes 
during the transportation of hot water, POU water heaters 
eliminate pipe heat loss and can save electricity and up to 
4 ℓ of water [5, 6].  Geysers have significant stand-by 
storage heat loss as the water is continuously heated even 
when it is not required, thus causing heat to be lost to its 
surroundings.  POU water heaters reduce electricity and 
water usage costs and thus combat the electricity and water 
wastage of geysers [1, 2, 3].  Cost effective methods of 
POU water heaters warrant further investigation; and in 
order to further investigate POU water heaters, the basics 
of water heating theory needs to be understood. 

2.1 Project Specification 

An efficient and cost-effective alternative to storage 
geysers must be designed and implemented.  The key aim 
of the project is to investigate, design and implement a 
safe, water and electricity saving POU water heater.  The 
POU water heater should not make use of an intrusive 
resistive element but should rather use an induction-based 
water heating concept.  The POU water heater should be 
powered by a single phase 230V AC, 50 Hz and not exceed 
the current limit of 20 A in a typical household circuit 
breaker.  For simplicity, the system must not make use of 
any frequency enhancing power electronics.  The water 
should be able to heat water at an adequate showering flow 
rate and temperature. 
 
The POU water heating device is aimed at use in rural 
households for a shower.  Rural areas may have lower flow 
rates than urban households, thus the design will focus on 
allowing adequate heating at lower flow rates than the 
recommended showering flowrate of 6 litres/minute (ℓ/m) 
as provided by SANS 10252-1 [7]; the flow rate however, 
must still be sufficient to shower in.  These flow rates will 
be determined by the designers.  As the POU water heater 
needs to be affordable, it should be built from commonly 
available materials.  A study of showering patterns was 
conducted in [8], and it has been found that the average 
temperature from municipal water supply was 20 ºC and 
the average desired shower temperature was 40 ºC, which 
will be used as design parameters for the design within this 
paper.  The average length of a shower was determined 5 
minutes [8].  A successful water-saving induction POU 
water heater should reach a shower temperature of 40 ºC 
within 1 minute of switching the water on and it should 
maintain this temperature for 5 minutes. 
 
2.2 Water Heating Theory 

The basic principle of heating water depends on an energy 
transfer between two systems, where one system is at a 
higher temperature than the other system [9].  In order to 
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understand the principle of heating water, equation (1) 
below gives the required energy to heat a volume of water 
by a certain temperature change. 
 
           𝑄 = 𝑚𝑐∆𝑇    (1) 
 
Where: 
Q   =  Heat energy (kJ) 
m   =  Mass of substance (kg) 
c    =  Specific heat of substance (kJ/kg ºC) 
ΔT =  Change in temperature (ºC) 
 
To determine the power required for the heating element 
when water is flowing at a specific flow rate, equation (2) 
can be used.  The heating power should be sufficient to 
raise the temperature of the water as it passes through the 
induction heating element at a specific flow rate.  With this 
understanding in mind, existing solutions of induction 
POU water heaters can be explored. 
 
         𝑃 = (𝑉𝜌

𝑡
) 𝑐∆𝑇                                       (2) 

 
Where: 
P =  Power of heating element (W) 
𝑉
𝑡
 =  Flow rate (m3/s) 

𝜌 =  Density of the material 
 
2.3 Existing Solutions 

Induction heating seems to be the prominent instant water 
heating method among researchers.  Several induction 
water heaters make use of high frequency switching [10, 
11], this method is highly effective and can work almost 
instantaneously, however the main constraint of this 
project is the use of power electronics that can enhance the 
frequency beyond 50 Hz, hence further investigation on 
high frequency heating techniques is unnecessary. 
 
Manuel et al [12]  details an induction water heater design 
using resonance, high frequency and fuzzy logic to control 
the system.  This was helpful to see the design procedure 
and theory involved in using induction to heat water [12].  
A system block diagram also assisted in understanding the 
manner in which an induction water heating system works, 
this can be used as a foundation for the design and structure 
of the induction water heating system [12].  Unver et al 
[13] presents the design and construction of an induction 
water heater using 50 Hz, mains supply and resonance.  
The induction water heater used Chrome Nickel discs 
around the pipe on which the induction coil was wound 
[13]. The device was tested at 2.26 ℓ/m.   Even though the 
construction process is listed, exact reasons for the design 
decisions either were not given or were not well explained 
[13].  Despite this, this source is useful as the induction 
water heater was functional and heated water to 50 ºC [13].  
 
Rafael et al [14] present the design of an induction water 
heater based on a transformer type principle.  A 
transformer was used to step up the current to the induction 

coil connected as the load to the secondary of the 
transformer [14].  This paper uses 60 Hz frequency, a 
current of 57 A and a coil of inductance 401.8 PH is wound 
around a pipe (800 mm long of external diameter 20 mm) 
using wire of diameter 3.26 mm.  This induction heater 
heated water from 23 qC to 34.5 qC in three minutes.  The 
principle of operation evidently works; however, the water 
does not heat rapidly enough to save water and the cause 
of this is not stated [14].  This was a unique solution with 
all design decisions and theory explained.  
 
Several commercial instant water heaters are available 
within South Africa, such as the “DAFI 3.7 kW  
Instant Water Heater” and the “Alpha x3 EM Instant  
Hot Water Heater 6 kW”, both costing approximately  
R1 900 [15, 16].  Another POU, the “Speedheat Instant 
Water Heater”, [17] was advertised as being able to work 
at flow rates as low as 1.6 ℓ/m and as high as 5 ℓ/m and a 
power of 3 kW [17].  The principles of operation of these 
commercial devices are not known, however the prices and 
performance data will be used to compare the overall 
product designed to determine whether or not it is 
competitive in price and performance.  These existing 
solutions helped build a foundation on the principle of 
achieving 50 Hz induction water heating.   
 

3. INDUCTION THEORY 

Heating water by induction is dependent on the 50Hz input 
frequency and the magnetic and heating properties of the 
core pipe.  The principle of induction heating is based on 
the fact that all metals are electrical conductors and have a 
resistance to the flow of current [18].  This resistance 
causes losses to occur in the metal which are apparent as 
heat losses and the greater the current in the metal, the 
greater the heat losses [18].  The leading parameter of 
induction heating is the induction coil, which is wound 
around the metal.  Equation (3) shows the induction of the 
coil.  
 
      𝐿 = 𝑁2𝜇𝐴

𝑙
= 𝑁𝐵𝐴

𝐼
                                       (3) 

 
Where:  
N=  Number of turns 
𝜇 =  Relative permeability of material 
A =  Cross sectional area of the core (m2) 
𝑙  =  Length of the core (m) 
B =  Magnetic flux density (T) 
I =  Current (A) 
 
A current is passed through the coil and causes currents to 
be induced in the metal, as the changing magnetic field in 
the AC conductor induces an equal and opposite current in 
the metal, referred to as eddy currents [18].  A second 
effect, named hysteresis losses, also occurs where the 
magnetic poles in the metal change direction with the 
externally applied magnetic field which causes heat loss in 
the metal [18].  These two effects combined are termed 
core losses.  Equation (4) provides the hysteresis power 
losses and equation (5) the eddy current power losses.  
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Table 1: The observation and relation obtained from 
each prototype test have been given. 

Prototype Observation
57 μH results in a 3.6 ºC increase

9.2 A results in a 57 ºC increase in 20 minutes

15 A results in a 30 ºC increase
3

2

1

18 A results in a 42.5 ºC increase

15 A results in a 57 ºC increase in 5 minutes

774 μH results in a 26.3 ºC increase

Equation (4) and (5) are the leading effects of the induction 
coil on the heating of water. The heat loss produced by the 
coil wire itself contributes minimally to the water heating. 
 
   𝑃ℎ = 𝜂𝑉𝑐𝑜𝑟𝑒𝑓B𝑚

𝑛    (4) 
 
Where: 
Ph      =  Power produced by hysteresis losses (W) 
Vcore=  Volume of core material (m3) 
𝑓     =  Applied frequency (Hz) 
Bm   =  Maximum magnetic flux density (T) 
η, n =  Steinmetz coefficients, values depend on the core        
 material used 
 
  𝑃𝑒 = 𝑘𝑡2𝑓2𝐵𝑚

2    (5) 
 
Where: 
Pe =  Power produced by eddy current losses (W) 
𝑘  =  Constant dependent on core material used 
t   = Thickness of core material (mm) 
 
From (4) and (5) it is clear that the amount of power loss 
in the core material depends on the applied frequency, 
magnetic flux density and thickness.  A final consideration 
is that of skin depth, which governs the penetration depth 
of the current at the applied frequency [18].  Equation (6) 
below calculates the skin depth. 
 

  𝛿 =  √
𝜌

𝜋𝑓𝜇𝑟
                   (6) 

 
Where: 
𝛿 =  Skin depth (mm) 
𝜌 =  Resistivity of material (Ω.m) 
 
Any heating effects due to the core losses will be confined 
to this region and since the POU water heaters frequency 
is constrained to 50 Hz, the thickness of the core material 
becomes important.  Further experimentation into 
induction water heating at 50 Hz was then conducted with 
the aim of establishing physical relationships with respect 
to the parameters that most influence the rate at which 
water heats.  
 
3.1 FEMM Simulations 

FEMM simulations were performed on two materials that 
were available in the laboratory: ferritic stainless steel and 
carbon steel.  The FEMM simulations were performed in 
order to determine which material produced greater core 
losses as desired from equation (3) and (4).  The larger the 
core losses, the more heat that is being produced in the 
metal pipe.  This implies that a greater heating rate is being 
produced which heats water faster as it passes through the 
water heating unit.  An axis-symmetric simulation was 
carried out whereby the current and number of turns in the 
coil were changed while keeping the dimensions of the 
pipe constant.  It was found that carbon steel performed 
better than ferritic stainless steel as the core losses were of 
a higher magnitude.  It was also found that a relationship 

existed between the number of turns and current flowing 
through the induction coil.  To produce the same heating 
power by using less wire, the current can be doubled and 
the number of turns can then be halved.  Further induction 
heating experimentation would now use carbon steel as the 
core material, since its performance was superior to ferritic 
stainless steel. 
 
3.2 Static Induction Water Heating Experimentation 

Three prototypes of carbon steel pipes were tested, to 
determine the effect of changing the current and 
inductance on the rate at which water heated.  These tests 
were done statically with the use of sealed pipes filled with 
a certain volume of water in order to observe the heating 
rate using different setup configurations.  Table 1 shows 
the results from the tests. 
x Prototype 1: A carbon steel pipe with wall thickness  

2 mm, at 9.2 A for 20 minutes using two different 
inductor values.  The relationship between the change 
in inductance and temperature is found to be:                                    
14 x inductance : 7.3 x temperature increase. 

x Prototype 2: A carbon steel pipe with wall thickness 
of 6 mm, wound for an inductance of 0.9 mH is tested 
at two different current values to determine the time 
the water takes to increase the temperature by the 
same temperature change.  The relationship between 
current and the time to achieve the same temperature 
change is 1.6 x current : ¼ duration. 

x Prototype 3: The same test vessel as prototype 2 and a 
1.316 mH inductor heating element is tested at 15A 
and then at 18 A. Both are run for 1.5 minutes.   
The relationship between current and temperature is:                                                                 
1.2 x current : 1.4 x temperature increase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.  INDUCTION WATER HEATER DESIGN 

The preliminary experimentation laid the foundation to the 
induction heating relationships.  So as to understand the 
effect of flowing water on the induction parameters as well 
as on the heating rate, a flowing water experimental setup 
was built.  Seven different configurations were tested 
spanning 5 minutes, each at 19 A and a flowrate of 0.9 ℓ/m.  
In this manner, the only variable that was varied was the 
number of turns and the resulting heating power of the 
water heating element the results can be seen in Table 2.  
The temperature measurement is taken at 5 minutes to 
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Figure 2: Graph of pipe temperature versus time. 

Table 2: Characteristics of the seven configurations 
are given. 

t=0 t=1 
minute

t=5 
minute

s
1 226 2 21 27.6 29.2 411.3 514.9 2.3
2 339 2 22 29.4 31.6 486.6 627.9 1.9
3 452 2 22 29.6 33.7 464.6 718.9 1.6
4 452 1 28 37.9 44.8 656.2 1083.1 2.4
5 565 2 23 36.3 42.3 865.5 1243.2 2.2
6 678 3 21 40.5 48 1228.6 1701.6 2.5
7 904 3 24 41.6 60 1105.1 2260.4 2.5

Power of 
Heating 

Element at 
5 minutes 

(W)

Power/No. of 
turns (W/turn)

Config 
No.

No. of 
turns

No. 
of 

pipes

Temperature (ºC) Power of 
Heating 

Element at 
1 minute 

(W)
Figure 1: Graph of water temperature with time. 

determine the settling temperature of the water heater and 
hence the power of the heating element, and furthermore, 
to determine whether or not the water temperature is 
adequate for the complete duration of a 5-minute shower.  
The target temperature should however be reached within 
1 minute in order to prevent water wastage and ensure the 
induction water heater can be classified as a POU water 
heater.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As can be seen from Table 2 above, the relationships that 
can be inferred are that the average Watt/turn is about 2 W 
per 1 turn.  In Table 2, it can be observed that the heating 
power after 1 minute is not the required heating power of 
1255.8 W to heat the water by 20qC (for a flow rate of  
0.9 ℓ/m), which suggests that the rate at which the pipes 
are heating is not instantaneous (> 1 minute), resulting in 
the wastage of water waiting for the pipes to reach the 
adequate heating power.  The reason for the pipes not 
heating instantaneously is as a result of the 50 Hz 
alternating magnetic field, which is not fast enough to 
create the required heating power instantaneously.  After 
investigating the effect of flowing water upon the system, 
it was possible to design an improved system based upon 
the final 3-pipe, 904-turn configuration from 
experimentation.  The final design was constructed using 
the experimentally determined relationships stated in the 
previous section.  An induction heating coil would require 
977 turns, which would produce a heating power of  
1953.5 W.  The heating power allows for the water to heat 
to a showering temperature of 40 ºC at the experimentally 
determined sufficient shower flow rate of 1.4 ℓ/m. 
 

5. PROTOTYPE RESULTS 

The induction water heater prototype was tested at 1.4 ℓ/m 
in order to determine whether or not the system is 
functional at this proposed flow rate.  These tests were 
performed by switching the power and the water on 
simultaneously.  Figure 1 shows that for a flow rate of  
1.4 ℓ/m the system reaches a temperature of close to 40qC, 
but not within 1 minute of switching the water on, 
indicating water wastage and further confirming that the 
pipes are not heating instantaneously, and as a result the 
required heating power is not being achieved.  For a basin 
flow rate of 1 ℓ/m, the water temperature is higher than 

40qC, and thus for use at a basin a mixer tap would be 
necessary. 

 

 

 

 

 

 
 

The concept of preheating pipes was considered to be a 
manner in which this system could save water and reach 
the target showering temperature.  The pipe temperature 
was tested to determine the duration of preheating for the 
heating pipes.  As can be seen by Figure 2 below, it can be 
concluded that since the pipe temperature tapers off after 
90s, this should be the duration of preheating the pipes. 

 

 

 

 

 

 
 

 

 

Tests were then performed using the preheating of the 
pipes to determine the overall system performance.  These 
tests were performed by switching the power on to the 
system for 90s before switching the water on to the system.  
As can be seen by Figure 3, the POU water heater settles 
to a temperature of greater than 40 qC for a flow rate of  
1.4 ℓ/m.  For a flow rate of 1 ℓ/m, the temperature settles 
to about 42 qC.  It can be observed that the preheating of 
the pipes results in the settling temperature being achieved 
sooner.  Furthermore, the temperature as the water is 
switched on is much higher than 40 qC, in order to 
eliminate this, further optimization is required to 
determine the exact duration for preheating the pipes. 

Table 3 shows the characteristics of the system and  
Figure 4 shows the final system. The system is powered by 
a variac at 118 V that limits the current to 19 A.  In Table 
3, it can be seen that the heating power of the water from 
the real power is |1690 W using equation (2), 219 W of 
the water heating is achieved through the heat losses from 
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Table 3: Induction Water Heater Characteristics. 

Characteristic Value

No. of Turns 980
Inductance (mH) 10.736

Material Carbon Steel

Copper Wire Diameter  (mm) 1.8

Total coil resistance (Ω) 0.607

Pipe Outer Diameter (mm) 27
Skin Depth (mm) 3
No. of pipes 3
Cost (ZAR) 908
Flow Rate (ℓ/m) 1.4
Run time (minutes) 5
Ambient Water Temperature (ºC) 24
End Temperature (ºC) 41.3

Voltage (VRMS) 118.7
Current (A) 19
Real Power (kW) 1.7
Apparent Power (kVA) 2.25
Element Heating Power (W) 1689.7
Heat produced by wire (W) 219
Power Factor (lagging) 0.75

System specifications and performance

Figure 3: Water temperature with time after preheating. 

the wire and hence 1471 W produced by eddy current and 
hysteresis losses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. CRITICAL ANAYLYSIS 

A final solution for heating water by induction was 
attained through an experimental process of determining 

physical relationships followed by applying the 
relationships to the water heater design.  Such an approach 
was taken due to insufficient existing low frequency 
induction water heater designs. A comparison between the 
designed POU and a commercially available geyser is 
detailed, in order to show the amount of energy a user can 
save with the use of a POU water heater. The smallest 
geyser available is a 2kW geyser, which can hold 100 ℓ  of 
water costs R3363 to purchase [14].  This geyser takes 
approximately 70 minutes to heat water by 20qC.  To heat 
the water by 20 qC a geyser uses 2.32 kWh to heat the 
entire tank of 100 ℓ (assuming that the total volume will be 
used by four users in a household showering for 5 minutes 
each using a flow rate of 5 ℓ/m).   The designed POU water 
heater is only switched on when required to be in use, this 
means that for a household of four users (each showering 
for 5 minutes, at a flow rate of 5l/minute) the designed 
element uses 0.56 kWh.  It is thus observed that the user 
will save a significant amount of electricity with the use of 
this POU water heater. 
 
The strengths of the design are: simple construction from 
commonly available materials as only carbon steel had to 
be sourced, a robust and flexible design since the prototype 
can be readily disassembled and modified without 
breaking, its compact size is comparable to commercial 
POU water heaters.  Weaknesses of the design are: the 
weight of the carbon steel pipes resulting in a difficult 
installation without a proper supporting structure.  Carbon 
steel is susceptible to corrosion in water, thus it is 
unsuitable for long term use due to rust and the possibility 
of leaks.  The high current usage of 19 A is close to the 
limits of a household circuit breaker, thus safety margins 
cannot be readily put in place, causing potential electrical 
strain on existing household wiring as the wires will heat 
up.  Advantages are: hot water is instantly available once 
water exits the showerhead, water is saved through the use 
of pipe preheating and the target temperature is reached in 
less than 1 minute of the water flowing through the pipes.  
Trade-offs were made between cost, heating power, 
number of turns, and number of pipes.  Increasing one of 
these factors increases all the factors, and subsequently 
results in an increase in the cost of the system.  A trade-off 
was made between flow rate, output temperature and 
heating power.  For a constant heating power, the higher 
flowrates reduce the output temperature and vice versa. 
The final trade-off was not using power electronics to 
obtain a simple and less expensive system.  The induction 
POU water heater satisfied the success criteria as it was an 
affordable and water saving induction POU water heater 
that heated water to the desired temperature at a sufficient 
flow rate for use at a shower or a basin. 
 

7. FUTURE IMPROVEMENTS 

Possible future improvements and work include building a 
power supply circuit to remove the dependence on the 
variac as it is limiting the current to 19 A and 118 V.  A 
future aim would be to power the system off 230 V, 16 A 
as this is the standard rating on most household plugs.  

Figure 4: The final prototype induction POU water heater. 
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Power factor correction can be performed, by adding a 
capacitor in parallel with the induction coil.  The efficiency 
of the system and the intensity of the magnetic field density 
can be increased by closing the magnetic path with 
magnetic covers around the induction coils.  Another 
future improvement is the development of a control system 
to automate the start-up delay.  Temperature control is 
necessary as pressure and flowrate from the municipal 
supply varies. So as to avoid scalding, it is necessary to 
implement a control system at the output of the water 
heating element to adjust the cold-water flow such that the 
user continuously receives a desired temperature of 40 qC. 
In order to automate the preheating of the device, an 
electronic ball-valve can be implemented with the use of a 
time.  Lastly, to prevent corrosion of the pipes, coating the 
pipes with a protective layer is suggested.  
 

8. CONCLUSION 
 
An induction POU water heater was investigated for use as 
a shower in rural areas. Induction water heating at 50 Hz 
was investigated using FEMM and experimentation.  
Relationships were established between flowrates, heating 
power, inductance and number of turns. A prototype was 
built using carbon steel pipes, 1.8 mm diameter copper 
wire, running at 19 A and 118.7 V.  An affordable 
prototype induction POU water heater was built and 
successfully heated water to 40 ºC, at a flowrate of 1.4 ℓ/m. 
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EXPERIMENTAL RESULTS OF ENERGY USAGE FOR AN ELEC-
TRIC WATER HEATER IN VERTICAL AND HORIZONTAL
ORIENTATION UNDER STEADY-STATE CONDITIONS
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Abstract: In this study, an emperical investigation is performed to determine the effect of tank
orientation on the steady-state energy storage capability of a 100-litre dual-mountable electric water
heater (EWH) with 2kW element. The purpose of this study is to determine the effect tank orientation
may have on the electrical power grid in South Africa, and determine if passive savings can be realised
by changing tank orientation. Thermal insulation is also applied to the EWH in each orientation to
determine further energy-saving strategies in the form of one and two thermal blankets. The results
of this study indicate that vertical orientation is 33.5% more energy efficient than horizontal. The best
performing configuration is the vertical EWH with two thermal blankets, the worst performing is the
horizontal EWH with no additional insulation.

Key words: Domestic hot water, storage, standing losses, energy efficiency, tank orientation.

1. INTRODUCTION

The purpose of this paper is to determine the difference
in steady-state loading for a dual-mountable electric
water heater (EWH) in both orientations (vertical and
horizontal) based on experimental data. This will inform
on the aggregated effect of grid power required to service
the domestic hot water units throughout the country.
This work aims to provide emperical evidence that tank
orientation has an impact on the energy consumption of
the unit. On the macro-scale, tank orientation may have a
signficant impact on power demand on the national power
grid and energy consumption of natural resources, since
it is estimated that 95% of EWH units in South Africa
are installed in the horizontal orientation. This can have
great benefits given the recent power supply issues in the
country. On the consumer side, tank orientation can mean
substantial financial savings. The potential savings based
on draw-events are still to be established.

The consideration for EWH tank orientation is peculiar
to South Africa, as most domestic units are installed
horizontally. This tank orientation was presumably
motivated by household design favouring more floor space
and therefore installing EWH cylinders in the roof-space
became a convenient choice. The consideration for the
energy consumption or efficiency was not important due
to historically low costs of electricity [1]. With rising
tariffs and a strained electrical grid, energy efficiency is a
topic of public interest and concern for the power utility.
If tank orientation plays a significant role in the energy
performance of hot water storage, simple retrofit changes
can have a signficant impact on consumer energy costs and
even the national electrical grid.

This work is based a commercial dual-mountable 100-litre
EWH with an element power rating of 2 kW in steady-state
condition. A thermal storage system in steady-state

under thermostat control comprises of two continuously
sequential states (1) the heating of the hot water store
to a temperature set point with an active element and
(2) thermal losses of the system through the insulation due
to ambient temperatures while the element is inactive (also
known as standing losses). This means no volumetric mass
is drawn from the thermal storage system.

The question of which installation orientation offers better
energy performance has been previously examined by
some researchers. Delport examines the efficiency of an
EWH through geometric mathematics to show that the
water beneath the element will not get heated [2]. Hence
concluding that horizontal is less efficient than vertical
based on element location. Another study, which focusses
on the cost-effectiveness of increasing thermal insulation
as part of the manufacturing process, also explores the
difference between vertical and horizontal orientation in
the form of standing losses [3].

Load models used in aggregated modelling published in
the literature are predominately designed around vertically
oriented tanks, or abstract the tank to an energy store that
is independent of tank geometry.

In this investigation, the steady-state energy performance
of the system in each orientation will be determined from
(1) the electrical energy drawn by the system through the
element and (2) the calculated standing losses. Using these
two aspects, the overall effect of each orientation will be
evaluated using yearly energy consumption predictions.

2. THE EFFECT OF TANK ORIENTATION

There are several factors from the tank orientation which
may affect the energy storage capability or thermal storage
of the tank. Figure 1 shows a tank schematic in vertical
and horizontal orientation. In steady-state, the major
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Figure 1: Schematic of the EWH tank in vertical orientation
(left) and horizontal orientation (right).

factor based on orientation affecting the thermal storage is
the position of inner components. Another factor is the
diffusion of layers, and the geometry of the interacting
layers are determined by orientation; this is more prevalent
in the dynamic state, but will be discussed briefly for
completeness.

2.1 Position of inner components

A major factor affecting the thermostat control inside an
EWH tank is the position of the element in relation to
the internal thermodynamics of the water, as discussed
by Delport [2]. Another influencing factor may be the
position of the thermoprobe in relation to the element.
Since many South African manufactured EWH tanks can
be dual-mounted (either horizontally or vertically), these
factors need to be taken into consideration for thermal
efficiency testing.

In the vertical orientation, the element is located centrally
at the bottom of the tank. The thermoprobe is directly
above the element some distance away. In the heating
stage, the element heats the water around it and creates
upward convective currents inside the tank. Due to
the elongated height with this orientation, the upward
convective currents allow for greater mixing in the tank and
presumably heats up the the tank in an effective manner.

In the horizontal orientation, the element is attached to the
side wall of the tank, some distance above the bottom.
The thermoprobe is next to the element. In the heating
stage, the element causes convective currents that travel a
small distance upwards before they are dispersed by the
top curvature of the tank. Heating the far end of the tank
(at the outlet), would presumably take more work for the
element.

The difference in tank behaviour during the cooling
stage for the the tank based on orientation is difficult to
determine. Losses through the tank insulation are expected
to be similar for both orientations, however, this will be
evaluated.

2.2 Diffusion

The diffusion of hot and cold layers inside the tank may
have a greater effect during or after the draw state, either
partial or full draw - however is discussed briefly in this
section. In the presence of thermal stratification in the
tank, which is a product of a fixed-volume system, there are
hotter and colder regions in the tank [4,5]. These layers are
separated due to the temperature and density of the layers;
cold, denser layers at the bottom (which is also the position
of the inlet) and hot, less dense layers remain at the top
(which is the position of the outlet). The region of layer
separation is known as the thermocline.

In the cooling state (no draw and no element operation),
the interaction between these stratified layers is known
as diffusion. Diffusion can occur between the hot and
cold layers directly (dependent on cross-sectional area;
cut parallel to layers), or through the cylinder material
(depedant on the cross-sectional perimeter, cut parallel to
layers). Both of these processes are highly dependent on
the geometry of interacting layers. A tank in the vertical
orientation has interacting layers in the shape of disks,
determined by the dimensions of the inner diameter of the
cylinder. If the thermocline is moved upwards due to a
draw event, the interacting layers would retain the same
shape throughout the height of the tank. A tank in the
horizontal orientation has interacting layers in the shape
of rectangular slabs, determined by the length of the tank
and the position of the thermocline. If the thermocline is
moved upwards due to a draw event, the interacting layers
would change in area; increasing towards the middle of the
tank and then decreasing past the middle point to the top.

Eames and Norton confirmed that greater diffusion occurs
with a larger layer surface area [6]. This was shown
through simulations of a tank model to describe the flow
characteristics based on storage geometry and inlet/outlet
positions. The results show that a vertical and horizontal
tank (with inlet at the bottom and outlet at the top) have
similar thermocline profiles, with a difference noted in
warmer lower layers by 3�C due to this diffusion.

3. EWH IN STEADY-STATE

The EWH storage tank reaches steady-state when the
temperature measurements represent a “saw-tooth” trend
shown in Figure 2. This is a sequence of heating (H)
and cooling (C) states controlled by the built-in bimetallic
strip, which operates around a pre-set hysteresis point. The
heating state occurs when the electrical element is on and
heats the water at a fixed rate, which is determined by the
kilowatt rating of the element. Once the higher temperature
threshold (TH ) is reached, the element is turned off and
the tank enters its cooling state until a lower temperture
threshold (TL) is reach, then the element turns back on to
continue the cycle.

Each element cycle (tc) is defined by the amount of time
that the element is in the “on” state, denoted by t1 and
amount of time that the element is in the “off” state,
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Figure 2: Schematic of an EWH temperature trend
in steady-state (saw-tooth trend). Below trend is the
associated power drawn from the electrical element.

denoted by t0. Based on emperical data, there will be
a statistical variance for the t1 and t0 values in each
cycle. During steady-state, the time that the element is
ON converges to a value and OFF times also converge to a
different value. In this, an instance of either t1 or t0 would
be similar to the average value of t1 or t0. The average
time for each cycle (in hours) is determined by the sum of
averaged t1 and averaged t0, as shown in Equation 1.

tc = t1 + t0 (1)

Nc = 24÷ tc (2)

To make comparisons between the two system orienta-
tions, the average cycle time is used to determine how
many cycles occur in a day. Both orientations are tested
in the same season with similar ambient temperatures to
account for seasonal changes.

E = PE t1 (3)

Edaily = PE t1 Nc (4)

The electrical energy (in kWh) drawn from the element
to heat the thermal system in each cycle is defined by
Equation 3. By replacing t1 with t1, and multiplying
E by the daily number of cycles, Nc, the daily energy
drawn from the system can be determined, as shown in
Equation 4.

PL t0 = PE t1 (5)

PL = PE
t1

t0
(6)

Table 1: Maximum permissible standing loss for closed
type hot water storage per 24 hour based on SANS151
standards [7].

Cylinder water Maximum permissible standing
volume capacity losses per 24 hours (kWh)

100-litre 2.16
150-litre 2.59
200-litre 3.02
250-litre 3.46
300-litre 3.89

The standing loss PL (in W) is calculated by balancing
the heating and cooling states as shown in Equation 5 and
solve for PL as shown in Equation 6.

4. SANS151 ON STANDING LOSSES

Qpr =
45⇥E1

2⇥ (T �qamb)
(7)

In standards testing, the standing loss is calculated by
referring to Equation 7 from SANS151, where Qpr is the
standing loss (in kWh per 24 hours), E1 is the energy
consumption (kWh), T is the controlled water temperature
(at 65�C) and qamb is the mean ambient temperature
(�C) [7]. Table 1 shows the maximum permissible standing
losses withing a 24 hour period.

5. AGGREGATED BASELOAD

The theoretical base load on the electrical power grid can
be determined by aggregating the steady-state effects of all
EWH units countrywide by assuming a normal distribution
of tank states. This represents the passive loading for
storing the same volume of water and will provide a
basis for comparison of tank orientations and the effects
of additional thermal insulation. As this study is only
focusing on EWH in steady-state, the significantly higher
grid loading effect of draw events will not be discussed.
For further information, a mathematical model is presented
by Lane and Beute for the loading effect of theoretical
50-litre draw events [8].

According to Stats SA, South Africa has an estimated
total of 4.7 million EWH units installed countrywide [9].
This total will be used to determine the theoretical grid
loading for all the domestic EWH units in the steady-state
condition. To achieve this, the average amount of time
that the EWH is in the “on” state is taken as a ratio of
the average time for a cycle. This is shown in Equation 8
which represents the ratio of EWH units in the “on” state
(as a percentage) if a normal distribution is assumed.

r =
t1

tc
⇥100 (8)

Paggr = r PE NT (9)
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(a) (b)

Figure 3: Steady-state trends using a temperature string of PT100s (10cm apart) inserted from an outlet port, sensors T1 to
T6 are inside the tank. (a) Vertical tank orientation - sensors along the height of the tank, (b) Horizontal tank orientation
- sensors along the length of the tank.

Table 2: Naming convention for experiments under
different tank orientations and thermal insulation schemes.

Tank Orientation Normal 1 blanket 2 blankets
Vertical V-NC V-B1 V-B2
Horizontal H-NC H-B1 H-B2

To determine the total power loading on the grid, Paggr, the
ratio of EWH units in the “on” state (r) is multiplied by the
size of the element, PE , and the total number of EWH units,
NT , as shown in Equation 9. Since a normal distribution is
assumed, this value is constant and represents the loading
required by all units under steady-state condition.

6. EXPERIMENT

A 100-litre, E-rated EWH is tested under steady-state
conditions in the vertical and horizontal orientation. The
EWH is operated at steady-state for a period over 24
hours and fixed at the same set-point temperature for the
thermostat. In each orientation, the EWH is also wrapped
in thermal insulation (commonly known as a geyser
blanket). The thermal insulation comprises of polyester
fibre with a thickness of 50mm and an aluminium outer
foil (per blanket). The inlet-side is not covered by the
blankets due to safety reasons. The storage tank in each
orientation is tested under normal conditions (NC) with
no additional insulation, one thermal blanket (B1) and
two thermal blankets (B2). Each experiment is labelled
as shown in Table 2 for each orientation and insulation
scheme.

Temperature measurements are taken with a string of
PT100s (Class A), eight inside the tank and one measuring
indoor ambient temperature. The datalogger samples at a
rate of once every two seconds.

7. RESULTS

The measured temperature trends and element operations
for the normal conditions (NC) are presented in Figure 3.
Figure 3(a) shows the trends for the vertical orientation,
where the sensors are measuring along the height of the
EWH tank. Figure 3(b) shows the trends for the horizontal
orientation, where the sensors are measuring along the
length of the EWH tank. Note at the same EWH setpoint
temperature, the horizontal orientation appears to store
water at slightly lower temperatures than vertical.

7.1 Ambient temperature correction

Most of the experiments were conducted in the same
season with similar average indoor ambient temperatures
between 19.7�C to 21.6�C in winter, while Experiment
H-B2 was conducted in a different season with an average
indoor ambient temperature of 26.5�C. To correct for the
difference in ambient temperatures, Equation 10 can be
used, where E is the heat energy in (kWh), m is the mass
of water in kg, C is the specific heat of water, Tt is the
temperature measured inside the tank (�C) and Ta is the
ambient temperature (�C). By using this equation in this
format, the assumption that the tank holds a homogenous
temperature for the whole volume.

E = mC(Tt �Ta) (10)

By comparing Equation 10 in two different circumstances
for different tests, the mass m and specific heat C remain
constant. Therefore, the two equations can be represented
as shown in Equation 11 and simplified as shown in
Equation 12.
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Table 3: Experimental results for an EWH in vertical and horizontal orientation under three thermal insulation schemes
showing ambient temperatures, calculated energy, calculated standing loss, average time constants for element in “on”
and “off” states, ratio “on” and calculated baseload.

SS Tamb(�C) Tt (�C) Eelec (kWh) Losses Time const (hrs) Ratio Baseload
Test cycles Min Ave Max Ave Daily Yearly PL (W) t1 t0 r (%) Paggr (MW)
V-NC 16 17.4 19.9 23.0 83.5 2.48 905 111 0.28 5.01 5.29 498
V-B1 8 20.1 21.6 22.5 81.2 1.66 606 72 0.28 7.73 3.50 329
V-B2 8 20.6 21.1 22.2 80.9 1.44 527 63 0.28 8.92 3.04 286
H-NC 8 18.2 20.6 26.2 82.9 3.73 1360 147 0.36 4.88 6.87 646
H-B1 11 18.9 19.7 20.7 82.3 2.73 997 126 0.34 5.68 5.64 531
H-B2 6 25.5 26.5 27.8 82.4 2.18 795 96 0.36 7.49 4.59 431

Table 4: Measured values for stored energy based on H-NC
tank condition for different seasons.

Variable Winter Summer
Ambient temperature, Ta (�C) 20.0 26.1
Tank temperature, Tt (�C) 86.1 87.1
Calculated energy, E (kWh) 7.71 7.12

E1

(Tt1 �Ta1)
=

E2

(Tt2 �Ta2)
(11)

E1 = E2
Tt1 �Ta1

Tt2 �Ta2
(12)

For two sets of experiments conducted under the same
conditions (H-NC) in different seasons, the effectiveness
of Equation 12 can be verified by comparing the energy
states of the tank at the peak of a steady-state cycle.
The correction equation can be applied to determine the
theoretical value in comparison to the actual experimental
value. Table 4 presents data for this scenario.

E1 = 7.12
86.1�20.0
87.1�26.1

(13)

To correct the calculated energy content stored in the
tank from summer to winter, denote winter values with
subscript 1 and summer values with subscript 2 from
Equation 12 as shown in Equation 13. The resulting
prediction from Equation 13 for corrected summer data
to the expected calculated energy in winter is 7.72kWh
can be compared with Table 4 winter energy value of
7.71kWh. This has an error of 0.13%, which shows that
the ambient correction produces predictable results.

7.2 Energy consumption

The daily steady-state energy consumption of the EWH is
determined using Equation 4 for each set of experiments
can be seen in Table 3. In the vertical orientation,
the element is in the “on” state for 0.28hrs consistently
independent of the thermal insulation applied. The
horizontal orientation also has consistent times in the “on”
state at approx 0.36hrs. This difference may be due to

the convective currents inside the tank, where the vertical
orientation heats up more efficiently. The number of
cycles per day is based more on the thermal losses in the
system, while the element is in the “off” state, therefore
determining the energy consumption within a period.

In the case of no additional insulation (NC), it can be
seen that the daily energy consumption in the vertical
orientation is 2.48 kWh/24hr and 3.73 kWh/24hr in the
horizontal orientation. By multiplying by 365 days, the
vertical orientation is expected to consume 905kWh in a
year and the horizontal orientation 1360kWh in a year.
This shows that the vertical orientation is more efficient
than the horizontal orientation by 33.5%. An end-user can
save 1.25 kWh/24hr and 456 kWh in a year. This saving
may vary due to seasonal changes as these are winter
values, the yearly saving can may be reduced.

By adding thermal blankets, additional energy savings
can be observed. By observation of the energy
consumption values, the vertical, normal condition (V-NC)
at 2.48kWh/24hr uses less energy in steady-state than
the horizontal tank with one thermal blanket (H-B1) at
2.73kWh/24hr.

7.3 Standing losses

The standing loss for the system can be defined either an
instantaneous thermal loss (W) or energy loss for a period
of time (kWh/24hr), which would be equivalent to the
energy usage value as discussed in Section 7.2. These
values can be corrected to SANS151 testing conditions
to compare with the maximum permissible standing loss
for the unit by using Equation 12 with Tt1 at a value
of 65�C and Ta1 at 20�C. The corrected standing loss
value for vertical, normal test V-NC is 1.86kWh/24hr
and for horizontal, normal test H-NC is 2.67kWh/24hr.
By comparing these corrected values to the SANS151
maximum permissible value of 2.16 kWh/24hr shown in
Table 1, it can be seen that the tank in vertical orientation
passes, but the tank in horizontal orinetation does not.

7.4 Baseload

The estimated baseload is calculated using Equation 9 with
a total of 4.7 million EWH units with element sizes with
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an assumed value of 2kW and the results are presented
in Table 3. Based on this scenario, if all EWH units
have similar properties, changing all horizontal EWH to
vertical can save the utility 148MW in baseload capacity.
It is however noted that most EWH units installed in
South Africa are 3 kW and 150-litre, which has not been
examined yet.

By adding more insulation blankets on the EWH units,
more less stress can be seen on the baseload. Comparing
the worst performing estimated baseload of the EWH
in horizontal, normal conditions (H-NC) at 646MW to
the best performing vertical orientation with two thermal
blankets (V-B2) at 286MW, the difference in baseload is
360MW. This more than halves the baseload required to
service the EWH units countrywide. Since most EWH
units in South Africa are installed in horizontal orientation
with no thermal insulation, making these changes to all
installed EWHs can have a significant effect.

8. FUTURE WORK

This paper confirms that there is a significant difference
between the steady-state energy consumption of a tank
in vertical and horizontal orientation. The mechanism
by which this difference occurs is not investigated in this
study and will be followed up by computational fluid
dynamic (CFD) simulations and experiments measuring
more data points within the tank.

Furthermore, the difference in energy consumption and
quality of storage with the tank in dynamic state will be
examined. This will assist in determining the extent of
influence that buoyancy and diffusion has on the quality
of energy storage.

9. CONCLUSION

This experimental work supports Delport’s conclusion
that a EWH in horizontal orientation is less efficient
than the same cylinder in vertical orientation under
steady-state conditions and confirms that for a 100-litre
dual-mountable EWH with 2kW element, the difference
in energy consumed is 33.5%.

The ambient corrected standing loss result of
2.67kWh/24hr suggests that the tank in horizontal
orientation, which is the favoured orientation for
installation, does not meet the maximum permissible
standing loss value of 2.16kWh/24hr determined by
SANS151. The vertical ambient corrected standing loss
value of 1.86kWh/24hr is well within the maximum
permissible value.

The addition of thermal insulation around the EWH
cylinder assists in further savings in terms of energy
consumption, and estimated baseload countrywide. This
study shows that two blankets work better than one. While
the vertical tank without additional thermal insulation
performs better than horizontal with one thermal blanket,

the addition of a blanket can produce positive results with
a simple retrofit.
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Abstract: This paper presents the IEEE Std 1459-2010 based approach to determine the power indices in 
the grid tied photovoltaic inverter. Active power components, Reactive power components and Apparent 
power components  based on the root mean square (RMS) values of the peak amplitudes of the characteristic 
harmonic current and voltage are assessed in details. The properties of non-fundamental components and 
power flow are discussed. The grid tied photovoltaic inverter built up in a laboratory environment is also 
analysed with the MatLab/Simulink 7.0 package. The analysis of results shows that harmonic components 
5th and 7th are found in the grid being injected by the smart photovoltaic inverter.  The reactive power due 
to 7th harmonic flows from tied inverter to the utility grid (negative).  The total harmonic distortion current 
(THDi) is significantly high.  The inverter may consequently act as a source of harmonic pollution to the 
grid. The smart inverter needs some refinements 
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1. INTRODUCTION 
 
The use of power electronic devices in power system for 
control applications and source monitoring has led to the 
generation of the nonlinear current and voltage [1-2]. An 
appropriate definition of power as result of increasing of 
harmonic current has become more important. 
Therefore, it becomes absolutely essential to assess the 
power index in order to determine how harmonic 
emissions are flowing. 

Although several studies have been done in this field [3-
5], the evaluation of power flow in a distorted power 
system requires dedicated assessment or approach 
applicable to power system with distorted system 
voltage or current in the grid tied photovoltaic inverter. 
This study attempts to make use of the IEEE Std 1459-
2010 on power definitions in order to analytically 
evaluate the power indices inherited at the inverter 
output in the grid tied photovoltaic inverter. The IEEE 
Std 1459-2010 [8] decomposes the current and voltage 
signals into fundamental and harmonic terms [7]. 
Therefore, the active, reactive and apparent power are 
defined as the sum of the fundamental and harmonic 
contents.  The non-fundamental apparent power term (

NS ) is composed by the current distortion power ( ID
), the voltage distortion power ( VD  ) and the harmonic 

apparent power ( HS ). It is known that

HVI SDD !! . This knowledge is exploited in this 
study to test the validity of the results. 

The IEEE Std 1459-2010 based approach is used in this 
work to analytically describe the characteristic 
harmonic currents and voltages and evaluate the active, 
reactive and apparent power at the inverter output in the 
grid tied photovoltaic inverter. The characteristics of 
non-fundamental components and power flow are also 
discussed. Similarly, the MatLab/Simulink 7.0 software 
package is used to provide calculation and analysis of 
the phase angle of currents and voltages in the network 
here understudy. 

The results show that the harmonic components 5th and 
7th are found in the grid being injected by smart 
photovoltaic inverter. While the active and reactive 
power are positive with the 5th harmonic, the reactive 
power produced by the 7th is negative. Thus the 7th 
harmonic flows from the tied inverter to the grid. 
 

2. SMART SOLAR MODULE 
 
2.1 Definition 
 
The integrated package composed by solar panels, micro 
inverters, module-to-module communication and 
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network monitoring capability producing an output 
voltage of ±230V is called Smart solar module or smart 
solar. The system has the ability to synchronize its 
output to that of the utility grid. According to the design, 
the grid tied inverter detects the utility grid before the 
photovoltaic module gives the output.  The grid tied 
inverter is line commutated. The integrated package is 
able to deliver the maximum amount of power for the 
available sunlight since the inverter has the maximum 
power point tracking (MPPT capability). 
 
2.2 Load Supply 
 
In many cases smart solar is designed to supply the large 
load compared to what it is capable to provide.  The 
outstanding balance is automatically supplied by the 
utility grid. This PV system is not designed for an 
emergency case.  
 

3. DEFINITIONS PROPOSED BY IEEE Std 
1459-2010 

 
A number of researchers followed up on the work of 
Budeanu  have subsequently proposed more appropriate 
definitions by means of which distortion powers can be 
calculated [9-11]. The IEEE Standards 1459-2010 
suggests to decompose current and voltage signals into 
fundamental and harmonic contents [7-8] 
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The active power may be expressed as below:  
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The fundamental and harmonic active power 
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In the same way, the reactive power can be expressed as 
follow: 
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The fundamental and harmonic reactive power 
respectively ( 1Q ) and ( HQ ) are defined below: 
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The square of the apparent power is expressed as below: 
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Equation (11) above can be expressed: 
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The second term in the equation (12) is constituted by 
the rest of the components of the equation (11) 
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Where the current distortion power is: 

 HI IVD 1                                                (15) 

The voltage distortion power is defined: 

 1IVD HV                                                     (16) 

The last term in the equation (14) is the harmonic 
apparent power: 

 HHH IVS                                                   (17) 
 

4. POWER SYSTEM ANALYSIS 
 
The network described in Figure1 consists of four smart 
solar panels (4x235W) manufactured by Petra solar and 
installed at the Auckland Park Kingsway Campus of the 
University of Johannesburg. The system is used to carry 
out the measurement.  To produce an output voltage of 
230V ± 5%, 50 Hz for each module equipped with grid 
tied inverter, a parallel connection of PV module is used.  
A copper cable of size 6mm2 and length of 300m 
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connects the integrated package and the load. The total 
output power of the PV module system is 940W. A load 
of two resistors of respectively 72Ω and 144Ω are 
connected in parallel so that the resultant power is 
1008W. The outstanding balance of 68W is supplied by 
the utility grid. 
The purpose of this mechanism is to use immediately the 
power the system generates. The benefit obtained in this 
system is to decrease the dependence on the electrical 
utility supplier and consequently to lower monthly 
electrical expense. 
A single phase transformer rated at 100VA supplies the 
digital oscilloscope and current probe. 

Fig.1: Proposed configuration system 

5. MEASURED WAVEFORMS 
 
The system branch current and voltage waveforms 
obtained are measured on one phase of the output 
inverter with the aid of the Tektronix digital storage 
oscilloscope (TDS 2024B). This measuring device 
consists of a portable digital oscilloscope which enables 
waveform display and measurement features and forms. 
Each one cycle waveform is captured with 20 equal sub-
intervals of 18° for 20 components to be computed.   
 

 
 
Fig.2: Inverter output voltage, Inverter output current 

(Lab measurements) 

6. EVALUATION OF HARMONIC CURRENT 
AND VOLTAGE AMPLITUDES AND 

POWER INDICES 
 

6.1 MatLab 
 

The MatLab/Simulink 7.0 package used in this study 
allows the circuit to be solved in continuous, sampled 
and hybrid-time. Measurement is performed in time 
domain. Thus, the fast Fourier transform (FFT) tool is 
used to determine the phase angle in the frequency 
domain for voltage and current waveform.  

6.2 Numerical Evaluation 
 

To calculate the RMS and phase angle of harmonic 
order found (5th and 7th), the characteristic current and 
voltage harmonics at the output inverter are numerically 
assessed. This is done by computing Eq. 18 and 19 on 
the basis of Fourier series coefficients for current and 
voltage waveform. These RMS values are used to assess 
power indices using the IEEE Std 1459-2010, Eq. (1 to 
17). 

 tdthtfah ZZZ
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0
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0
³            (19) 

 

7. RESULTS 
 

The results obtained for a Grid connected photovoltaic 
inverter at the terminal of the output inverter of smart 
solar are summarized in Figures 3 , 4 and in the tables 1, 
2 and 3 below: 
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Fig.3: RMS harmonic current 

 

 
Fig.4: RMS harmonic voltage 

 

Table 1: Measurement values 

Lab results 

(RMS 
values) 

Time 
domain 
results 

(RMS 
values) 

Frequency domain 
results 

(RMS values) 

V=220V V=221V V=221.8V 

I=2.82A I=2.81A I=2.8A 

S=620.4VA S=621VA S=620.3VA 

 

 

Table 2: IEEE power index results (active, reactive and 
apparent powers) 

IEEE power index Units 

S 620.3 VA 

P 604.2 W 

Q -128 Var 

S1 617 VA 

P1 603.6 W 

Q1 -128.30 Var 

 

Table 3: IEEE power index results (Non fundamental 
components and total harmonic distortion) 

IEEE power index Units 

N 140.3 VA 

SN 62.73 VA 

DI 60.1 Var 

DV 17.93 Var 

SH 1.75 VA 

PH 0.596 W 

DH 1.64 Var 

THDV 2.9 % 

THDI 9.7 % 

 
 

8. DISCUSSION OF RESULTS 
 

From Table 1 it can be concluded that the difference 
between the apparent power measured and calculated is 
0.097%. The discrepancy between the results can be 
attributed to the calculation of the RMS current and 
voltage obtained by the time domain RMS values when 
both a current harmonic and voltage harmonic is 
simultaneously present. The analysis of the results 
shows that the harmonic components (5th and 7th) are 
simultaneously present in the grid. The harmonic 
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apparent power is found and its percentage is less than 
those obtained with distortion power due to harmonic 
voltage and current. With the 5th and 7th harmonic, the 
active and reactive power are positive. Harmonic 
component 7th is flowing from the tied inverter to the 
grid. The higher value of THDi indicates that the inverter 
may act as a source of harmonic pollution to the grid. 
The smart inverter needs some refinements.  
 

9. CONCLUSION 
 
The power indices of a solar powered grid tied inverter 
are assessed in this study on the basis of the IEEE Std 
1459-2010. The RMS values of voltage and current are 
determined both in time domain and frequency domain 
and compared to measurements. Power flow and non- 
fundamental components are discussed. Harmonic 
components 5th and 7th are found in the grid being 
injected by the smart photovoltaic inverter.  While the 
active and reactive power are positive at the 5th 
harmonic, the reactive power due to 7th harmonic flows 
from tied inverter to the utility grid (negative). It is 
found that the THDi is significantly high. The inverter 
may act as a source of harmonic pollution to the grid. 
Investigation on refinements study for this inverter 
needs to be undertaken in the future 
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Abstract: This paper presents the characterization of an aqueous sea-salt electrochemical cell, to
evaluate its feasibility for low-power applications. The technique involved testing different electrode
materials, varying the electrodes’ dimensions and spacing, and changing the concentration of the saline
electrolyte. The open-circuit voltage of 770 mV was measured, primarily due to the electrodes’ Cu-Zn
combination. The Short-Circuit Current (SCC) of 2.5 mA was measured for the cell being evaluated.
The SCC was found to be dependent upon the surface area of the electrodes, the distance between them,
and the concentration of the electrolyte; an increase in the surface area and concentration resulted in
higher SCC values, whilst a separation of more than 90 mm resulted in an exponential decrease. The
internal resistance was determined by loading the test cell until maximum power transfer was achieved,
inferring a series internal resistance of about 100 W; this increased with increasing separation between
the electrodes. The test cell had a capacity of 4.58 mAh and could maintain a constant power of 1.93
mW. An energy-density of 16.03 mWh/l was determined. A prototype battery, 5 ⇥ 8 matrix of cells,
was built to verify the models developed. This bank successfully powered two ultra-white LEDs for
120 hours, therefore demonstrating its suitability for low-power application.

Key words: Aqueous Salt Cell, Sea Water Battery, Open Circuit-Voltage, Short-Circuit Current,
Maximum Power transfer

1. INTRODUCTION

Electrochemical energy is a field intensively being
explored to combat the energy crisis the world is currently
facing. This green energy technology offers solutions
that utilises renewable and/or waste as fuel [1]. Batteries
powered by ionic electrolytes have recently attracted
researcher’s interest for low-power applications. This
developmental technology is essential for low-power
applications in informal settlements where services and
resources are scarce. Conventional batteries have too
many environmental impacts as they constitute of toxic
components (depleting non-renewable resources) that
result in unusable electronic waste [2, 3]. The task
of this work is to characterise an aqueous sea-salt
electrochemical cell and to evaluate its feasibility for
low-power applications. This entails investigating all the
parameters that influence its performance. This work
aims to generate the fundamental relationships between
the aqueous salt cell’s capabilities and embodiment.
The document details the project scope and background,
experimental methodology, results and the critical analysis
of the characteristics of the aqueous sea-salt cell,
feasibility study of the aqueous salt battery, future work
recommendations and draws a conclusion.

2. BACKGROUND AND PROBLEM
SPECIFICATION

2.1 Review of Existing Literature

Using waste as a renewable fuel source has become an
interesting source of energy to investigate, as a result

of their cost-effectiveness, green energy status [1, 4].
Urine, leaf saps and aqueous salt are some of the ionic
electrolytes that have been used in electro-chemical cells.
The extensive research in waste fuels has brought forward
knowledge about electrode types, electrodes’ spacing and
fuel volumes. This provides a useful starting point for the
new experimental work presented here.

2.1.1 Separation Between Electrodes

In [3], electrode spacing was varied in the characterisation
of a Bryophyllum pinnatum sap cell. The Open Circuit
Voltage (OCV) of the cell was observed to remain
the constant, with ±0.55% deviation from the average
OCV. The Short Circuit current (SCC) however had an
inverse proportionality with an increase in spacing [3].
This experiment was performed with a fixed volume
of sap. The decrease in SCC was accredited to the
internal resistance of the electrochemical cell being direct
proportional to the electrode spacing [6]. These findings
suggest that electrodes closer together promote the best
cell performance. The technique used to investigate this
property of the cell will be adopted in this current work.

2.1.2 Surface Area of the Electrodes

The work in [3] observed that the OCV is not affected
by the change in surface contact area with the electrolyte.
However, the SCC had a direct proportionality with contact
surface area [3]. Based on these findings, the current work
will prioritised the study of the SCC behaviour over the
mostly-constant OCV.
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2.1.3 Ageing of the Cell

Ageing is a significant phenomenon that affects
electro-chemical cells; this is most common in systems
that are susceptible to oxidation. As the cell ages, the
electrodes corrodes [3, 7]. In [8], it was found that
the capacity of the battery fades with time and this
has been attributed to a passive film that forms on the
plates due to oxidation [8]. As the metals corrode, the
system experiences an increase in resistance due to the
existence of a non-conductive films that forms over time;
approximated by a square root function of time [8]. The
current work took this into consideration and reduced the
effects of ageing by cleaning and/or replacing the oxidised
electrodes frequently to ensure reliable results.

2.1.4 Battery Capacity

The capacity is a measure of the discharge rate; a measure
of the nominal rated current delivered in an hour [1]. In [7],
a system comprising with 78 cells (three parallel stacks
consisting of 26 cells in series) was built and successfully
drove a low power sensor which required 121.83 µW. This
system delivered 112.8 mAh of charge at 0.94 mA and
ran for 120 hours. Using urine as the electrolyte, 2.73
litres were used and the conclusion was that the system is
viable for applications that draw low currents only, such as
accelerometers and humidity sensors. The work described
gives an idea of the magnitude of nominal currents
expected experimentally. The technique of stacking series
and parallel combinations was adopted when building the
prototype battery for this work.

In [5], a cell-phone charger system used neat urine as an
electrolyte, delivered 5.84 mWh of energy at 50.7 mA
equivalent to a power of 139 mW. This system required
4.2 litres of urine to fully charge a smart-phone in 42
hours. The work described here shows that the cell can be
rated at higher currents when operating over shorter time
periods; the design of the cell being guided by the intended
application.

2.2 Problem statement and constraints

The purpose of this work was to extensively characterise
the aqueous salt electro-chemical cell, quantifying its
energy density and capacity. The original intention was
to investigate the feasibility of using a urine-powered
battery to power an LED lighting system in an informal
settlement application. This scope was later limited
to the characterisation of a salt-water cell (a similar
and less unpleasant electrolyte) to better understand the
electro-chemistry involved.

The electrode choice were constrained to using
commonly-available metals only. To reduce the modelling
complexity, the electrode shapes were limited to flat
plates. Salt water samples were synthesised from granular
salt dissolved into fresh water. A simple single-chamber;
rectangular cell was used, with no ionic membrane or salt
bridge.

3. EXPERIMENTAL METHODOLOGY

A plastic container with approximate dimensions of 135
mm ⇥ 70 mm ⇥ 60 mm was used to contain the electrolyte.
The container lid was marked and sliced in 5 mm intervals,
into which the electrode plates were inserted, allowing the
spacing to be adjusted.

Three combinations of easily-obtainable electrode metals
were tested to determine which would result in the
highest potential being developed: Aluminium-Zinc,
Copper-Aluminium, and Copper-Zinc. A saline solution
was made by dissolving iodated sea-salt into fresh water;
the concentration being determined by the number of
teaspoons (7g each) of salt being added to the fixed volume
of water.

A digital multimeter was then used to measure the OCC
and SCC values.

The experimental method employed assumed that the
clearance between the container floor and the electrodes
does not significantly affect the performance. Furthermore,
that the thin conductors linking the cells together do not
contribute any appreciable losses.

The experiments conducted to characterise the cell using
both saline and urine samples were:

• Preliminary tests to choose the best combination of
metals electrodes, and their dimensions.

• Nominal OCV and SCC relationship against saline
concentration.

• Nominal OCV and SCC against electrode spacing and
contact surface area.

• Maximum power transferred against load.
• Nominal OCVs and SCCs against ageing.
• SCC curves of salt-water that achieves the maximum

possible capacity with time.

Figure 1 shows the configuration of the experiment used to
characterise the ASSC as adapted from [3].

Figure 1: Diagram of the experiment setup
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4. RESULTS AND CRITICAL ANALYSIS

4.1 Preliminary tests

Preliminary experiments were conducted to evaluate and
select the best performing electrode metal combination
and their equivalent dimensions. Three independent
experiments were conducted whilst the concentration of
the saline solution and electrode separation were kept
constant. Each experiment was conducted three times with
new saline solution and the electrodes were rinsed in fresh
water to ensure that the experiments did not influence each
other.

4.1.1 Electrodes Selection

As concluded in [7], the best performing electrodes
amongst the three combinations as shown in Table 1 is
Cu-Zn. Subsequent experiments were therefore conducted
using Cu-Zn electrodes.

Table 1: Potential difference between different electrodes
combinations

Electrode combination Average Voltage (mV)
Copper (Cu) - Zinc (Zn) 760
Cu - Aluminium (Al) 490
Al - Zn 250

4.1.2 Electrodes dimension

Using Cu-Zn combination the dimensions were investi-
gated to see how they affect performance. The OCV and
SCC were studied with different dimensions. Using prior
knowledge stated that the OCV cannot be used to make
deductions the SCC was observed to make the selection.
Based on the experimental container size, and the desire to
miniaturise the set-up the small dimension as shown in the
table were investigated.

Table 2: Nominal OCV and SCC of the Cu-Zn electrodes
with variable dimensions with the water level at 35 mm

and 53 mm electrodes spacing

Dimension of Cu and Zn: Nominal Nominal
Length ⇥ Breadth OCV (mV) SCC (mA)
100 mm ⇥ 10 mm 778 4.02
100 mm ⇥ 20 mm 785 4.63
50 mm ⇥ 10 mm 722 3.63
50 mm ⇥ 20 mm 744 4.60

From these results, electrode dimensions of 100 mm 20
mm showed the best performance and were hence selected.

4.2 Cell Characterising tests

Cu-Zn was immersed in the experimental container and
the distance between the electrodes was varied from 0 mm
to 130 mm in 5 mm intervals. Readings were recorded
every 30 seconds, for 20 minutes, for each electrode
spacing. The experiment was performed for contact areas
of 1060 mm2 and 700 mm2. The contact area is calculated
as the area of the electrode immersed into the electrolyte
and is primarily determined by the immersion depth and
breadth of the plates.

Figure 2: Nominal OCV againts electrode spacing and contact
surface area

Figure 2 further affirms the independence of the OCV from
the dimensions. It is observed that the OCV remains fairly
constant (deviating around a nominal value) regardless
of the electrode spacing and the contact surface area.
Statistical analysis of the complete OCV data shows that
the average OCV value is 770 mV and the experimental
standard deviation around this nominal value is 3.4 %.
The deviation is higher than that observed in [3]. This can
be credited to the viscosity of the liquids: aqueous salt
has a molecular structure weaker than that of leaf-sap and
hence has more free randomly mobile ions that result in
the OCV’s instability.

Figure 3: Nominal SCCs against variable electrode spacing

Figure 3 shows that the SCC has an exponential reduction
with an increase in the electrode spacing. For closer
electrode spacings, the experiment with a higher contact
surface area had the highest current. This is due to a
relatively greater volume of electrolyte that avails more
ions. The dependency on contact surface area is lost at
spacings greater than 90 mm. The mean free path is too
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large and the contact surface areas effect is dominated and
nullified.

Figure 4: Nominal SCC values with varying saline concentration

Figure 4 shows the effect of the saline concentration on
the measured SCC. There exists a direct proportionality
between the two. The voltage remains fairly constant,
as stated in the literature reviewed. From the salt-water
samples, it can be deduced that the maximum SCC is
measurable when the water is fully saturated by the salt
content.

This figure also reveals information about the capacity of
the salt-water cell. Using the highest concentration of
the samples and choosing an operational current of 2.5
mA, it can be seen that a corresponding rectangular area
of 110 minutes fits under the graph; the capacity of the
cell hence being 4.58 mAh. The rated current can be
varied, increasing it lowers the duration whilst reducing
it increases the duration.

Figure 5: Maximum power transfer experiment

To determine the internal resistance of the cell, a maximum
power transfer experiment was conducted, as shown in

figure 5. The cell was loaded with a resistive load; the
highest power was measured when the load resistance
matched the internal resistance. Figure 5 shows the loaded
cell being evaluated.

P =
V 2

R
(1)

Using equation 1, the power delivered across the
resistive loads was determined and plotted. From
Figure 6, maximum power was delivered with a load of
approximately 100 W.

Figure 6: Power transfer curve against resistive load

Using the Thevenin theorem: with nominal a OCV of
770 mV and the maximum SCC value of 2.50 mA
for the highest concentration shown in Figure 6, the
Thevenin resistance using equation 2 is theoretically 308
W. However, this technique assumes the cell had a linear
behaviour whereas real-life systems portray a non-linear
behaviour.

RT h =
OCV
SCC

(2)

The last technique requires computing the resistance using
the sea-salt resistivity. Using Equation 3, a resistance of
4.72 W was calculated . This technique assumes that the
resistance was only due to the salt-water.

R = r L
A

(3)

r is the resistivity of the salt-water and it is 24.8 W / cm
[10], L represents the distance between the electrodes, A is
the contact surface area and it is determined by the depth
of the saline solution.

The maximum power transfer technique is believed to be
the more reliable and practical form of determining the
internal resistance and hence it can be deduced that the
aqueous salt cells internal resistance is about 100 W. In
addition, the data is averaged for the Thevenin theorem
and a linear behaviour is assumed; this implies that the
resistance is valid around a specific operating point. For
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the resistivity technique, it is assumed that the resistance
is only due to the salt-water which might not be true. This
means that the maximum power transfer technique is more
accurate compared to the other techniques.

Figure 7: Internal resistance dependence on electrodes spacing
and contact surface area

The internal resistance of the cell however also depends
on the contact surface area of the electrolyte and the
electrode spacing as shown in Figure 7. There is an
exponential relationship between the spacing and the
internal resistance; the latter increases exponentially with
longer distances between electrodes. A high contact
surface area setup reveals a lower internal resistance. This
relationship holds until a spacing of 90 mm is exceeded,
whereafter the spacing magnitude nullifies the effect. The
designer should consider cells that have a very small
electrode spacing and a high contact surface area.

The equivalent model of an aqueous salt electro-chemical
cell and its specifications are presented in Figure 8 and
Table 3 respectively. The parameters of the cell are
selected based on the analysis of the results obtained from
the experiments performed. The energy density for a cell
comprising 35 g of salt dissolved in 400 ml water is found
to be 16.03 mWh/l. In addition, the cell is represented by
a 770 mV voltage source that has an internal resistance of
100 W.

Figure 8: The Equivalent model of the ASC

Table 3: Specification of the Characterised Aqueous salt
cell

Cu and Zn 100 ⇥ 20 mm ⇥ 2 mm
Weight 181 g
Open-Circuit 770 mV ± 3.4 %
Short-Circuit 2.5 mA ±
Capacity 4.58 mAh at 2.5 mA
Power 1.93 mW
Power density 9.63 mW/l
Energy density 16.03 mWh/l
Specific power 10.64 mW/kg
Internal resistance 100 W

5. FEASIBILITY STUDY

The aqueous salt cell was characterised and the results
were analysed. The cell behaviour shown in Figure 8 is
consistent for different salt-water concentrations used. It
can be deduced that a series connection of two identical
aqueous salt cells would result in 2 ⇥ 770 mV and a
parallel combination would result in the scaling up of the
SCC-vs-t curve shown in Figure 4 by a factor of 2.

Figure 9: 5 ⇥ 8 prototype battery bank

To demonstrate this deduction, a battery bank of 5 ⇥ 8
(series ⇥ parallel) was therefore built and tested. The bank
was built using 200 ml cups and used up eight litres of
aqueous salt solution. It was discovered that using a larger
container with closely-spaced electrodes had no benefit
over using a container just adequate to accommodate the
electrode’s spacing.

The OCV reading recorded for all the cells deviated from
770 mV by a maximum of 3.4 Figure 10 a single cell
is shown as reading an OCV of 775 mV and the battery
bank as 4.005 V. Using the average value of 770 mV, the
expected series OCV of the battery bank was 3.85 V at 7.2
mA. The higher value is due to the standard variation of
the output.
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Figure 10: Loaded Battery bank

The system was loaded with two ultra-bright LEDs,
illuminating 600 millicandelas each [3]. Each LED needs
20 mA at 3.5 V. The voltage measured across the LEDs was
2.978 V at 2.71 mA. The SCC of the bank was measured to
be 7.68 mA. This system powered the LEDs for 120 hours
before starting to dim significantly. Evidence of oxidation
was observed in the cells by the bubbles being developed.

6. FUTURE RECOMMENDATION

Further work can be done by improving the accuracy
of the experimental characterisation: the dimensions of
the electrodes and their placement precision should be
ensured. Future researchers should solely characterise the
cell with sea water and test the prototype extensively. The
Use of cylindrical electrodes to achieve a larger contact
surface area may prove beneficial. To improve the results
and increase the pool of low-power applications, an energy
management system should be employed that will ensure
power supply stability.

7. CONCLUSION

An aqueous salt cell was extensively characterised by
investigating the effects of the electrode spacing, contact
surface area and concentration of the electrolyte. It was
found that the SCC decreases with an increasing electrodes
spacing and is higher for larger contact surface areas. The
OCV is independent of the cell’s dimensions and remains
generally constant. The internal resistance of the cell was
determined to be approximately 100 by the maximum
power transfer technique and is a exponential function
of electrode spacing. The test cell had a capacity of
4.58 mAh at a current rating of 2.50 mA with an energy
density of 16.03 mWh/l. A 5 ⇥ 8 matrix prototype battery
bank was built to verify the models developed. This
bank successfully powered two ultra-bright LEDs for 120
hours. The aqueous salt has been shown to be suitable for
low-power applications.
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Abstract: In this paper, three commercially available photovoltaic (PV) system simulation software
programs are described and evaluated. The three, namely PVSyt, SAM and PVLib, are assessed
according to several criteria to identify their merits and demerits in different PV system modelling
stages and scenarios. The work was inspired by the fact that there is quite a wide range of software
programs available for simulating solar PV systems. Because each PV software simulator is created
with specific desired goals, the programs tend to exhibit certain desirable features for some tasks and
weaknesses in tackling other problems. As part of the evaluation, PVSyst, SAM and PVLib were also
used to model a 75MWp plant at Kalkbult in the Northern Cape Province of South Africa and their
results were compared to the total yield produced by the plant in the year 2014. In the end, SAM was
identified as potentially the most appropriate software for our future work. SAM not only modelled
the 75MWp plant with considerable accuracy, but it also demonstrated several features that make it the
most suitable of the three programs, for the next stage in our work involving the use of optimisation
algorithms. This paper should also prove helpful to other users when choosing a PV simulation software
program for a particular task out of the ones discussed herein.

Key words: simulation, software, PVSyst, SAM, PVLib, performance, photovoltaic (PV) system.

1. INTRODUCTION

Solar power, in particular photovoltaics (PV), has been
noted to be one of the fastest growing sources of electricity
globally. This is mostly because solar energy is abundant,
inexhaustible, clean, free and low maintenance, unlike
its non-renewable counterparts such as fossil fuels. As
the adoption of PV continues to increase, PV systems
need to improve in terms of technological maturity and
affordability in order to maintain the balance between
electricity supply and demand [1]. One way to achieve
this improvement is through forecasting. Forecasting is
the use of performance models to estimate the expected
energy output of a given PV system. The use of simulation
software packages is a popular technique for forecasting
as it not only allows users to model but also to analyse PV
systems and their yields. During simulations, performance
models use the PV system’s design, orientation, weather
data and location to predict the energy yield for a given
period of time.

Currently, there are quite a number of solar PV simulation
software packages to choose from. Different software
packages have different features that make them more
suitable for certain tasks than others [2]. This paper
will focus on three of those packages, namely System
Advisor Model (SAM), Photovoltaic systems (PVSyst)
and PVLib. In the following sections the three packages
will be discussed in more detail and their respective
merits and demerits will be examined according to certain
qualification criteria.

2. SUMMARY OF THE SOFTWARE PROGRAMS

In this section SAM, PVSyst and PVLib are described in
more detail. For each program, a brief overview of its
origins and main purposes as well as a general outline of a
basic simulation will be given.

2.1 System Advisor Model (SAM)

SAM is a software package developed by the National
Renewable Energy Laboratory (NREL) in the United
States of America. SAM was originally called the
Solar Advisor Model, but has since expanded its focus
to also cover non-solar technologies such as geothermal
power, wind power and biomass power, hence the name
change. It is categorised as a financial and performance
modelling software because it helps assess the operation
of a proposed or actual renewable energy system and ties
that in with an evaluation of the costs thereof. A typical
SAM simulation consists of the following basic steps:

1. Selecting, from the interface, the required renewable
energy technology and financing option.

2. Selecting the appropriate set of simulation and
financing models. This is done by SAM in the
background, based on the options selected in Step 1.

3. Specifying the necessary input variables such as the
weather data file, site location and equipment. The
supported weather files are typical meteorological
year files (TMY2 or TMY3) and energy plus weather
files (EPW).
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4. Running the simulation. For advanced analyses,
the user can configure simulations for sensitivity or
optimization before running the simulations. The user
can then view the simulation results on a variety of
graphs and reports generated automatically by SAM
in the user interface’s results section. There is also an
option to export the results to a third-party software
package for presentation or further analysis.

SAM’s features allows it to cater to the needs of a variety
of users including project developers, engineers, manufac-
turers, academic researchers, technology developers and
policy makers and analysts [3].

2.2 Photovoltaic Systems (PVSyst)

PVSyst is a PV-centric simulation tool that was originally
developed at the University of Geneva but is now a
standalone company. The software package focuses on
modelling, sizing, simulating and analysing PV systems.
PVSyst does have some sort of financial modelling in
place, but it is primarily a performance modelling software
[4].

A typical simulation in PVSyst consists of the following
steps:

1. Defining the project. This is where the user creates
the desired project on the user interface, names it
and selects the corresponding geographic location and
meteo file to be used. A number of sites and meteo
files are already included in the PVSyst databases but
the user also has the option of importing his own.
PVSyst supports several types of weather files such
as TMY2, TMY3 and EPW and files from sources
such as Meteonorm, Photovoltaic Geographical
Information System (PVGIS), World Radiation Data
Centre (WRDC), Retscreen, Helioclim and SolarGIS.

2. Creating a system variant. This is where the user
creates a calculation version of the project created in
step 1. On the interface, the user gets to define various
input parameters such as module orientation, system
configuration and loss parameters.

3. Running the simulation. The user runs the simulation
and generates a variety of graphs and reports for the
analysis of the PV system. PVSyst allows the user
to analyse the results in the program, export them
to a different program or save the variant for further
evaluation.

PVSyst offers the users extensive reports and breakdowns
and valuable insights into the engineering aspects of design
and deployment. This allows PVSyst to cater for a
wide range of users including researchers and architects.
Its interface is also multilingual and available in other
languages such as German, French, Spanish and Italian,
in addition to English [4].

2.3 PVLib

PVLib is a product of the collaborative efforts of a
group of PV professionals called the PV Performance
Modelling Collaborative (PVPMC), facilitated by Sandia
National Laboratories in the USA. The PVLib toolbox is a
standard repository for PV system modelling and analysis
algorithms [5]. To date, it does not have any financial
models implemented so it is only a performance modelling
software package. The PVLib toolbox uses code-level
modular programming to perform the modelling of the
system. The toolbox is available in MATLAB or python
programming languages. The PVLib toolboxes do not
come with any graphical user interfaces so the user is
expected to call the functions, set the required parameters
and execute the simulation using the modules provided as
building blocks. A typical simulation in PVLib comprises
the following steps:

1. Setting up the location and design of the PV
system. This includes importing the necessary python
libraries and add-ons, collecting the weather data for
the desired site and setting the orientation of the PV
modules or arrays. The weather data is obtained from
typical meteorological year files (TMY2 and TMY3).

2. Modelling the DC (direct current) IV
(current-voltage) characteristics. This entails
the estimation of the chosen module’s behaviour
according to its IV characteristics given in the
module database, in response to the weather data
given in step 1. Along with some intermediate results,
the user obtains the estimated DC power yield.

3. Converting the DC power to AC (alternating current).
The user makes use of a PVLib module that takes
in the technical characteristics of a desired inverter
as one of the parameters and models the AC power
output.

4. Plotting the graphs and tables. The user also
has the option of exporting the simulation results
for presentation or further analysis in a third-party
software package.

Access to PVLib is free and the sotware itself is easy to
install. Its code is open-source and therefore transparent
and easy to edit or modify [6]. The modular approach in
PVLib allows users to draw better analyses on portions
of the modelling chain separately. Because of the
programming literacy that PVLib requires, the program
attracts users mostly from specialised fields such as
engineering and research.

3. COMPARISON OF THE SOFTWARE PACKAGES

SAM, PVSyst and PVLib were compared to each other
according to various evaluation criteria. Amongst
other considerations, previous investigations into software
packages available on the market [2, 7, 8] and future work
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that will depend on the software package choice were all
used in the decision making process to come up with the
final list of the evaluation criteria. The final list was as
follows:

1. Cost and commercial availability

2. Working platforms

3. Updatability

4. User-friendliness and ease of use

5. Reporting and analysis options

6. Modelling flexibility

7. Performance and economic modelling capability

8. Validation of simulation results with field data

3.1 Cost and commercial availability

SAM and PVLib are free to download but you need a
registration key to activate your copy of SAM. NREL
provides SAM registration keys free of charge and uses
your registration data merely for statistical purposes [3].

As for PVSyst, after installing it users can use it for free
in the evaluation mode for 30 days during whcih it runs
at full capacity. To enjoy the full capabilities thereafter,
a user will have to purchase a license, otherwise PVSyst
will automatically switch to its demo mode in which it runs
with limited capabilities. The licensed mode is available in
two flavours, namely Pro30, for PV systems up to 30kkW
and Premium, the more expensive one which works with
unlimited sizes of PV systems. A full listing of the prices
for the licenses can be accessed on the PVSyst website
[4]. PVSyst also supports academics with discounts on
licenses bought for educational purposes. The discounts
are available for schools, universities and other educational
institutes on request directly from PVSyst.

3.2 Working platforms

PVSyst runs only on Windows client versions currently
supported by Microsoft. The supported versions are Vista,
7, 8 and 10 on both 32 and 64 bit systems. Other operating
systems are supported through the use of virtual machines
running Windows such as VirtualBox [4].

SAM runs on Windows 7, 8 and 10 and is available in both
32 and 64 bit versions. SAM also runs on OSX and Linux
operating systems but is only available in 64-bit versions
[3].

PVLIb comes in two different types of toolboxes, namely
PVLib for MATLAB and PVLib-python [6]. As the
names suggest, the two toolboxes work on MATLAB and
python environments respectively. PVLib-python works
on platforms that have python versions 2.7, 3.4 or 3.5
and Pandas versions 0.13.1 or newer and these versions of

python are available for Windows, Mac OS X and Linux
[9]. MATLAB is also supported on Windows, Mac OS X
and Linux.

3.3 Updatability

To date, PVSyst has had 10 updates in this year alone-
version 6.40 to version 6.49. The PVSyst website provides
information with regards to the improvements and fixed
errors associated with each update and the date each update
was released [10].

SAM, currently on version 2016.3.14 revision 4, has had
up to 5 revisions and updates this year alone. As is the
case with PVSyst, the NREL SAM website shows release
notes for each of the updates and revisions, highlighting
the improvements made and errors fixed [11].

PVLib has also had quite a few updates to date. This
year alone there have been six updates so far, with the
latest one, version 0.4.1, having been released on the 6th
of October 2016. All the releases are available on GitHub
and are accompanied by a brief summary of the associated
bug fixes, version documentation and acknowledgements
of main contributors [12].

3.4 User-friendliness and ease of use

SAM comes with a graphical user interface (GUI). This
makes it easy for users with no experience in computer
programming or developing computer models to build PV
systems and perform simulations. The GUI allows users
to find their way around the program with relative ease. It
provides access to input variables and simulation controls
and it displays the user’s selections as well as graphs and
tables after running the simulation.

PVSyst also has a graphical user interface (GUI) that
makes it possible for users who are not particularly
experienced in computer modelling to build their own PV
systems, perform basic simulations and generally navigate
their way through the software program with relative ease.
The interface in PVSyst allows the user to perform system
designing and sizing and to obtain results in graphical or
tabular form easily. For most of the tasks, the user only
has to input certain required values in the appropriate fields
and then execute actions by the touch of a button.

PVLib does not offer a graphical user interface. It
is essentially a collection of scripts and functions that
handles data, module and inverter parameters and takes in
atmospheric and irradiance models. The user runs these
scripts and functions sequentially to perform PV system
simulations. The interface is therefore bound to present
some challenges to users with no programming skills or
experience in computer modelling of PV systems.

3.5 Reporting and analysis options

SAM has a default graphing tool that not only enables the
display of results as sets of default graphs but also allows
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the creation of custom graphs. Alternatively, the results
can be presented in the form of tables or exported to other
software packages for presentation or further analysis.
SAM also provides a number of options for simulation
results analysis, namely [13]:

1. Parametric analysis - This enables the user to assign
multiple values to input variables in order to create
graphs showing the relationship between one or more
input variables to a metric result. This operation is
ideal for the optimization of input variables.

2. Sensitivity analysis - This option enables a user
to investigate how sensitive an output metric is to
variations in certain input variables.

3. Statistical analysis -This analysis option allows the
user to investigate uncertainties in one or more input
variables on output metrics.

4. Multi-level subsystems - This allows users to model
power systems as a combination of subsystems. This
could be ideal, for instance, in a situation where
each subsystem is meant to be oriented in a different
direction.

5. Excel Exchange - This option allows the user to link
an input variable in SAM to a cell or range of cells in
a Microsoft Excel Workbook.

6. P50/P90 analysis - This is a method of calculating
the probability that a system’s total annual output will
exceed a certain value, for a site of which the weather
data is available for many years.

7. Exchange Variables - This option allows the user
to input his own variables for use with a custom
Transient System Simulation (TRNSYS) deck or
Excel Exchange.

PVSyst, like SAM, documents simulation results into
reports, summarising the simulation parameters, main
results and system quality. The results can also be viewed
as tables or exported to a third party software package like
Microsoft Excel for further analysis or presentation. The
only analysis option that PVSyst offers is the P50/P90 [4].

PVLib allows the user to view simulation results by
plotting the respective metric’s graph or exporting the
results to a third-party software package such as Microsoft
Excel for further analysis. The original PVLib toolbox
does not offer any analysis options.

3.6 Modelling flexibility

PVSyst comes as a complete desktop application and does
not have an allowance for scripting. That means that the
user can only model a PV system the design of which
adheres to certain predefined standards in PVSyst. It is
therefore not possible for the user to introduce or modify

any of the thermal, electrical or optical models in PVSyst
[14]. Users can however define devices not found in
the PVSyst component databases using the manufacturers’
datasheets, thereby creating new devices in the database.

SAM also comes as a complete desktop application but
it has a built-in scripting language, SAM User Language
(SamUL). This allows the user to automate tasks and to
perform more complex analyses from within SAM [3].
With SAM, a user also cannot introduce new thermal,
electrical or optical models but can link and import
variables from other other programs such as Microsoft
Excel and TRNSYS. The user is also allowed to define
devices that cannot be found in the component database
using the component’s datasheet.

PVLib is built on the very basis of modelling flexibility.
The availability and free access to the PVLib source code
makes it possible and easy for users to modify models,
databases and input methods for a range of research and
design goals [5, 6].

3.7 Performance and economic modelling capability

SAM has a lot of performance models for photovoltaic
systems, concentrating solar power, solar water heating,
wind power, geothermal and biomass power. The
photovoltaic systems in SAM are further subdivided into
three categories:

1. Flat Plate PV, which models the system using
sub-models for the components (modules and
Inverters) of the system. This is the model we will
use for our grid-connected PV system performance
model.

2. High-X Concentrating PV, which models concentrat-
ing photovoltaic (CPV) systems.

3. PVWatts, which models crystalline silicon-based
systems and is an implementation of NREL’s
PVWatts model which is web-based.

SAM offers a significant number of financial models.
The models calculate the cash-flows and financial
metrics for different financing options chosen by the
user. The financial models given in SAM are for
residential projects, commercial (excluding Commercial
PPA) projects, commercial projects with power purchase
agreements (PPA) and utility projects [3].

PVSyst only deals with photovoltaics and it splits its
performance models into four main categories:

1. Grid-connected - This is a type of system that is
made up of components constituting the PV array i.e.
modules/ strings of them, inverters and everything up
to the connection to the grid.

2. Stand-alone - A system which should constitute of
modules, a battery and a regulator.
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3. A water pumping system.

4. DC Grid - A system made up of a PV-array and a load
profile meant for public transport network.

PVSyst also offers economic evaluation to model project
costs and investments. With the financial model, the
user can project running costs and deduce the long-term
profitability, especially for grid-connected systems [4].

The PVLib original toolbox has a performance model that
currently only supports grid-connected systems and does
not offer any financial models. There is, however, room
for improvement in PVLib and for more experienced users
to expand on PVLib’s capabilities and add elements that
will help them model other systems [5, 6, 15].

3.8 Comparisons of Simulation results

A site at Kalkbult in the Northern Cape Province of South
Africa was selected for simulation. It is a 75MWp solar
PV plant made up of 84 sub-systems, each containing 3720
polycrystalline modules and an inverter. The configuration
is such that there are 24 series modules per string and 155
parallel strings feeding into each of the 84 inverters. The
entire system therefore consists of 312 480 modules over
a total module area of 516 217m2 and 84 inverters. Figure
1 is an aerial view of the plant at Kalkbult and Table 1
summarises the configuration of the subsystems. Table
2 lists the PV system’s losses as sourced from the actual
plant.

Figure 1: Aerial view of the 75MWp plant at Kalkbult.
Photograph Courtesy of Eric Miller,Scatec Solar [16]

The 75MWp solar plant was modelled in the three
programs to simulate the total energy yield for the whole
year using the Hay irradiance model. Weather data
measured on the site for the year 2014 was used in the
simulations and the simulated total energy yield of each
software package was compared to the total yield recorded
at Kalkbult for the year 2014.

Table 3 is a summary of the total yield produced by the
simulations in each of the software programs and their

Table 1: Sub-system configuration
Variable Description
Module orientation 0�, facing North
Inclination 30�

Type of installation free-standing
PV module model BYD P6-30, 240 W
Inverter model SMA Sunny Central 800CP

percentage differences from the actual plant yield. In
Figure 2, the three simulated annual yields are compared
to the plant’s actual yield for the year 2014 and in Figure
3, a similar comparison is drawn based on the energy
profiles on randomly selected clear sky and cloudy days.
The results show that PVSyst simulated the yield more
accurately, with a calculated percentage difference of
3.4%, followed by SAM with 3.9% and then lastly PVLib
with approximately 5.1%. The percentage difference was
calculated as:

Di f f erence(%) =
Yield

actual

�Yield

simulated

Yield

actual

·100% (1)

All three software programs were generally conservative
in their yield predictions mostly because of the overes-
timation of losses in some of the programs’ default loss
models. This is especially true in the cases of PVSyst and
SAM simulations where the actual losses at Kalkbult were
overestimated by the default loss models

Table 2: Summary of plant losses
Loss Value (%)
Shading -2.5
Reflection -2.5
PV loss due to irradiance level -0.45
Module mismatch and DC ohmic -1.77
Soiling loss -1.75
PV loss due to temperature -6.3
Inverter loss -2.6

Table 3: 2014 Total Yield Comparison
Source Total Yield (MWh) Difference (%)
Actual yield 149868.2 -
PVSyst 144813.6 3.37
SAM 144046.4 3.86
PVLib 142276.8 5.07

4. CONCLUSIONS

Analysis of the software packages revealed that each
software package has its own merits that makes it more
suitable than the others for certain simulations, and
demerits that serve as disadvantages in certain instances.
In terms of accuracy and robustness, PVSyst seemed to
outperform the rest, closely followed by SAM. In terms
of modelling flexibility, PVLib was the best, again closely
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Figure 2: Total energy yield for the year 2014

Figure 3: Clear sky and cloudy day energy profiles

followed by SAM. In terms of other general characteristics
and functionalities, it seems SAM will be the most suitable
of the three software packages evaluated in this paper for
our future work. SAM proved to be a fairly accurate,
complete, free, easy to install and user-friendly solar PV
simulation tool that also comes with a fair amount of
modelling flexibility and has a wide range of reporting
and analysis options which will potentially come in handy
in the implementation of optimisation algorithms in our
future tasks.
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Abstract: Data monitoring in utility scale PV systems is an essential part of maximising the energy
output of solar PV systems, it serves for the comparison of the initial energy yield assessment with
the current plant performance and also captures historic production data. Uncertainty in the solar
resource can make the difference between loss and profit and that stresses the importance of having
a reliable alternative source of data when there are no ground measurements available. Due to the
uncertainty and quality issues regarding the various methods implemented by each solar radiation
database, there is a need to evaluate the databases against real time measurements so as to find the best
alternative source of solar radiation for the region under investigation. The analysis done on existing
solar resource databases shows that they possess enough information for the simulation stage of a power
plant. Meteonorm7.1 estimated the annual GHI of 2203.8 kWh/m2 for the Kalkbult site and the value is
within 2.66% of SODA HelioClim-3, 1.10% of Meteonorm6.1, 4.26% of Climate-SAF PVGIS, 0.35%
of PVGIS-Helioclim and 4.74% of NASA-SSE.

Key words: Ambient temperature, Comparison, Global Horizontal Irradiation, Inter-annual variability,
Meteorological data, Sensitivity analysis.

1. INTRODUCTION

The availability of ground-measured solar radiation
data is on the rise but the stations are far too few, resulting
in a too low spatial density. In order to fill the gaps,
satellite-derived and interpolated solar radiation products
are used as alternatives. Satellite-derived, interpolated
and terrestrial model-predicted meteo-values are applied as
input in simulation tools to forecast the energy yield of a
solar photovoltaic (PV) plant, when there are no ground
measurements situated in the vicinity of the considered
site [1]. In the development stage, the irradiation is
important to solar PV systems since there is a quasi-linear
relationship between the PV output and the solar energy
input. Simulation tools give access to various popular
sources of meteorological data, and this shows that the
available meteo-data sources are far from being exact.

In this study statistical methods are used to evaluate
various long term averaged Global Horizontal Irradiance
(GHI) data sources for the Kalkbult site against the PVsyst
default data source, Meteonorm7.1. The comparisons are
done with the aim of looking for reliable and the most
suitable alternative solar radiation sources. The analysis
will show how the various long term average meteo-data
sources vary from the default meteo-data source used
in PVsyst simulation tool. Then the average long term
average data is compared to measured data for Kalkbult.
After that a sensitivity analysis is done to find the influence
of the measurement equipment’s accuracy on the energy
yield.

2. SITE DESCRIPTION

The 75 MWP, Kalkbult solar PV plant is situated
in the Northern Cape region of South Africa at Latitude
30.2� South and Longitude 24.1� East. The Kalkbult solar
PV plant was the first grid-connected solar PV project to
be operational in South Africa as part of the REIPPPP.

The site is around 1200 metres above sea level, located
in a semi-arid region with generally high solar radiation.
The Kalkbult site is known to have abundant sunlight
with an average of 11.5 daily sunny hours and an average
annual solar radiation of 5.8 kWh/m2 daily. The site has
a minimum solar duration of 9.97 hours in June and a
maximum solar duration of 13.11 hours in December. As
a result, Kalkbult experiences longer solar duration hours
during the summer season and shorter solar duration hours
during the winter period.

3. DATASET

3.1 Overview

To successfully analyse the performance of a solar
PV system, high quality weather data is required. The
data has to be measured with a high time resolution
and the derived values have to be obtained by using
standard methods [2]. The essential parameters needed
for the analysis of meteorological data sources in
this study are GHI and ambient temperature. Other
meteorological parameters such as Global Plane Irradiance
(GPI), rain intensity, wind, humidity and module
temperature will be used for further analysis of the
plant performance. Higher performance EKO MS-802
pyranometers calibrated to International Organization for
Standardization (ISO) standards and reference cells were
used to take the solar radiation measurements at Kalkbult.
Preference was given to data recorded using pyranometers
over that from reference cells, since pyranometers
give more accurate measurements than reference cells.
This is due to reference cells having shortcomings
in spectrum, temperature and degradation even when
properly calibrated. The parameters recorded at the
Kalkbult solar PV plant site, with a 30-minute resolution,
are as follows: Global Horizontal Irradiance (GHI),
Plane-Of-Array (POA) irradiance, ambient temperature,
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(a) Reference cells (b) Pyranometer

Figure 1: Reference cells and Pyranometer.

module surface temperature, wind velocity, rain intensity,
relative humidity and absolute air pressure.

3.2 Accuracy of measurement instrumentation

Distinguishing the performance of the solar PV
system from the solar resource variability requires both
a measurement of the incoming irradiation as well as the
energy generated by the system. The uncertainty of the
data source should be noted and reported as this is good
practice for all measurements.

Generally two possibilities exist when choosing
irradiation sensor technology: solar reference cell sensors
and pyranometers, shown in Figure 1a and Figure 1b
respectively [3]. According to literature, pyranometers
measure on average 2 to 4% more irradiance than
crystalline silicon sensors [4]. Irradiance sensors require
to be checked, cleaned and recalibrated at least once a
year in order to correct any bias in the measurement [4].
Pyranometers are based on a thermocouple device and they
measure irradiance between 280 and 2800nm, thus almost
spectrally unselective. The uncertainty of pyranometers is
influenced by the following parameters [5]:

1. Pyranometer tilt angle.

2. Ambient temperature.

3. Pyranometer dome temperature.

4. Spectral distribution of the solar resource and
irradiance level.

5. Change rate of the irradiance during measurement.

According to the literature, the daily uncertainties
expected for secondary standard pyranometers, first
class pyranometers and second class pyranometers are
below 2%, below 5% and below 10% respectively [6].
Experienced people in laboratories that calibrate according
to ISO 9846, ISO 9847 or the equivalent have reported
calibration uncertainties in the range of 1 to 2 % [6].
The overall uncertainty of the instantaneous irradiance
measurement based on secondary standard pyranometers
is around 2-3 % according to literature [7]. At Kalkbult,

EKO MS-802 secondary standard pyranometers, with a
measuring uncertainty of 2% are used to take the GHI and
GPI measurements.

3.3 Data quality control

All the data used in this study was scrutinised for possible
data quality issues. To ensure a high quality data set,
the 30-minute interval measured meteorological data was
verified as follows:

• The data was examined for missing values.

• Consistency checks: Checking for out of range data
(spikes that could contain measurements over five
times greater than the normally observed values).

• Removal of negative irradiance values as shown in
Figure 2.

• Limit checks: Removal of non-zero solar radiation
after sunset and before sunrise.

• Checking whether standard time was used throughout
the year or converted to local or daylight savings
during some parts of the year.

• Checking whether the timestamp indicates the
beginning, middle or end of the period.

Less than 1% of the total number of 30-minute data was
deleted from weather station 1 and 2 datasets (i.e. 96
data points out of the total 17520 for each weather station)
and the remaining data from the four weather stations
(1-4) were averaged for each 30-minute interval measured
parameter. Missing values were observed in the measured
data, from the 9th to the 12th of December.

4. DATA SOURCE VALIDATION PROCEDURES

In order to compare the goodness of fit between the
reference Meteonorm7.1 data and the other sources of
meteorological data, the following statistical parameters
were used: Root Mean Square Error (RMSE), mean
absolute deviation (MAD) and the mean absolute
percentage deviation (MAPD) [8].

The RMSE gives the deviation between the reference
value and the other meteorological data source value. The
RMSE should be as close to zero as possible and it is
calculated as follows:
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Figure 2: Example of negative GHI data.
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RMSE =

s
1
N

N

Â
n=1

(Hn �Fn)2, (1)

where:

Hn = the measured value
Fn = the estimated meteorological data source value
n = the number of periods i.e. months in this case

The MAD parameter is used to measure the statistical
dispersion and is calculated as follows:

MAD =
1
N

N

Â
n=1

| Hn �Fn | . (2)

The mean absolute percentage difference (MAPD) also
known as the mean absolute percentage error (MAPE), is
used to assess the accuracy of the other meteorological data
sources compared to the reference data, it is calculated as
follows:

MAPE =
1
N

N

Â
n=1

����
Hn �Fn

Hn

���� ·100%. (3)

The MBE provides long term performance information
of the deviation between the reference Hn and other
estimated Fn meteorological data values. It is calculated
as a percentage as follows:

MBE(%) =
1
N

N

Â
n=1

Hn �Fn

Hn
·100%. (4)

5. COMPARISON OF METEOROLOGICAL DATA
SOURCES

There are various sources of meteorological data, in-
cluding measured, interpolated, terrestrial model predicted
and that predicted from satellite-derived models. However,
the various meteorological databases differ with respect
to the input data, methodology, covered area, spatial
revolution and time intervals.The comparison was done
with the aim of looking for reliable and the most suitable
alternative solar radiation sources. The various solar
radiation data sources were limited to the ones commonly
used in simulation tools and those from local companies.

Global Horizontal Irradiation (GHI) data for the
Kalkbult site from Meteonorm7.1 [9] was compared to the
long term average solar resource data from the following
databases: SODA HelioClim-3 [10], PVGIS-Helioclim
[11], Climate-SAF PVGIS [11], Meteonorm6.1 [9],
NASA-SSE [12] in order to verify that each of the
data sets is applicable to the Kalkbult site. NASA-SSE
and SODA HelioClim-3 data are sourced from satellite
records whereas Meteonorm and PVGIS data are collected
by interpolating results from records of the nearby
meteorological stations and the use of satellite data where
measured weather records are not available [13]. Table 1
shows the spatial resolution and time periods over which

the meteorological data was gathered for each source.
PVGIS Helioclim and Climate-SAF PVGIS provide long
term annual and monthly averages determined from
different temporal periods as given in Table 1, whereas
SODA HelioClim-3, Meteonorm and NASA also offer
time series data averaged over a certain time period (years).
Related work was done for regions in Europe and Asia
[14, 15].

A brief review of the various available meteorological
data sources is presented next.

5.1 Meteonorm

Meteonorm is considered to be a more robust
meteorological data source [13]. Meteonorm incorporates
solar applications calculation procedures and a catalogue
of meteorological data of any desired location in the
world [1]. Meteonorm7.1 is the default meteo-data source
in the current PVsyst version 6.39 and before that the
Meteonorm6.1 was the default source of meteorological
data in PVsyst simulation tools, up to version 6.35 [16].

5.2 NASA-SSE

The National Aeronautics and Space Administration
(NASA-SSE) satellite and model-based solar radiation
is averaged monthly from 22 years of satellite data
[12]. NASA-SSE is a reliable global solar radiation data
provider for the areas with sparse or non-existent surface
measurements.

5.3 PVGIS

The Photovoltaic Geographical Information System
(PVGIS) provides a map-based inventory of solar energy
resource. PVGIS has two differently averaged datasets that
are freely accessed in monthly values, PVGIS-Helioclim
and Climate-SAF PVGIS. The PVGIS-Helioclim data
set and the Climate-SAF PVGIS are based on radiation
values interpolated from two different measurement
techniques (terrestrial measurements and satellite images),
respectively [16].

5.4 SODA HelioClim-3

HelioClim-3 is a long-term and near-real time surface
solar irradiance database. It contains 15-minute interval
accessible surface solar irradiance, from images taken by
the Meteostat series satellites since 2004, with a spatial
resolution of 3 ⇥ 3 km [10]. The solar radiation data covers
Africa, Europe and the Atlantic Ocean. HelioClim-3 can
be accessed via the SoDa service (www.sodais.org).

6. DATA COMPARISON AND ANALYSIS

6.1 Yearly GHI comparison

The yearly GHI comparison between the default data
source in PVsyst i.e. Meteonorm7.1 and the various long
term average meteo-data sources is as given in Table 1. All
the specific year and long term averaged solar radiation
data sources under investigation agree among themselves
within 5% of the respective reference irradiation (i.e.
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Table 1: Summary of meteorological data sources in monthly values.

Data source Time period Spatial resolution Availability Annual GHI (kWh/m2)
Meteonorm6.1 1981 - 2000 Interpolation pay 2180
Meteonorm7.1 1991 - 2010 Interpolation pay 2204

Climate-SAF PVGIS 1998 - 2010 1 ⇥ 1 km free 2110
PVGIS-Helioclim 1981 - 1990 1 ⇥ 1 km free 2196

SODA HelioClim-3 2004 onwards 3 ⇥ 3 km pay 2145
NASA-SSE 1983 - 2005 1� ⇥ 1� free 2099

Kalkbult measured 2014 onwards - - 2117

Table 2: Long term averaged data (vs Meteonorm7.1) monthly error analysis.

Data source RMSE MAD MAPE MBE
HelioClim-3 10.84 9.14 6.02% -5.45%

Meteonorm6.1 4.92 3.88 2.01% 0.77%
Climate-SAF PVGIS 9.51 7.82 4.14% 3.92%

PVGIS-Helioclim 7.17 5.04 2.88% 0.44%
NASA-SSE 10.16 8.71 4.78% 4.54%

measured and Meteonorm7.1 respectively). The annual
Meteonorm7.1 GHI value of 2204 kWh/m2 for the
Kalkbult site is within 2.66% of SODA HelioClim-3,
1.10% of Meteonorm6.1, 4.26% of Climate-SAF PVGIS,
0.35% of PVGIS-Helioclim and 4.74% of NASA-SSE
database. These differences are within a reasonable range
for the data sources can be considered appropriate for
yield simulations. Differences in the estimates using
the several solar radiation databases also agree with
what is stated in the literature [15]. The annual GHI
value for PVGIS-Helioclim slightly varies from that for
Meteonorm7.1 followed by that for Meteonorm6.1. A
super refinement will follow, using monthly values for each
data source. The annual GHI of 2117 kWh/m2 measured at
Kalkbult is within 4.10% of the reference Metenonorm7.1
data source used in this study, i.e. the default data source
in PVsyst simulation tool.

6.2 Monthly GHI and ambient temperature comparison

The GHI data obtained from the different sources
under investigation better approximates the reference
GHI data when the statistical metrics (RMSE, MAD,
MAPE and MBE) are close to zero [17]. From the
long term averaged data analysis, Meteonorm6.1 appears
to give a better representation of Meteonorm7.1 data,
followed by PVGIS-Helioclim, Climate-SAF PVGIS and
then NASA-SSE database, in that order. The trend is
in accordance with the respective monthly MAPE, MAD,
RMSE and MBE values given in Table 2. On the
other hand, Helioclim-3 has the highest mean absolute
percentage error (MAPE) of 6.02%, thus it shows
the highest irradiation underestimation compared to the
other long term average meteo-data sources, though
Meteonorm6.1 and PVGIS-Helioclim yield results that
are closer to the reference irradiation for the long term
averaged dataset. This is owing to the Meteonorm6.1
error metrics results being closer to zero than those of the
other meteorological data sources, as shown in Table 2.

Good regional estimates are obtained from databases with
coarser spatial resolution (e.g. NASA-SSE), however
deviations may be shown in studies at local level since the
databases ignore local terrain and climate features [15].
Figure 3 shows the close relation between the measured
and the estimated GHI for the Kalkbult site from various
data sources. From the figure it can be noted that the
SODA HelioClim- 3 GHI curve best follows the measured
GHI curve, followed by the SolarGIS dataset.

The PV module temperature is a substantial parameter
affecting the performance of a solar PV system. In
this study we evaluate the ambient temperatures since
they are used as input in the simulation tools, instead of
the module temperatures. The annual average ambient
temperature value measured at the Kalkbult solar PV
power plant is within 9% of NASA-SSE and 1.13% of both
Meteonorm6.1 and Meteonorm7.1. These differences are
within a reasonable range and all the data sources are thus
considered appropriate to be used for the yield simulation
with Meteonorm being the first preference.
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Figure 3: Comparison of the Meteonorm7.1 and different
long term averaged GHI data sources.
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Table 3: Sensitivity analysis of GHI and ambient temperature measurements.

Parameter Change Energy yield Error PR
% MWh % %

Amb temp and GHI 0%, 0% 146319 0% 82.1
GHI +2% 148946 +1.795% 81.9
GHI -2% 143593 -1.863% 82.3

Amb temp +2% 146007 -0.2132% 81.9
Amb temp -2% 146628 +0.2112% 82.3

Amb temp and GHI +2%, +2% 148640 +1.586% 81.7
Amb temp and GHI -2%, -2% 143905 -1.650% 82.4
Amb temp and GHI +2%, -2% 143279 +2.078% 82.1
Amb temp and GHI -2%, +2% 149249 -2.003% 82.0

6.3 Inter-annual variability

The monthly GHI averages of the various long term
data are compared to the measured GHI data for Kalbult
site. The other six data sources have different time
coverage, temporal and spatial resolution. According to
literature, it is not advisable to mechanically compare
the meteo-databases since they differ in applied methods,
time coverage, primary measurements, etc. [18]. Due to
weather variations each year, the yearly measured values
tend to differ from the long term average data. Figure 4
shows the difference between the measured GHI data
for Kalkbult in 2014 and the average GHI from the six
long term data sources considered in this study. The
measured data is within the inter-annual variability limits
for the individual months of ±3.1% to ±6.5%, reported in
literature for some other regions within South Africa [18].

6.4 Sensitivity analysis of GHI and Ambient temperature
measurements

The uncertainty of the equipment used to measure
the irradiance and temperature values used in this study
is ±2%. Therefore, we investigated the percentage
change caused on the PVsyst simulated energy yield when
measured GHI and ambient temperature combinations
are overestimated or underestimated by margins of 2%.
The results showed the effect of the uncertainty in
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Figure 4: Comparison between measured and the monthly
average long term GHI data sources.

measured data on the simulated energy yield, caused by
the tolerances in the measurement equipment.

Table 3 shows the resulting percentage change
of the PVsyst simulated energy yield when ambient
temperature (Amb temp) and GHI combinations are
underestimated/overestimated by margins of 2%. From
the analysis it was observed that the uncertainty in GHI
measurements has more effect on the energy yield than the
uncertainty in ambient temperature measurements. Thus
the accuracy of ambient temperature is of less importance
in solar PV systems in comparison to the irradiation.
Overestimating the GHI measurements by 2% whilst
keeping the ambient temperature constant results, in a
1.8% increase in the energy yield, whereas overestimating
the ambient temperatures by the same margin whilst
keeping the GHI constant results in only a slight decrease
of 0.2% in the energy yield. The best case would be
overestimating the GHI by 2% and at the same time
underestimating the ambient temperature by 2%, which
would lead to an increase in the energy yield of 2%. A
2% decrease in the energy yield is experienced when the
GHI is underestimated by 2% and the ambient temperature
is overestimated by the same margin of 2%.

7. CONCLUSION

Determining the best alternative meteo-data source
when there are no ground measurements, enable accurate
estimation of the available generation capacity of solar PV
plants using simulation tools like PVsyst. Comparisons
were made of various long term average meteorological
data sources, for the Kalkbult site. The various
meteorological data sources gave different values of solar
radiation for the same site. The results of the analysis
indicated that all the long term average meteorological
data sources under investigation agree within 5% of the
respective reference Meteonorm7.1 solar radiation. The
observed differences between the Meteonorm7.1 meteo
values and the alternative long term average meteo-data
sources are within a reasonable range. The measured
data is within the inter-annual variability limits for the
individual months of ±3.1% to ±6.5%, reported in
literature for the long term average meteo-data in some
other regions within South Africa.
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Differences in the various data sources are linked to the
way the solar radiation data is produced, some use discrete
grids that vary in size, other perform interpolations. The
meteo-data sources also vary due to climate variability
since the values are either measurements for given years
or averaged periods, and those vary from one source to
another. The differences in the meteo-data sources are also
due to the fact that, the satellite images used in estimating
the weather data are constantly evolving and improving,
so the techniques and methods vary from one source to
another. The resolution of some of the satellite images
is good enough to see larger hills or mountains but not
trees and houses, thus the horizon information might not be
detailed enough to account for the local terrain and climate
features. Consequently, it is best for each solar PV plant to
have its own meteorological and solar radiation station on
site.
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Abstract: This paper discusses the feasibility of deploying Picogrids for rural electrification. A 
Picogrid can provide a solution for the rural population of Sub-Saharan Africa without electricity by 
allowing its power to be easily scaled up in order to meet most rural household loads. This is achieved 
by having multiple autonomous plug and play nodes connected together in an Ad Hoc manner. A 
stable operation of the Picogrid is maintained by a grid code defining each node’s action based on the 
state of the Picogrid’s Bus Voltage as opposed to the state of other nodes. Four demonstration 
prototypes were constructed; Solar, Wind, Storage and load nodes. Testing of short circuit and 
different load variations was conducted in order to test the picogrids plug and play features as well as 
the self-healing properties required under different fault conditions. 
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1. INTRODUCTION 
 

This paper looks at the elements making Ad Hoc low 
voltage DC systems (Picogrids) suitable for rural areas of 
sub-Saharan Africa. A Picogrid can be composed of any 
number of the following different nodes; solar, wind, 
storage and load nodes. It is termed hybrid DC as it 
makes use of different sources and operates on a nominal 
DC voltage of 12V. The grid is formed when either a 
storage or a source node exists.  
 
The biggest feature that the Picogrid has is its Ad Hoc 
property, being the ease of scaling up its power in order 
to meet the ever growing load demands of a rural 
household. This is achieved through the addition of more 
sources or storage nodes to the system. Each node is 
autonomous meaning that it does not need to know the 
state of other nodes in order to operate on the picogrid. 
This allows the system to operate in a simple “plug and 
play” manner without having to require any human 
interaction.  
 
The research in-to the Picogrid arose from the need for a 
small scale renewable energy solution that would be ideal 
for rural sub-Saharan Africa. The Picogrid is meant to be 
deployed to the rural areas of Sub-Saharan Africa where 
the utility grid network cannot reach or is not available to 
begin with. Existing Low Voltage Direct Current 
(LVDC) systems such as solar home systems and pico 
systems power [1-3] cannot be scaled up like the 
Picogrid. This limits there capacity as one would need to 
purchase a completely new system in order to power 
more loads. Also the maintenance on these systems 
requires a qualified person as they come packaged as one 
single unit.  

This paper will thus discuss the picogrid concept which 
details the different properties that ease the deployment 

of the picogrid to the rural market. A background of 
existing small scale LVDC is first presented. This is 
followed by a description of the picogrid’s operation and 
its implementation. It then concludes with the analysis of 
tests performed on the picogrid demonstrator. 
  

2. BACKGROUND 

According to an International Energy Agency report on 
Africa energy outlook [4,5], sub-Saharan Africa has over 
80% of its rural population without access to electricity. 
It is the only region in the world where the number of 
people living without electricity is increasing as rapid 
growth is outpacing the efforts made in order to provide 
access to electricity [4]. Looking at the energy 
consumption per capita (measured in kWh/person), 
Africa has the lowest energy consumption per capita 
compared to any other world region; with a figure that 
has remained unchanged at close to 400 kWh/capita per 
year for the last decade [5]. The lack of initiatives from 
the national utility grid to build long expensive power 
lines to the rural areas is one of the causes of the 
electricity problem. 

Off grid renewable energy systems offer the ideal 
solution to rural electrification without a grid network. 
These systems are however limited to small scale power 
products as opposed to large scale systems in the form of 
large Independent Power Producing Plants (IPPs). This is 
because most of the power produced by IPPs is fed back 
to the grid which mostly caters for the rich minority.   

Rural households would normally have small power 
consuming appliances such as radios, TVs and lamps due 
to the non-existence of the utility grid. Off-grid LVDC 
systems would thus be ideal for such applications as they 
can offer the small scale power needed at lower costs 
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than AC systems. The International Energy Agency 
report on PV systems [6,7] discusses a few of the existing 
off grid solutions which try to offer LVDC systems to 
rural areas. However, these systems are not scalable as 
they are manufactured with fixed sources and storage 
components. A Picogrid can offer the solution through its 
power scalability.  

3. SMALL SCALE OFF-GRID SYSTEMS 

3.1 Solar Lanterns / Lights 

The introduction of solar lights in to the rural market has 
mostly been driven by the dangers caused by kerosene 
lamps used in majority of rural sub-Sahara African 
countries. These lamps are however not scalable due to 
being manufactured as single packages and hence one 
would need to purchase a number of them in order to 
light up more rooms. The power from these lanterns is 
also limited to less than 10 watts per system. 

3.2 Solar Home Systems (SHS) 

SHSs offer the flexibility of having limited number of 
ports for additional loads such as LEDs and cell phone 
chargers [7]. As shown in figure 1, a SHS is also 
packaged as a single product with an inbuilt battery and a 
control system. This not only makes power scaling 
difficult but also maintenance becomes a problem as the 
entire package requires dismantling. Solar home systems 
can be manufactured to any power output depending on 
the solar panel used and the battery sizing. The maximum 
power is thus limited to 200 watts due to this. 

Battery

Control 
system

LEDs, solar 
lights

USB 
charger

Solar 
panel

 

Figure 1: Solar Home System 

3.3 Pico Lamps 

As shown in figure 2, a pico lamp offers local storage and 
charge controller for every load and thereby improving its 
efficiency [8]. However, it also lacks the scalability 
property as only one solar panel is allowed for a single 
system. Also due to the lack of an isolated battery node, 
one would need multiple pico lamps in order to increase 
the system’s capacity. System maintenance is also limited 
by the enclosed package. This system only supports a 
maximum of three picolamps, with each lamp being able 
to provide about 4 watts [8]. 
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Figure 2: Pico Lamp 

3.4 Sharetech Hybrid System 

The hybrid system developed by sharetech is one of the 
few off-grid systems offering a mixture of different types 
of sources. As shown in figure 3, it makes use of solar, 
wind and human pedalling as its sources [9]. By 
combining all the sources, the system can supply up to 
200 Watts.  However, looking at its centralised controller 
and the packaging of all inverters as one, the system’s 
reliability comes in to question. The whole system would 
shut down if the centralised controller malfunctions.   
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controler
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Wind 
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Figure 3: Sharetech Hybrid System 

All the above mentioned systems lack the scalability 
feature that allows for power scaling. A picogrid has the 
ability to grow in power size when more nodes are 
connected to it.  

4. PICOGRID STRUCTURE 

As shown in figure 4, a Picogrid boast’s autonomous 
nodes, which can be added or removed to the grid without 
affecting it’s functionality. This gives it the following 
advantages over other LVDC systems; 

x The system offers a mixture of different sources 
(solar and wind) which can be easily added to 
the system in order to increase its capacity.  

x The power capacity can range between 15-200 
Watts depending on the number of nodes added. 

x The system employs a decentralized control 
strategy as opposed to centralized control. This 
ensures that the system still operates even if one 
node malfunctions as opposed to stopping the 
whole system from operating if the master 
controller malfunctions. 
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x More storage nodes can be added so as to 
support the grid when there is a high demand 
from the loads. Different battery types can also 
be used for the system. (e.g Lithium ion and lead 
acid batteries). 

x Loads can be added at any point on the Picogrid 
in order to make it possible to power up different 
rooms in a house. 

x Any node can be easily added to the Picogrid in 
a “plug and play” manner without requesting 
any user input.  

From figure 4, each node has three port connections that 
simplify the scaling process. The user is given the luxury 
of simply “plugging and playing” in order to get the 
system working.  
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2 
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2 
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Figure 4: Hybrid DC picogrid 
 

5. PICOGRID OPERATION 
 

As shown in figure 4, a picogrid is formed by connecting 
a load to either a source node or a storage node. Any node 
connected to the Picogrid first checks the current state of 
the Picogrid Bus Voltage (PBV) and then responds 
accordingly as shown in figure 5 below. 
 
Figure 5 below shows how the PBV is defined by five 
different bus voltage levels; Vunder, Vlow, Vnorminal, Vhigh, 
Vover. These voltage levels define the grid code so as to 
ensure that a stable operation is maintaining in the 
decentralized controlled picogrid. Each node’s control 
action thus relies on the PBV state in order to perform its 
intended action. 
  
5.1 Grid Code 
 
The Grid Code shown in figure 6 below defines the set of 
rules that must be obeyed by every node on the picogrid 

in order to achieve stability and allow for scalability. 
These rules are determined by the PBV. 

start

Perform action

No

yes

No

Is V norm ?

Check state of 
the grid

Is V high ?

Is V under ?

Is V low ?

Is V over ?

end

yes

yes

No

yes

yes

No

No

 
 

Figure 5: Node operation flow chart 
 
Stable State (Vnorminal): This is the ideal state of the grid at 
12V with a ±1V range for stable operation as shown in 
figure 6. At this state, the following occurs; 

x Source nodes are supplying adequate power to 
the load node. 

x A storage node either charges or discharges the 
battery depending on the PBV being above or 
below 12V. 

 
High Voltage State (Vhigh): An increase in a source node’s 
voltage due to strong winds or sunshine, leads to the PBV 
rising above the stable operating point (i.e 13-14V). This 
can also occur when a small load is connected such that it 
consumes less power from the sources. When this 
happens, the Picogrid is pushed in to the high voltage 
zone leading to the following changes; 

x The storage node increases its charging process. 
This only occurs when the state of battery charge 
is not 100% and the grid voltage is within the 
high voltage range. 

x An indicator is activated to alert the user to 
increase loads. 

Over Voltage State (Vover): This state occurs when the 
sources produce more power than what the loads and 
storage nodes can consume such that the voltage goes 
above 14V. At this state, the batteries are fully charged 
and the system trips then delays a while before restarting.  
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Figure 6: Picogrid Bus Voltage (PBV) code 
 

Low Voltage State(Vlow):A low voltage mode occurs 
when the sources on the grid do not provide sufficient 
power due to a cloudy or a no wind day. This pushes the 
picogrid in to the low voltage mode (10-11V). The 
storage node will initiate the discharging process 
provided that the batteries are not empty. The power from 
the batteries is then used to support the grid and in turn 
stabilize the system. If the batteries are empty the 
picogrid is pushed in-to undervoltage mode. 
 
Under Voltage State (Vunder): When the grid voltage drops 
below 10V and the batteries are empty such that they 
cannot support the grid anymore, the system goes in-to 
under voltage mode. In this state, all active nodes shut 
down and only restart after random delays so as to allow 
for system recovery. 
 
5.2 Scalability 

A picogrid’s power can be scaled up or down depending 
on the load requirements. Each source and storage node 
has its own maximum power production determined by 
the electronic components. Scalability is thus achieved by 
the addition or removal of nodes from the picogrid.   
 
5.3 Protection 
 
The reliability of a Picogrid is achieved by having both 
hardware and software protection schemes employed. As 
shown in figure 7 below, each source and storage node 
has a DC-DC converter circuit (shown as a dashed 
rectangle) responsible for most of the hardware 
protection. Software protection for the prototype is 
provided by Programmable Logic Controllers (PLC). 
From figure 7, the following protection schemes are 
implemented; 

x Voltage mode control to stabilize the picogrid to 
its nominal voltage (Vnominal) especially during 
no-load conditions (hardware). 

x PBV Opto-isolation to isolate the Picogrid Bus 
Voltage from the internal circuit components of 
a node (hardware). 

x Current control mode to limit the load current in 
cases of short circuit (hardware). 

x Inclusion of shunt regulators on each node’s 
output so as to regulate voltage overshoots 
(hardware). 

x PLC programming with shutdown command 
(Software protection) 

The above mentioned protection schemes are meant to 
provide self-healing properties that would not require any 
human interaction in order to start the picogrid ones there 
is a system fault. This maintains the plug and play nature 
that the picogrid has. 
 

6. PICOGRID IMPLEMENTATION 
 
The Picogrid was implemented on four nodes; solar, 
wind, storage and load nodes. Each node has its own PLC 
that gives it decisions based on the state of the PBV. As 
shown in figure 7 below, all nodes except the load node 
have a DC-DC converter circuit that does most of the 
analog control processes. 
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 Figure 7: Source/Storage node structure 

 
The intelligence of each node lies in the detection of the 
voltage level changes defined by the state of the PBV. 
The prototype is implemented on PLC’s with a 
standardized high-level textual programming language 
known as Structured Control Language (SCL) [10, 11]. 
This means that the logic behind programming can easily 
be transferred to different controllers at the stage of 
implementation. The coding for each node is detailed in 
the authors’ main research report. 
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Figure 8: Node control structure  
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From figure 8, Analog control occurs in the circuit board 
of the DC-DC converter system shown in figure 7. The 
primary analog control is for controlling the current 
flowing through the converter when there is a big load 
connected to the picogrid. This in turn protects the 
internal circuitry from overheating and malfunctioning. 
  
Secondary analog control is responsible for controlling 
the output voltage of the DC-DC converter by providing a 
reference voltage value to the PWM controller. 
 
Digital control is done by using digital controllers in each 
node. The amount of time that each controller takes to 
make a decision is always bigger than the analog control 
processing time. This ensures that the priority of having 
primary, secondary and tertiary control schemes is 
followed. 
 
Both primary and secondary controls form fast response 
analog control that is determined by how fast the pulses 
of the PWM controller are switching. This is around 20uS 
as the switching process occurs at a frequency of 50 kHz. 
 

7. PICOGRID TESTS 

A picogrid prototype for demonstration forms part of the 
research physical tests. Physical tests were performed on 
a storage and solar node. The storage node has a display 
for showing a graph of the PBV values in every half a 
second. A picogrid was formed by connecting a storage 
node to the solar node and then adding loads. 

Storage 
node

Solar
node

Switch CSwitch D

Switch A

Switch B

Variable 
load

Oscilloscope

V V

 

Figure 9: Picogrid demonstrator test setup 

Each switch shown in figure 9 is operated by a controller 
and performs the following; 

x Switch A: Connects a variable load to the picogrid  

x Switch B: For short circuiting the grid 

x Switch C: Connects a storage node to the grid 

x Switch D: Connects a solar node to the grid 

7.1 Short Circuit Test 

This test was performed under load and no load 
conditions by first energising the nodes by closing 

switches C and D shown in figure 9. The nodes are then 
short circuited after few seconds. By having analog 
processes occurring faster than digital processes, it was 
easy for the system to perform current control mode 
during short circuit conditions. 

No-Load Condition: This was performed by first opening 
both switches A and B and then closing switch B after 5 
seconds. The switch is then opened after 3 seconds. From 
figure 10, any short circuit within the picogrid 
automatically shuts down any node connected to the grid. 
Each node then goes in to sleep mode before attempting 
to restart. It takes a solar node less than half a second to 
stabilize once a short circuit has been eliminated. A 
storage node takes more than half a second to stabilise as 
it has to wait for any source node to connect first. 

Load conditions: This test is performed by closing switch 
A which connects a sizeable load to the picogrid. Switch 
B is then closed after 5 seconds and then opened after 3 
seconds. As shown in figure 10, the storage node 
responds in a similar way under load conditions, but the 
voltage level of the solar node drops as the load utilises 
its power. 
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Figure 10: Short circuit tests on storage and solar nodes 
under load and no load conditions 

7.2 Open Circuit Test 

Open circuit test was performed on the storage and solar 
nodes by closing switch A which connects a sizeable load 
to the picogrid. The load is then disconnected after 3 
seconds by opening switch A whilst monitoring the PBV. 
The voltage mode control responsible for detecting a 
sudden open circuit responds by providing a feedback 
voltage that stabilises the picogrid to its nominal voltage. 
From figure 11, disconnecting the load leads to a sudden 
overshoot of the PBV. This is caused by the sudden drop 
of the PBV that results in a high voltage feedback to the 
DC-DC converters. The overshoot pushes the picogrid in-
to overvoltage mode which results to the node shutting 
down. The nodes slowly restart before stabilising the 
picogrid once again. The storage node takes more time to 
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restart so as to give power supply priority to the solar 
node. 
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Figure 11: Open Circuit test on storage and solar nodes 

7.3 Load Test 

The aim of the load test was to determine the different 
load variations that the picogrid can withstand before 
altering the stable state of its PBV. This test was 
performed by first connecting only a solar node to the 
grid by closing switch D shown in figure 9 and then 
closing switch A which connects a variable load. The 
same procedure was then followed with a storage node 
connected by closing switch E.   

From figure 12, the first test case had a varying load 
connected to a solar node only and then the second case 
had both storage and solar nodes. It is clear that the 
presence of a storage node increases the load variation as 
it is supposed to only supply the grid when any source 
power is exhausted. As shown in figure 12, a stable 
operating condition is achieved with loads greater than 10 
Ohms with the presence of a storage node and it increases 
to about 20 Ohms with a storage node present. This 
shows that more loads can be connected to a picogrid 
with the addition of more storage or source nodes. 
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Figure 12: Load variation test 

 

8. CONCLUSION 

An ideal solution to the problem of Sub-Saharan Africa 
electrification requires a renewable energy solution that is 
not only LVDC but also scalable. Existing LVDC 
systems lack the concept of an Ad Hoc picogrid which 
allows the system to grow in size in a simple plug and 
play manner. The picogrid’s scalability feature together 
with its self- healing properties during faults makes it 
ideal for rural application as no user interaction is 
required. Further developments of the picogrid are under 
way. 
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Abstract: The objective of this paper is to review how feasibility studies for PV systems are achieved 
by understanding performance index parameters and how they can be used to predict feasibility. The 
main focus is on understanding the location given in terms of solar resource availability, losses that 
occur in PV systems and how they affect performance. Some of the commonly used simulation software 
packages available for accurate estimations of the system energy produced and normalised performance 
index parameters are briefly presented.  The optimum tilt and orientation of PV system are also 
discussed.  An overview of performance index parameters of PV plants and how they are used to 
monitor plant performance and predict PV plant feasibility are also presented. 
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1. INTRODUCTION 
 

South Africa had recently faced a series of load shedding 
and power outages which resulted in undesirable economic 
impacts. This is an indication that an increase in energy 
generation is necessary to cater for the rising energy 
demand. .Most of this increase in demand has occurred 
during the peak periods. Peak periods are the times when 
the demand for electricity is high, usually when everyone 
is using a lot of electricity at the same time, i.e., from 7am 
to 10am and 6pm to 8 pm for residential consumers [1]. 
The country’s target is that renewable energy sources will 
provide for approximately 42% share of electricity 
capacity by 2030 [2]. Among the available renewable 
energy sources (RESs) in South Africa, wind and solar PV 
are the most prominent ones due to their higher availability 
in most geographical locations. This has prompted 
researchers to explore and analyse the potential for these 
sources by doing feasibility studies and designing plants 
for appropriate locations. Feasibility studies are necessary 
for PV plants to determine performance parameters. These 
parameters are critical for the continuing development of 
the PV industry  as they allow the detection of operational 
problems; facilitate the comparison of systems that differ 
with respect to design, technology or geographic location 
[3] [4].There are a number of PV simulation software’s 
available to design and study performance of PV systems 
[5]. High PV system performance was defined by [6] as 
how close one can come to maximum energy generation 
from whatever system is chosen-i.e., minimising the losses 
in operation. The performance of PV systems are affected 
by a number of losses namely near shading, reflection, 
soiling, temperature, mismatch currents, ohmic loses, 
inverter losses and irradiance level [7]. Optimizing a PV 
system in terms of understanding how these loses come 
about and how they can be reduced can improve the 
performance of the system [6]. A better system 
performance would mean a faster return on investment [8]. 
Much research has been done on identifying the challenges 
brought by PV system losses as well as proposals to 

address them. The objective of this paper is to review how 
feasibility studies for PV systems are achieved by 
understanding performance index parameters and how 
they can be used to predict feasibility, how system losses 
affect performance and using appropriate simulation 
software for design . 
                       

2. SOLAR RESOURCE AVAILABILITY 
 
In all the solar PV technology, the most significant 
parameter is input, which is solar radiation. Irradiance is a 
measure of the power of sunlight (W/m2), this information 
can be used to model the general maximum output of a 
solar photovoltaic system for any given day and location. 
Monthly or daily insolation (Wh/m2) data is required to 
conduct feasibility studies for solar energy systems. 
Variability in the output power of a solar energy system 
generally parallels the variability in the incident irradiance 
[9]. In PV system design, the global horizontal irradiance 
(GHI) (the sum of beam and diffuse irradiance measured 
on a horizontal surface) and ambient temperatures are 
acquired from the metrological data and are used in PV 
system software’s to calculate plane of array irradiance 
(POA) [3] . POA irradiance is when the irradiance data is 
transposed (calculated on inclined plane) to the plane of 
the array by transposing models .These models that 
estimate plane-of-array (POA) irradiance from measured 
global horizontal irradiance (GHI) are critical to 
photovoltaic (PV) performance analysis because often 
only GHI measurements are available whereas the PV 
modules being analysed are tilted to maximize annual 
energy production [10]. Simulation software’s have built-
in models that do the transpose and the results of the POA 
irradiance can be used to compare with actual measured 
results using a Pyranometer [3]. A Pyranometer is used to 
measure the global solar radiation falling at the plane of 
array [3]. The module temperature is measured by a 
temperature sensor fixed at the back of the module. 
Temperature measurements are necessary as they increase 
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or decrease module performance, this will be discussed in 
the losses section. 
 

3. OPTIMAL TILT AND ORENTATION 
  
Explicit data of solar radiation reception by a solar surface 
at different tilt angles along with cognizance of the 
optimum tilt angle are of great importance for experts and 
designers related to solar energy field [18].The amount of 
solar radiation falling on a surface is mainly affected by 
module tilt and azimuth angle of a location [12].This is 
because both of these factors influences the angle of 
incidence of the solar radiation upon the solar panel and 
can change the amount of solar radiation arriving at the 
earth’s surface. In order to have maximised annual average 
incident solar energy on the surface of PV systems, it is 
required to determine optimal tilt angle, and this will 
ensure maximum energy generation and thereby reducing 
the cost of power generation. The majority of PV 
installations follow the classical project design, taken into 
account the module tilt angle as the same as the latitude 
and oriented appositive to hemisphere where it is located 
[13]. On the other hand, there are other designs under 
research that have been considered such as neural network 
estimation [14], solar radiation prediction [15], seasonal 
adjustment of tilt-angles [16] and optimum tilt angle for 
south facing solar collectors [17] in order to maximize 
energy generation.  Optimum tilt angle for each particular 
location depends upon climatic condition, latitude, solar 
system utilization span as well as solar radiation 
characteristics of that particular spot [19]. In [20], the 
authors observed that by installing the PV panels at yearly, 
seasonal and monthly optimum tilt angles, yield increases 
amount of collected solar energy by a factor of 5.98%, 
13.55%, and 15.42%, respectively compared to PV panels 
at current roofs’ surface angles. The optimum location and 
optimum tilt angle of solar collectors placed on the roof, in 
respect of the shadow of adjacent buildings was 
determined by [21]. They found that optimum location 
direct solar radiation collected energy could be increased 
furthermore by 15% and also found that shade has little 
effects on the optimum tilt angle for the parts of the roof 
near to the taller adjacent building. These results were 
based for northern hemisphere of the earth solar collectors 
and they suggested the collectors be installed on the 
southern verge of the roof as far as possible away from the 
bigger adjacent building. In [22], the authors calculated the 
optimal tilt and azimuth angles of solar PV panels in the 
continental United States. They compared the annual 
global radiation incident on a panel at various optimum 
orientations with that of a flat horizontal panel and a 2-axis 
tracking panel. They found that solar irradiation at 
optimum fixed tilted PV panel increases from 10% to 25% 
with increment in latitude. Also, solar irradiation reception 
on a 2-axis tracking panel was between 25% and 45% more 
than irradiation on the panel at optimum fixed orientation. 
Although the optimum inclination angle is normally close 
to the latitude of the location, definite value can rarely be 
on optimum tilt angles [12].Optimum tilt and orientation 

can be obtained by simulation software’s as well as 
experimental technics. 
 

4. PV SYSTEM LOSS ANALYSIS 
 
To ensure reliable and high performance solar PV systems 
a good understanding of performance drivers and losses 
within a solar PV system is crucial as this would allow for 
improvement of accurate energy forecasting of the 
available generation capacity of a system [23]. 
Understanding the power losses which occur in the system 
will allow the development of methods to minimise these 
losses. 

 
 

Figure 1: Power flow of solar energy and losses   
occurred. [24] 

 
Fig 1 is a diagram obtained from a PV simulation software 
[24] known as Pvsyst. It shows how solar energy flows 
from the initial metrological data given i.e. the horizontal 
global irradiation to the energy produced to the grid by the 
system. Losses in a PV system simulation may be 
determined by specific models (shadings), interpretations 
of models (PV module behaviour), user’s parameter 
specifications (soiling, wiring, module quality, and 
mismatch loss.) [24].The degree of the losses shown in fig 
1 depend on were the PV system is located for example in 
a desert area soiling will have a greater effect  as well as 
temperature and in residential areas were buildings are 
adjacent to each other shading will have a greater impact . 
The losses that occur will be discussed in detail below. 
 
4.1 Global incident in collector plane 
 
From Fig 1 the global incident in collector plane also 
known as POA is after transposition, but without any 
optical corrections .It is displayed as positive indicating 
that the orientation and tilt are appropriate, high positive 
percentage values will represent higher optimum tilt and 
orientation. Optimum orientation and tilt will increase this 
value which is desirable. 
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4.2 Shading losses 
 
There are two kinds of shading losses .Near shading and 
far shading .Near shading losses can occur due to mutual 
shading of modules that are in front of each row on a PV 
field. They can also occur due to objects like buildings and 
trees nearby as they put shades on the array. Near shading 
analysis requires a full 3D construction of the location and 
the PV field. The construction requires the exact 
knowledge of sizes, positions and heights of array and 
surrounding obstacles. Far shading is caused by obstacles 
sufficiently far for considering the sun over or under the 
horizon line at a given time, horizon line can be defined 
on-site or by GIS programs like [11].The usual distance 
should be greater than 10× array size [24]. In order to 
protect the cells connected in series from destructive 
reverse voltages in case of shadowing or other 
abnormalities, a number of bypass diodes are utilized 
 
4.3 Reflection /Incidence angle loss  
 
Fixed-tilt solar PV modules receive varying amounts of 
solar radiation throughout the day and this is primarily due 
to the constant change of the angle of incidence (AOI) [25] 
i.e. varying sun path. The angle of incidence at which the 
sun enters the atmosphere and strikes the surface of the 
solar PV module determines the reflection losses of a PV 
system. There will be a certain degree of reflectance at 
angles of incidence which are not normal to the solar 
panels. The incidence effect relates to the reduction of the 
irradiance on the PV cell’s surface, with respect to normal 
incidence irradiance [24]. Reflection losses are based on 
an Incidence Angle Modifier (IAM) which is estimated as 
follows [26]: 
 
IAM = 1 − b0 ( 1

cosi − 1)                                                (1) 
where: 
 
𝑖 = incidence angle on the plane 
𝑏0= ASHRAE parameter 
 
The IAM depends only on one parameter 𝑏0 , and a 𝑏0   
value of 0.05 was recommended by BYD Company for 
their Polycrystalline modules. The resulting reflection loss 
was calculated as 2.5 %.The optical losses (shading and 
reflection) are applied to the beam component of GHI. The 
diffuse component is computed as an integral of the 
attenuation over all sky directions seen by the array, it is 
not dependent on sun position [24]. The calculation is 
applied to near, far shading and IAM. 
 
4.4 PV loss due to irradiance level  
 
The analysis begins with nominal power. Nominal power 
is power which would be provided by the PV array as 
given by the PV- module manufacturer. This power only 
occurs at standard test conditions (STC) [24]. Conditions 
under which a module is typically tested in a laboratory: 
(1) irradiance intensity of 1000 W/𝑚2, (2) AM1.5 standard 
reference spectrum, and (3) cell or module temperature of 

25 ± 2 degrees C. A PV module’s conversion efficiency 
increases at high light intensities and decreases at low light 
intensities [27]. In simulation software like Pvsyst [35], the 
PV model has PV module parameters Rs series and Rp 
shunt. The low-light efficiency loss with respect to STC 
depends on these parameters. In practice there is a 
gain/loss in the module output with respect to the standard 
irradiance conditions, 1000 W/m , that the modules are 
rated at [26]. 
 
4.5 PV loss due to temperature 
 
The thermal characteristics of solar PV modules have a 
significant impact on the PV system’s performance. 
Increasing temperatures lower the open circuit voltage of 
PV modules, thereby causing a decrease in cell 
performance [28]. The PV loss due to temperature is based 
on the power temperature coefficient of the module at 
STC. One of the ways to reduce module operating 
temperatures is to allow airflow on the rear of the module 
so heat can be transferred. 
 
4.6 Soiling loss 
 
The accumulation of dirt and its effect on system 
performance is difficult to predict as it depends on the site 
rainfall conditions, environment of the system and the 
frequency at which the modules are cleaned [26]. Soiling 
losses can be reduced by having a cleaning schedule of the 
modules.  
 
4.7 Mismatch loss  
 
Due to variations in the current-voltage characteristics, the 
PV modules connected in parallel or series to a PV array 
do not necessarily operate at their maximum power point 
[29].The causes could be partial shading, this limits each 
string current to the more shaded module current. The sum 
of the maximum output of the individual modules 
(∑𝑃𝑚𝑎𝑥,𝑚𝑜𝑑𝑢𝑙𝑒) is always greater than the maximum power 
output of the total PV array (𝑃𝑚𝑎𝑥,𝑎𝑟𝑟𝑎𝑦), at the same 
operating irradiance level [30].The resulting difference is 
called circuit mismatch (CM). Reducing mismatch losses 
improves the global PV array efficiency, and mismatch 
losses can be calculated as follows: 
 
 CM = ∑Pmax,module −Pmax,array

∑Pmax,module
                                      (2)   

 
 
4.8 DC Ohmic wiring loss 
 
In utility scale PV systems, the cause of DC Ohmic wiring 
losses is the resistance of the cabling that interconnects PV 
modules. The total DC Ohmic wiring loss between the 
modules and the inverters is related to the type, thickness 
and length of the cables [26]. In addition to the cable loss, 
the transition resistances in fuses, terminals and connectors 
also contribute as DC Ohmic losses. DC Ohmic power 
losses (𝑃𝐷𝐶,𝑂ℎ𝑚𝑖𝑐) can be accurately calculated by 
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multiplying the square of the DC array current with the 
resistance of the cables. 
 
𝑃𝐷𝐶,𝑂ℎ𝑚𝑖𝑐 = 𝐼2𝑅                                                            (3) 
 
where: 
 
I= the DC array current 
R= the resistance of the cables 
 
The sum of all DC-Ohmic power losses during the year 
multiplied by time gives the yearly energy DC- Ohmic 
losses  𝐸𝐷𝐶,𝑂ℎ𝑚𝑖𝑐  . 
 
𝐸𝐷𝐶,𝑂ℎ𝑚𝑖𝑐 = ∑𝐼2𝑅𝑡                                                        (4) 
 
where: 
 
t = measured duration 
 
4.9 Inverter loss 
 
In the case of grid connected solar PV systems, the inverter 
converts DC power from the PV array to AC power for 
exporting to the utility grid. The AC energy from the 
inverter depends on the input at the inverter terminal i.e. 
the output power from the arrays and the inverter losses 
[31]. Inverter losses are due to Ohmic and switching losses 
in semiconductors, as well as standby power. The ratio of 
the power at the inverter output terminals (𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑜𝑢𝑡𝑝𝑢𝑡) 
to the power at the input terminals (𝑃𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑖𝑛𝑝𝑢𝑡) gives the 
inverter efficiency. 

   Pinverterloss % = 100(1 − Pinverteroutput
Pinverterinput

)                  (5) 

 
4.10 AC Ohmic losses 
 
AC Ohmic losses occur between the cables connecting the 
inverters and the utility connection point [26].  
 
 
 

5. NORMALISED PERFORMANCE INDEX 
 
Parameters describing energy quantities for the PV system 
and its components have been established by the 
International Energy Agency (IEA) Photovoltaic Power 
Systems Program and are described in the IEC standard 
61724 [31]. Knowledge of the energy yield performance 
of a PV system in a given location is important in 
designing a suitable system for a particular application. 
Since they have been normalised they facilitate 
comparisons between several PV installations   that differ 
with respect to design, technology or geographic location 
[3] .These performance parameters include:  Final yield 
(𝑌𝐹), Reference yield (𝑌𝑅), Performance ratio (𝑃𝑅), Array 
yield (𝑌𝑎), Collection loss (𝐿𝑐), and System loss (𝐿𝑠). 
 
5.1 Reference yield (𝑌𝑅) 

 
This is the ideal array yield according to nominal power as 
defined by manufacturer, without any loss .This is 
numerically equivalent to the POA value expressed in 
[kWh/m /day] [32]. The equation below shows how 
reference yield ratio is calculated. 
 
 𝑌𝑅 = 𝐻𝑡 

𝐺0
                                                                          (6) 

 
where: 
 
𝐻𝑡  =  the total plane of array solar radiation in 𝐾𝑊ℎ 𝑚2⁄   
 
𝐺0 = the array reference irradiance (𝐺0 =1𝐾𝑊 𝑚2⁄  ) [3].  
 
5.2 Final yield (𝑌𝐹) 
 
This is the system daily useful energy (energy to the grid), 
referred to the nominal power. The annual final yield is 
given by the expression [7]. 
 
 𝑌𝐹,𝑎 = 𝐸𝐴𝐶,𝑎

𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑
                                                              (7)  

where: 
 
𝐸𝐴𝐶,𝑎= annual energy produced by the PV system to the 
grid in 𝐾𝑊ℎ 𝑦𝑟⁄   
 
𝑃𝑃𝑉,𝑟𝑎𝑡𝑒𝑑  = array power produced at nominal power in 
𝐾𝑊𝑃 
 
5.3 Performance ratio (PR) 
 
The performance ratio (PR) represents the ratio of energy 
fed to the grid (final yield) to the energy that the system 
could have produced had it operated at its rated conditions 
(STC) of 1𝐾𝑊 𝑚2⁄  (reference yield). It represents the 
fraction of energy actually available after deducting energy 
losses [33]. Performance ratio is expressed as: 
 
    𝑃𝑅 = 𝑌𝐹

𝑌𝑅
                                                                   (8) 

where: 
 
𝑌𝑅 = reference yield 
 
𝑌𝐹= final yield 
 
By normalizing with respect to irradiance, it quantifies the 
overall effect of losses on the rated output due to: inverter 
inefficiency, wiring, mismatch and other losses mentioned 
in the losses section when converting from DC to AC 
power. 
 
5.4 Array yield (𝑌𝑎) 
 
This is the array daily output energy, referred to the 
nominal power (kWh / KWp / day) [7] 
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5.5 Collection loss (𝐿𝑐) 
 
It is the difference between the ideal array yield at STC, 
and the effective yield as measured at the output of the 
array  
  
 𝐿𝑐 = 𝑌𝑅 − 𝑌𝑎                                                                (9) 
 
where: 
 
𝑌𝑅= the ideal array yield at STC 
 
𝑌𝑎 = the effective yield as measured at the output of the 
array 
 
It includes the array losses ,array losses can be  defined as 
all events which penalise the available array output energy 
by respect to the PV module nominal power as stated by 
the manufacturer for STC  [7].These losses include 
shading, reflexion, irradiance loss, thermal behaviour, 
module mismatch, soiling and DC ohmic wiring losses.  
 
5.6 System loss (Ls) 
 
These are losses due to the difference between the final 
yield (𝑌𝐹) and array yield ( 𝑌𝑎).These include inverter 
losses, AC ohmic losses, etc... 
 
𝐿𝑠 = 𝑌𝐹−𝑌𝑎                                                                   (10) 
 
 

6. PV SIMULATION SOFTWARE 
 
The prediction of energy yield of a PV system varies from 
one modelling software to another, as well as, from one 
modeller to another [34]. With the simulation, the 
estimated power generation and cost analysis of solar 
power plant can be carried out for a particular geographical 
location. Some of the commonly used PV software 
packages are discussed below. These tools support 
resource side calculations and they can be used for solar 
energy and PV production level estimations. Free 
availability is the main advantage of some of these tools 
[37]. 
 
6.1 PVsyst 
 
PVsyst is a modelling software developed by a research 
group at the University of Geneva [7]. It uses irradiance 
and climate data from the Meteonorm database. It 
calculates irradiance on a tilted plane and determines 
average ambient temperature. PVsyst uses the one-diode-
model with current-voltage (I-V) parameters adjusted 
according to manufacturer and measured data to simulate 
the electrical behaviour of the modules. PVSyst software 
provides the approach for comparing simulation results 
with actual results in wide range of time period of power 
generation. The user provides inputs on geographical 
location of the system, tilt and orientation of the system, 
system components, electrical configuration of the system 

and de-rate factors. PVsyst has a 3D-scene capabilities, 
allowing the user to build an accurate 3D model of the PV 
system and its surroundings, which is then used for 
detailed calculation of the shade-induced losses [36]. 
Some of the disadvantages of Pvsyst is that it is expensive 
and the 3D construction scene cannot be uploaded from 
other CAD software. 
 
6.2 Hybrid Optimization Model for Electric Renewables     
(Homer) 
 
Homer helps in reducing the challenges of designing of 
hybrid micro power systems, their designing can be 
composite and intriguing because of numerous dubieties 
and the variability of renewable power sources [5]. Homer 
contains a very powerful computation engine as well as a 
logical and intuitive interface and because of this it can 
simulate thousands of system with a variety of sources and 
each having a different meaning and optimize for life cycle 
costs. Unlike Pvsyst Homer provides a single derating 
factor (loss parameters) whist Pvsyst provides extensive 
options for calculating derating (i.e. inverter profile and 
efficiency curve, field thermal loss, standard NOCT factor, 
Ohmic losses, module quality, mismatch, soiling [annual 
or monthly], and IAM losses) [5]. Homer does not have a 
3D construction scenario which makes it not desirable for 
urban area design or areas were shading occurs a lot. 
Homer is a generic software packages mainly developed 
for hybrid system optimization and cost analysis. 
 
6.3 Other simulation software 
 

Other software’s including Pvsyst , Solar Design Tool, PV 
F-chart, Solar Pro, PV Design Pro, PV*SOL basic, and 
PV*Sol Expert are PV system design tools that are 
specifically designed for an urban/rural applications. Due 
to their three dimensional CAD environment, they are 
capable of considering the effects of the surrounding 
obstacles in their calculations [37]. 
 

7. CONCLUSIONS 
 
Accurate knowledge of the amount of energy production 
has fundamental importance for planning, designing and 
operating of the solar energy systems. The installation of 
PV systems is associated with high initial capital cost and, 
typically, an investor would seek a maximum return on 
investment at minimum risk. To increase the confidence 
level in the performance of PV systems it becomes 
imperative that an accurate prediction of the energy yield 
of systems, operating in the specific locations conditions, 
be achieved. One of the most reliable criteria for the 
assessment of the performance of a PV system is its annual 
energy production. The accurate estimation of the energy 
yield can be achieved by PV simulation software. The 
success in modelling the yield accurately depends on the 
skills, knowledge and understanding of the modeller as 
well as on the uncertainties of the modelling technique. 
Forecasted performance index parameters are usually 
compared with actual measured values of an existing PV 
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plant to see how accurate the PV simulation software has 
estimated the values. Further research for improving the 
accuracy of the forecasted energy is done by measuring 
actual losses and inputting the loss values into the software 
to get better accurate estimations of yields as certain input 
software losses will differ from location. 
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Abstract: The integration of renewable energy generators in distribution grids has increased the 
complexity of the voltage control problem. Reactive power control (RPC) algorithms based on 
sensitivity analysis have been proposed in the literature for the management of the voltage problem. 
Sensitivity methods are computationally complex for practical real-time analysis and this has led to 
use of de-coupled and other simplified load flow models. However, algorithms based on decoupled 
models have been shown to be inefficient for analysis of distribution systems with low X/R ratio. This 
paper uses a simplified line modelling approach recently proposed in the literature to facilitate the 
development of computationally simple distributed, non-decoupled, load flow equations that 
completely capture the characteristics of the radial distribution feeder, removing the need to use the 
decoupled models. Results show that the simple algorithm based on this new line modelling approach 
gives better voltage control performance compared to the decoupled models.  
 
Key words: Distribution line model, distributed control, voltage control, multi-agent systems, 
renewable distributed generation. 
 
 
 

1. INTRODUCTION 
 

The energy policies that are being promulgated by 
governments world-wide to promote the exploitation and 
use of renewable energy resources [1], and the parallel 
de-regulation of the energy sector that now permits open 
and non-discriminatory access for small and medium 
independent power producers (IPPs) to the national grids 
[2], has seen an increasing number of distributed 
generation (DG) units based on renewable energy being 
integrated into the power grids. This increasing 
integration of DGs has raised a number of technical 
concerns including voltage regulation, raising the risk of 
violation of acceptable voltage limits [3-6]. 
 
The voltage control problem has generated interest in 
reactive power control (RPC) as a current research topic 
on DG-integrated distribution systems [7-10] and many 
algorithms based on sensitivity analysis have been 
proposed in the literature. Sensitivity analysis transforms 
the complex and nonlinear relationship between network 
power and voltages to a linearised model that can be used 
to compute the expected small changes in voltage 
magnitude and angle (V and G) for small changes in 
active and reactive power (P and Q), about a certain 
operating point. The sensitivity method thus provides a 
straightforward determination of the P and Q injections 
required to correct a given voltage deviation [12]. The 
method also provides direct information on the control 
node with the most significant impact on the voltage and 
the corresponding P and/or Q to be injected. The 
sensitivity method is also particularly suitable for 
distributed control algorithms as the localised 

computational load is lower than for the centralised case 
[12].  
 
The classical Jacobian matrix, derived from the Newton-
Raphson load flow algorithm, has been widely used as 
source of the sensitivity data. However, the sensitivity 
method based on the Jacobian matrix is computationally 
complex for practical real-time power flow analysis [13]. 
The complexity of this process has led to the use of 
decoupled load flow model that assumes weak coupling 
between P-V and Q-G, simplifying the Jacobian matrix as 
only investigations of the P-G and Q-V sensitivities are 
necessary. 
 
The weak coupling between P-V and Q-G has been shown 
in [14] to apply to the transmission system that has a high 
X/R ratio, for which injection of reactive power affects 
mostly the voltage magnitude and injection of active 
power affects mostly the phase angle [7]. This 
simplification, however, may not apply for the 
distribution system which has a low X/R ratio, and for 
which injection of active power also has a significant 
impact on voltage magnitude [7]. The non-decoupled 
model, therefore, needs to be used for developing the 
sensitivity matrix [7, 14].  
 
Nonetheless, various works such as [15-17] have been 
presented in the literature that developed classical 
sensitivity based voltage control algorithms for the 
distribution system that take advantage of the 
computationally simpler decoupled model characteristics. 
Authors in [16] developed a subgradient based voltage 
control algorithm that makes further simplifying 
assumptions of same-bus sensitivity; that is, changes in P 
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and Q at a node result in changes in G and V, 
respectively, at that node only. However, ignoring the 
interactions between the multiple nodes may lead to 
convergence issues. Same-bus sensitivity analysis is also 
used in [18] as an integral part of a control strategy to 
minimise voltage fluctuations. Researchers [13, 19] 
developed non-classical, low complexity, sensitivity-
based algorithms that consider the impact of changes to P 
and Q on voltage magnitude V only; the changes in phase 
shifts are neglected. The justification being that the 
problem is control of the voltage magnitude and not the 
phase shift [7]. However, the impact of G�on the 
interdependency of P-V and Q-G�are lost. Work presented 
in [20] develops a centralised voltage control method 
based on optimal generation dispatch and employing the 
classical Jacobian but with only the P-V and Q-V 
sensitivities considered for estimation of the voltage 
magnitude. 
 
Simplified control algorithms can be derived by 
considering the structure of the distribution system itself. 
The radial distribution system is structurally different 
from a transmission system and may be modelled in a 
simplified way. This leads to load flow equations 
specifically for the radial distribution system that are 
much more efficient than general purpose methods. The 
load flow formulation developed in [21] captures the 
topological structure of the distribution system in 
matrices that describe the relationships between bus 
current injections at the system buses, branch currents 
and system voltages. The work presented in [7] develops 
a sensitivity-based voltage control method based on the 
load flow formulation in [21]. However, this method is 
suitable for centralised approach as it requires knowledge 
of the topology of the entire network.  
 
The work presented in this paper builds on the previous 
work of the authors presented in [22]. This previous work 
takes the advantage of the simple structure of the radial 
distribution system to develop a line model suitable for 
implementation of distributed control algorithms. The 
model splits the distribution feeder into a series of 
overlapping segments, each segment composed of only 
three nodes. This simplified model translates into 
computationally simple distributed, non-decoupled, load 
flow equations that correctly capture the characteristics of 
the radial distribution feeder and are suited to real-time 
distributed control.  
 
The paper is organised as follows: Section 2 gives the 
simplified load flow equations and describes various 
voltage control algorithms based on varying simplifying 
assumptions to the load flow problem. Section 3 briefly 
describes the var dispatch approach for the voltage 
control problem. The performance of the various 
algorithms are demonstrated and compared through 
simulations in Section 4. The conclusions are presented in 
Section 5. 
 

2. DISTRIBUTED VOLTAGE CONTROL 

 
Distributed voltage control algorithms based on four 
variations of equations (1-2) are developed. These 
variations are based on the various assumptions made 
when simplifications to the general load flow equations 
are made. The performances of the four algorithms are 
compared to assess the validity of such simplifications 
when applied to the distribution system. 
 
2.1 Simplified load flow equations 
 
To obtain the power flow at a node k in a radial 
distribution line, it is sufficient to consider only the 
voltages at the two adjacent nodes [22]. This realisation 
greatly simplifies the analysis of the voltage problem as 
only three nodes are relevant for the calculation of power 
flow at any node of the radial system. As presented in 
[22], the radial distribution line can therefore be assumed 
to be made up of overlapping sections, with each section 
consisting of three nodes. The overlapping structure 
facilitates distributed control using the multi-agent 
concept [23, 24] through information exchange between 
agents located in the line segments. 
 
The change in active and reactive power at node k, for the 
3-node segment, may be expressed as [22]: 
 
∆𝑃𝑘 = ∑ 𝜕𝑃𝑘

𝜕𝛿𝑗
∆𝛿𝑗 + ∑ 𝜕𝑃𝑘

𝜕𝑉𝑗
∆𝑉𝑗𝑗𝑗  , for j = (k-1, k, k+1) (1) 

∆𝑄𝑘 = ∑ 𝜕𝑄𝑘
𝜕𝛿𝑗

∆𝛿𝑗 + 𝜕𝑄𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗  , for j = (k-1, k, k+1) (2) 

Where: 

∆𝑃𝑘 = change in active power at node k 

∆𝑄𝑘 = change in reactive power at node k 

∆𝛿𝑗 = change in phase angle at each node of the 3-node 
segment 
∆𝑉𝑗 = change in voltage magnitude at each node of the 3-
node segment 
 
Equations (1) and (2) are the non-decoupled equations 
describing the relationships between P, Q, V and G for the 
3-node line segment. Various simplifying assumptions as 
introduced in Section 1 are made on equations (1-2) to 
give four different voltage control algorithms described in 
Cases  1-4 in the following: 
 
2.2 Case 1: Using the non-decoupled model 
 
From the non-decoupled equations (1) and (2), it can be 
shown that [21]: 
 

∆𝑉𝑘 = [(𝜕𝑃𝑘
𝜕𝛿𝑘

)
−1

(𝜕𝑃𝑘
𝜕𝑉𝑘

) −

(𝜕𝑄𝑘
𝜕𝛿𝑘

)
−1

(𝜕𝑄𝑘
𝜕𝑉𝑘

)]
−1

([(𝜕𝑃𝑘
𝜕𝛿𝑘

)
−1

[∆𝑃𝑘 − ∑ 𝜕𝑃𝑘
𝜕𝛿𝑗

∆𝛿𝑗 −𝑗
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∑ 𝜕𝑃𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗 ]] − [(𝜕𝑄𝑘
𝜕𝛿𝑘

)
−1

[∆𝑄𝑘 − ∑ 𝜕𝑄𝑘
𝜕𝛿𝑗

∆𝛿𝑗 −𝑗

∑ 𝜕𝑄𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗 ]]) , for j = (k-1, k+1)  (3) 

It can be seen from (3) that ∆𝑉𝑘 is zero if the following 
condition is satisfied: 
 

(𝜕𝑃𝑘
𝜕𝛿𝑘

)
−1

[∆𝑃𝑘 − ∑ 𝜕𝑃𝑘
𝜕𝛿𝑗

∆𝛿𝑗 − ∑ 𝜕𝑃𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗𝑗 ] =

(𝜕𝑄𝑘
𝜕𝛿𝑘

)
−1

[∆𝑄𝑘 −  ∑ 𝜕𝑄𝑘
𝜕𝛿𝑗

∆𝛿𝑗 − ∑ 𝜕𝑄𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗𝑗 ]    (4) 

With the active power held constant, only the reactive 
power can be adjusted to mitigate voltage effects of 
connection of DG. From (4), the reactive power 
compensation required is, 
 

∆𝑄𝑘 = − (𝜕𝑄𝑘
𝜕𝛿𝑘

)(𝜕𝑃𝑘
𝜕𝛿𝑘

)
−1

[∑ 𝜕𝑃𝑘
𝜕𝛿𝑗

∆𝛿𝑗 + ∑ 𝜕𝑃𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗𝑗 ] +

[ ∑ 𝜕𝑄𝑘
𝜕𝛿𝑗

∆𝛿𝑗 + ∑ 𝜕𝑄𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗𝑗 ] , for j = (k-1, k+1)  (5) 

 
The formulae for calculating the sensitivity coefficients 
can be found in [22].  
 
2.3 Case 2: Using the decoupled model 
 
Decoupling implies weak P-V and Q-G sensitivities. In 
this case (1) and (2) are modified to: 
 
∆𝑃𝑘 = ∑ 𝜕𝑃𝑘

𝜕𝛿𝑗
∆𝛿𝑗𝑗  , for j = (k-1, k, k+1)   (6) 

∆𝑄𝑘 = ∑ 𝜕𝑄𝑘
𝜕𝑉𝑗

∆𝑉𝑗𝑗  , for j = (k-1, k, k+1)   (7) 

That is, injection of active power affects mostly the phase 
angle and injection of reactive power affects mostly the 
voltage magnitude.  
 
From (7), 
 
∆𝑉𝑘 = (𝜕𝑄𝑘

𝜕𝑉𝑘
)

−1
(∆𝑄𝑘 − ∑ 𝜕𝑄𝑘

𝜕𝑉𝑗
∆𝑉𝑗𝑗 ), for j=(k-1, k+1)  (8) 

It can be seen from (8) that ∆𝑉𝑘 is zero if the following 
condition is satisfied: 
 
∆𝑄𝑘 = ∑ 𝜕𝑄𝑘

𝜕𝑉𝑗
∆𝑉𝑗𝑗  , for j = (k-1, k+1)   (9) 

Equation (9) gives the reactive power compensation 
required to eliminate ∆𝑉𝑘 for the decoupled case.  
 
2.4 Case 3: Assuming same-bus sensitivity 
 
A further simplifying assumption to decoupling, same-
bus sensitivity, is that changes in P and Q at a node result 
in changes in G and V, respectively, at that node only. In 
this case (1) and (2) are reduced to: 

 
∆𝑃𝑘 = 𝜕𝑃𝑘

𝜕𝛿𝑘
∆𝛿𝑘                   (10) 

∆𝑄𝑘 = 𝜕𝑄𝑘
𝜕𝑉𝑘

∆𝑉𝑘                   (11) 

Equation (11) directly gives the reactive power 
compensation required to eliminate ∆𝑉𝑘 for this case. 
 
2.5 Case 4: Considering only the V-P-Q relationship 
Other simplifying assumptions consider the impact of 
changes to P and Q on voltage magnitude V only; the 
changes in phase shifts are not considered. That is, 
 
|∆𝑉| = 𝜕𝑉

𝜕𝑃 ∆𝑃 + 𝜕𝑉
𝜕𝑄 ∆𝑄                 (12) 

Hence, for the 3-node line segment and with power 
injection at node k only, (12) can be re-written as: 
 
|∆𝑉|𝑘 = 𝜕𝑉𝑘

𝜕𝑃𝑘
∆𝑃𝑘 + 𝜕𝑉𝑘

𝜕𝑄𝑘
∆𝑄𝑘               (13) 

The impact of G�on V is lost. 
 
From (13), and with the active power held constant, the 
total reactive power compensation required to eliminate 
∆𝑉𝑘 for this case is given by,  
 
∆𝑄𝑘 = ∑ (𝜕𝑉𝑘

𝜕𝑄𝑘
)

−1
∆𝑉𝑘               (14) 

 
3. REACTIVE POWER DISPATCH 

 
The reactive power compensations for the four cases are 
given by equations (5), (9), (11) and (14), respectively. 
The calculations of the reactive compensations are 
performed by the agents distributed in each of the line 
segments, using the voltage magnitudes and angles 
received from the two neighbouring agents. 
Compensation at one node will affect the voltages at all 
the other nodes. Therefore, except for Case 3, the 
calculated compensations are not mutually exclusive, i.e. 
they cannot be applied simultaneously. Hence only one of 
these should be applied at a time. The dispatch of the 
calculated MVAr compensation is facilitated by 
identifying the DG with the maximum impact on the 
voltage profile [13, 22] to ensure that minimum vars are 
deployed to eliminate the voltage errors.  The reactive 
power compensation is adjusted, iteratively, until the 
voltage deviation from base case is eliminated.  
 
For case 3, it is assumed that compensation at a node 
result in voltage change at that node only. Hence, the 
reactive compensations at all controllable nodes can be 
applied simultaneously.  
 

4. SIMULATION RESULTS AND DISCUSSION 
 
In the distributed algorithms described in this paper, each 
agent needs to process only a small amount of data for 
each iteration of control update. The authors in [16]  

SAUPEC 2017 750



       
 

Figure 1: The 18-node network considered in the simulation 
 
identified an update cycle of 2 seconds as reasonable and 
more than sufficient to complete the calculations for the 
particular distributed control algorithm described in their 
work. This cycle time of 2 seconds is adopted and applied 
for the simulations in this paper. 
 
The performance of the various algorithms are 
demonstrated and compared through DigSilent 
Powerfactory software simulations on a 22kV, 18-node 
radial distribution network shown in Fig. 1. The system 
data is given in the Appendix.   
 
Two sets of tests are performed on this network, one with 
a low X/R ratio of 0.55 and the other with a high X/R 
ratio of 5. The ratios are suggested according to typical 
line parameters given in [25]. Three DGs are randomly 
distributed at nodes 6, 9 and 17. 
 
The first test gives a base voltage profile shown in Fig. 2. 
The voltage varies from 1.02 p.u. at the feeder substation 
to 0.98 p.u. at the last node, 18. Fig. 2 also shows the 
voltage profile after a 2.3 MW DG is connected at node 
17 through a step-up transformer. The voltage profile 
increases substantially reaching 1.07 p.u. at node 17, 
beyond the acceptable upper limit of 1.05 p.u. As a result, 
voltage control must be deployed to resolve the 
overvoltage problem. 
 

 
Figure 2: Comparison of voltage profile for base case and 
with DG connected. 
 
Voltage control algorithms based on the three system 
models are tested and their performances are compared: 
Case 1 – voltage control with the non-decoupled model; 
Case 2 - voltage control with the decoupled model; Case 
3 - voltage control with the same-bus sensitivity model. 
With only one controllable node (DG activated at node 17 
only), Case 4 is equivalent to Case 3 when active power 
curtailment is not applied. Reactive power compensation 
is activated at node 17 for each case.  
 
Fig. 3 shows the voltage response at node 17 to the three 
algorithms (Cases 1-3) with a test network of low X/R 

ratio of 0.55. It can be seen that the voltage converges 
faster when the non-decoupled model is used. Use of the 
decoupled and same-bus sensitivity models show a 
sluggish voltage response with the voltage converging to 
the base profile value after 25 seconds, compared to the 
convergence time of about 10 seconds for the non-
decoupled case.  
 
The voltage response at all the nodes are described in Fig. 
4 (a-c), giving further illustration of the differences 
between the performances of the non-decoupled model 
and the other two cases.  
 

 
Figure 3: Comparison of voltage response under the non-

decoupled and decoupled system model descriptions 
 

 
(a) Comparison of voltage profiles after 4 seconds 

 

 
(b) Comparison of voltage profiles after 10 seconds 
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(c) Comparison of voltage profiles after 20 seconds 

 
Figure 4(a-c): Comparison of the evolution of the voltage 

profiles at different time instants. 
 
As can be seen in Figures 4 (a-b), the voltage profile 
approaches the base case profile faster, in about 10 
seconds, when the non-decoupled model is used. The 
voltage profile with the decoupled model only approaches 
the base case after 20 seconds. This further emphasizes 
the sluggish response when the decoupled model is 
applied to the distribution system with low X/R ratio. 
 
In order to verify that the slower response of the 
decoupled and same-bus models is due to the low X/R 
ratio, the voltage control algorithms are again tested on 
the system with X/R ratio increased to 5. The voltage 
response at node 17 is shown in Fig. 5. It can be seen that 
the performance of the decoupled model (Case 2) is now 
similar to that of the non-decoupled model (Case 1). (The 
plot for Case 1 is directly aligned with that for Case 3 – 
same bus sensitivity model - in Fig. 5). This proves that, 
in this instance, no advantage is obtained by using the 
computationally complex non-decoupled model. The 
decoupled model is thus used for systems with high X/R 
ratio with no loss of performance or accuracy. But it has 
been shown that the decoupled model is not efficient for 
the low X/R ratio system. The line model introduced in 
[22] simplifies the implementation of the non-decoupled 
model that is seen to give better performance for 
distribution systems of low X/R ratio. 

 

 
Figure 5: Comparison of voltage response under the non-
decoupled and decoupled system model descriptions for 

high X/R ratio. 
 

5. CONCLUSION 
 

The use of decoupled and other simplified load flow 
models have been shown to be unsuitable for the 
distribution system with low X/R ratio. Use of the simple 
distributed line model facilitates the development of 
computationally simple distributed, non-decoupled, load 
flow equations that completely capture the characteristics 
of the radial distribution feeder. A voltage control 
algorithm based on this model gives better voltage 
control performance compared to use of the decoupled 
models. 
 

6. APPENDIX 
 

Table 1: The line and load data for the 18-node network. 

Id Node A Node B R 
(Ohms) 

X 
(Ohms) 

Load (Node B) 
kW kVAr 

1 1 2 1.25 0.6875 100 60 
2 2 3 1.25 0.6875 90 40 
3 3 4 1.25 0.6875 120 80 
4 4 5 1.25 0.6875 60 30 
5 5 6 1.25 0.6875 200 100 
6 6 7 1.25 0.6875 200 100 
7 7 8 1.25 0.6875 60 20 
8 8 9 1.25 0.6875 60 20 
9 9 10 1.25 0.6875 45 30 
10 10 11 1.25 0.6875 60 35 
11 11 12 1.25 0.6875 60 35 
12 12 13 1.25 0.6875 120 80 
13 13 14 1.25 0.6875 60 20 
14 14 15 1.25 0.6875 120 80 
15 15 16 1.25 0.6875 60 30 
16 16 17 1.25 0.6875 60 20 
17 17 18 1.25 0.6875 90 40 

 
Table 2: Model parameters of the 2.3 MW asynchronous 

generator. 

Parameter Value Unit 
Rated voltage 690 V 

Magnetising inductance, Lm 2.5 x 10-3 H 
Rotor leakage inductance, Lrr 87 x 10-6 H 
Stator leakage inductance, Lss 87 x 10-6 H 

Rotor resistance, Rr 0.026 :�
Stator resistance, Rs 0.029 :�
Inertia constant, H 1.5 s 
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Abstract: This paper provides an overview and discussion of the ways in which the grid’s Thévenin 
equivalent impedance (TEI) may be obtained in theory and practice. This parameter is valuable for a 
number of applications such as voltage stability monitoring and anti-islanding detection for distributed 
generation (DG). The theory behind the two most relevant approaches to T.E. impedance estimation 
(invasive and non-invasive) is presented, the main challenges to practical implementation are discussed, 
and a review of some of the prominent results available in the literature is given.  Several limitations 
and areas requiring further study are also presented.  
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1. INTRODUCTION 
 

The integration of DG into the power system (PS) poses a 
major engineering challenge. Worldwide, environmental 
concerns and falling PV solar costs are driving demand for 
grid-connected DG systems. With increasing power 
demand in many sectors (such as electric vehicles) more 
pressure is being applied on government and PS operators 
to quickly facilitate integration of these systems.  
 
Despite strong public support for DG, its integration must 
be thoroughly planned to avoid serious risks. Insufficient 
investment into the transmission system over many years 
leaves aging infrastructure operating much closer to its 
limits than designed [1, 2]. If care is not taken, many 
common concerns such as low power quality and 
overloading of equipment are expected to become more 
prevalent. The issue of islanding detection arises, and 
protection systems are likely to become less effective. 
Moving away from a system of centralised, unidirectional 
power flow, the need for effective monitoring and control 
at the distribution level also increases[3]. Addressing such 
issues would be an important step toward DG proliferation. 
One potential source of solutions is use of the TEI of the 
grid. This finds application in a number of important areas 
such as voltage stability monitoring and islanding 
detection. Most importantly, this impedance can be 
obtained through a relatively straightforward software 
modification to existing hardware, such as phasor 
measurement units (PMUs) or photovoltaic (PV) inverters. 
There are two main approaches to TEI estimation of the 
grid, discussed later. Each approach has certain advantages 
over the other in certain applications.  
 

2. APPLICATIONS 
 
Along with a great potential for local implementation of 
general monitoring, assessment and control techniques  

[4], the TEI of the grid is also useful in a number of specific 
applications. 
 
2.1 Voltage stability monitoring 
 
Voltage stability monitoring is one of the largest 
application areas for grid impedance estimation [4]. The 
point of voltage instability is linked to the point of 
maximal power transfer to the load [5]. Maximal power 
transfer occurs when the grid TEI is equal to load 
impedance (proven true for constant power loads [6, 7]). 
Hence grid impedance divided by load impedance can be 
used as an indicator of voltage stability [8]. 
 
2.2 Islanding detection 
 
There are a number of requirements concerning the 
detection of a grid impedance increase in a certain 
minimum time such as EN503 301-1, a European standard 
which states that inverters must be able to detect a 0.5 Ω 
change in grid impedance and cease operation within 5 
seconds [9, 10]. This kind of requirement makes it clear 
that real-time, accurate determination of the impedance of 
the grid is of utmost importance in the context of inverters 
used in DG applications. 
 
2.3 Improving current controller performance [6, 11] 
 
The performance of power converters used in DG such as 
PV inverters or power quality compensators such as 
STATCOMs is based heavily on effective current control. 
The current controller’s ability to provide the required 
current is a challenging control problem, especially due to 
the commonly employed LCL filter placed at the interface 
between the inverter and the grid. Essentially the grid 
impedance needs to be known for effective current control 
– especially in the case of a ‘weak network’ with a high 
grid impedance. If a real-time impedance estimation 
method is used to inform the current controller, online 
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optimisation such as adjustment of gains or rearrangement 
of poles and zeroes can be done [3]. Thereby, even 
changing grid conditions can be adapted to.  
  
2.4 Active filter control[12, 13] 
 
Filters are often used to counteract harmonics and their 
harmful effects on the power system, such as voltage 
distortion and increased losses. They can be passive or 
active. Passive filters are designed to work under specific 
grid conditions and can cause problems outside of these 
conditions, e.g. high voltage distortion, resonance of 
certain harmonics[7]. Active filters adapt to changes in 
system conditions and are thus more versatile. In both 
cases, similarly to the current controller application, the 
TEI is of use - either to inform passive filter design or to 
inform the adaptive tuning of active filters.  
 

3. NON-INVASIVE APPROACH 
 
This approach is arguably the most well-known and widely 
researched [14]. This is mainly due to the fact that its 
implementation is straightforward. It is done without 
affecting the grid itself – there is no injection of current or 
other perturbation required. It is based solely on 
measurement. This means that it can be implemented using 
existing measurement hardware such as PMUs[4, 5, 14-
17]. Due to this fact, there is potential for widespread real-
time grid TEI measurement, including online monitoring, 
using these devices. 
 
3.1 Theory 
 
Consider a load connected to the grid (system), under 
measurement. The circuit is separated into two halves to 
each side of the measurement point (system side and load 
side), as shown in Fig. 1. The measurement point is that 
from which values of the voltage and current phasors are 
obtained using a PMU or similar device. 

 
Figure 1: Simplified circuit under consideration, 

common in literature (taken from [15]) 
 

Each side of the circuit is represented by a single load and 
voltage source combination. That is to say: the left side is 
the grid T.E. circuit, and the right side is the load T.E. 
circuit. If the load-side impedance is changed (e.g. a heater 
is switched on) it is possible to calculate the grid TEI (Zs) 
based on the change in voltage and current seen at the 
measurement point before and after the load impedance 
change: 

 
At t=1, the voltage, current and load impedance are V1, I1 
and Zl1: 

� �1)( 11 LSLS ZZIEE � �  

 
Similarly at t=2: 
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The above expression is only true if and only if between t1 
and t2: 

1. The grid’s Thevenin equivalent parameters 
(Es, Zs) remain unchanged  

2. The grid side and load side voltages (Es, El) 
have not changed 

Thus, through application of equation 1 to measurements 
taken from a PMU, the T.E. impedance of the power 
system can be determined. 
 
3.2 Challenges in practical implementation 
 
In order for the non-invasive approach to be effectively 
implemented, a number of obstacles must be considered 
and overcome. 
 
Grid’s impedance is not constant: In reality, the grid’s 
impedance varies due to load variation. However, the 
general consensus in literature is that grid changes are 
much slower than the rate of sampling of a PMU, and are 
hence often considered negligible [4, 15]. The validity of 
this assumption has not been tested. 
 
The load side must change: It is a critical requirement of 
the theory that the load side of the PMU must undergo a 
significant change whilst the system side remains steady. 
If not, there is no change in the phasor measurements. The 
minimum change in impedance required for accurate 
results has not been investigated in literature. To be as 
specific as possible, the load change must cause a change 
in voltage and current that is large compared to the 
uncertainty in voltage and current measurement of the 
PMU.  
 
Grid’s frequency is not constant: The continual, small 
fluctuation in frequency typical of all large power systems 
introduces a problem. Phase angle drift occurs as the 
PMU’s sampling frequency is not exactly matched to the 
supply frequency, causing error [4, 5]. Several approaches 
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are available for correcting this drift with good 
performance. 
 
Noise and error in measurements: 
The presence of noise and measurement error in phasors 
obtained by a PMU is problematic as it can compromise 
the estimation of the impedance. It is an especially large 
concern due to the fact that, if the load does not change 
significantly, the task effectively becomes accurate 
measurement of a very small change in voltage and 
current[16]. According to [17], this is the most difficult 
obstacle to overcome in implementing this approach. 
 

4. INVASIVE APPROACH 
 
The invasive approach involves injection of current into 
the PS. An uncommon voltage or current harmonic is used, 
usually delivered by a power converter. Uncommon refers 
to the fact that there is no existing component at that 
frequency. The product of this injection is a voltage or 
current response in the grid at that same harmonic 
frequency. This response is measured [6]. Since the 
injection into the grid requires power and may disturb the 
grid, it is done periodically. The details of the process, such 
as which harmonics to inject, how often to inject them and 
how to measure the response are not agreed upon by the 
literature – many different variations are available 
(discussed later). The approach is well-suited to DG 
applications due to the fact that it can be implemented by 
modification of inverter software. Other significant 
advantages to this approach are that the parameters are 
obtained ad-hoc, and the precision of the result is 
controlled.  
 
4.1 Sub-methods: Steady-state and transient[9] 
There are two distinct sub-methods in the invasive 
approach. The steady-state method involves injection of a 
periodic waveform, typically containing one or two 
frequencies. This gives impedance information at only 
those distinct frequencies. The transient method involves 
injection of a wideband signal, usually a short spike of 
current. Thus, if the response is measured, the impedance 
of the grid can be found over a range of frequencies 
simultaneously. However, the spreading of signal power 
over a range of frequencies means that the SNR is lower 
and the measurements more susceptible to noise [7].  
 
4.2 Theory 
The theory is almost identical for the two sub-methods, and 
also similar to that for the non-invasive approach.  Again, 
two sets of measurements of voltage and current are 
required, at the chosen injection frequency. These are: just 
before harmonic injection and during harmonic injection.  
In the same way as before, if V1, I1 and V2, I2 are the phasor 
measurements before and after injection respectively, 
equation 5 gives the grid impedance. In this case, the point 
of common coupling is the measurement point, and current 
is injected here towards Es. 
 

If we have the case where there is no existing component 
at the frequency we intend to inject current, we have V1=0 
and I1=0. Thus, only one set of measurements is needed – 
that during injection. The equation becomes:  
 

I
VZS         (6) 

 
If a method is applied consisting of multiple harmonic 
injections, there is the added advantage that the phase 
angle information is then not required in the calculation. 
The above equation can be used with voltage and current 
magnitudes only to extract the T.E. impedance magnitude 
for two different harmonics, then obtain reactance through 
linearization. However, this assumes that the grid’s 
impedance-frequency curve is linear. This is not expected 
to be the case.  
 
In the case of a steady-state method, measurement of the 
voltage response at a specific harmonic can be done in a 
few ways, including by a differential method, filtering, or 
by discrete Fourier transform (DFT). In the case of a 
transient method, we have a wideband input and a 
wideband response, hence DFT analysis is the only option. 
 
4.3 Challenges in practical implementation 
 
Grid’s impedance is not constant: As with the non-
invasive approach, we must take the dynamic nature of the 
grid into account. The duration of harmonic injection must 
be short compared to the rate of change of the grid’s 
impedance in order for the measurement to be consistent.   
 
Limitations of available technology [9]: The most 
attractive way to implement this approach is through 
existing hardware such as solar PV inverters or similar 
devices. This enforces several limitations on the method as 
a result of the hardware used and its non-dedicated nature. 
Implementing real-time computation that is fast and 
reliable is constrained by limited A/D conversion 
accuracy, fixed-point numerical calculation and low 
computational complexity [9]. DTF’s are especially 
computationally demanding. 
 
Distortion of grid: The added distortion in the grid due to 
injected harmonic current is a drawback to the approach 
and care must be taken to ensure that it is not excessive and 
does not violate quality of supply (QoS) requirements. 
There is a compromise to be made between how large and 
frequent the current injections are and how precise and 
accurate the impedance obtained is. 
 
Interference between devices: A challenge to widespread 
implementation of invasive T.E. impedance estimation 
hardware is the problem of interference. Quite simply, if 
two or more devices both inject a signal at the same time 
their signals will interfere with each other, causing an 
incorrect impedance estimate.  
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5. PAST RESULTS 
 

Many works are centered around developing variations on 
the estimation method. Small improvements of the basic 
algorithm to become more versatile or effective in certain 
situations is a common subject [4, 5, 15, 16]. 
 
5.1 Non-invasive approach 
 
The estimation of grid parameters using PMU 
measurements has been the subject of many investigations, 
most of which are quite recent (<5 years). Almost all of 
them focus on implementation at the distribution level. 
 
Almost all of the proposed algorithms are designed with 
the intention of real-time estimation, and are thus made 
computationally efficient enough for PMU based 
implementation. However, testing is usually done with 
readily-available, existing, PMU measurements. 
 
In order to minimize the effects of errors on the estimation, 
it is common for several phasor measurements are taken 
and a recursive least squares (RLS) or similar algorithm 
applied to them [14, 18]. This is also done to correct for 
the phenomenon of phase drift. The main drawbacks of 
this approach are that it assumes that the grid is stationary 
over a longer period and it adds to computational burden.  

Figure 2: Impedance obtained in [15] from Northern 
Ireland PS during bad weather 

 
In [15], an analysis is done supported by simulation results 
that gives a better understanding of the effect of grid-side 
changes on estimation error. However, little to no literature 
is found that investigates the behaviour of the grid’s 
impedance in general. How much and how quickly the 
impedance can be expected to change are still unanswered 
questions. It is expected by the authors that simulations can 
be used to draw useful conclusions in this regard. 
 
In [4], an analytical approach determines the exact effect 
of voltage and current uncertainties on the final value of 
impedance obtained. No literature was found quantifying 
the effects of noise and measurement error present in 
PMUs.  
 
Implementation of the method on PMU measurements 
taken on the live grid has been done in several contexts. In 
[15], testing on real PMU measurements collected from the 
Northern Ireland PS under bad weather conditions was 
done. It was found that the T.E. parameters varied in 
distinct manners at the periods when automatic generation 
control actions, circuit breaker closure attempts and 

tripping of lines occurred. Furthermore, the TEI 
impedance values obtained were in agreement with short 
circuit current level data from a nearby substation, and 
were in the range of 4 Ω (see Fig. 2). This is one of the few 
results available that is in some way verified.  
 
In [5], we have results obtained using real data from an 
Iranian 400 kV power station. This is one of the few results 
available involving implementation on the HV level, and 
the obtained impedance matches that obtained through 
load-flow calculations in DigSILENT by the grid 
management company.  
 
In [17], T.E. impedance estimation is intended for 
validation, update and improvement of network 
parameters such as line impedances in the China Southern 
Power Grid Company. Practical implementation at the 
level of a 525 kV transmission line is done and the 
obtained impedance found to be within 8 % of the value in 
the company’s database. Fig. 3 shows some of their results. 
The variation in resistance and reactance is found to be 
very small, as expected at such a high voltage level without 
nearby loads. 
 

 
 

Figure 3: a) Resistance and b) Reactance obtained for 
CSG transmission line in [17] over 60 minute period 

 
In [16, 19, 20], the T.E. impedance of the grid is used to 
determine voltage stability, with a large quantity of 
simulation results showing promise. 
 
5.2 Invasive approach 
 
A number of authors have implemented the invasive 
approach and obtained promising test results from 
injection into a live grid.  

 
Figure 4: Steady-state symmetric 3-phase current 

injection (only one phase shown) consisting of 75 Hz and 
125 Hz components, taken from [10]  

 
The nature of the injection current used is usually vastly 
different between any two given papers. In the case of 
steady-state injection, the frequencies and magnitudes of  
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currents injected are quite arbitrarily chosen. One example 
is shown in Fig. 4. The commonly used justification is that 
it is a ‘noncharacteristic’ frequency (the possibilities are 
endless). Thus, values chosen by authors differ by orders 
of magnitude. 
 
For transient injection, there is also great variability in the 
injection method. In [7], a one second duration 0-100 Hz 
chirp (swept sine) signal is used, whereas in [12] a 500 μs, 
0-2 kHz impulse is used. There is arguably more 
commonality here than with steady-state as the frequency 
ranges of interest tend to overlap, but almost all other 
aspects such as the duration of the impulse are not agreed 
upon. In [11], the authors inject a current impulse only at 
the zero-crossings of the 50 Hz waveform in order to 
minimize distortion. Similar injection is done in [6]. As a 
result of the large differences in implementation and 
testing, it is difficult to compare the effectiveness of 
injection methods. 

 

 
 

Figure 5: Different methods of transient injection 
a) 3-phase zero-crossing voltage impulses in [11] 

b) single phase, 500 μs, 0-2 kHz current impulse in [12] 
 
One author investigates voltage distortion caused by 
injection and its effects on THD. Specifically, the effect of 
the repetition ratio on THD is investigated [9], which is a 
commonly overlooked aspect. In [11], a Luenberger 
observer is used to inform the system of when a grid 
impedance change is detected, and only then is estimation 
done. Thereby, current injection is done much less often 
causing lower grid distortion.  
 
The results of estimation implemented using a 45 kW 
active shunt filter, grid connected through an 
autotransformer, are shown in Figure 6. The graph 
compares the described injection method with a steady-
state one, done at a range of different frequencies. The 
agreement in the results is evident.  
 
In [7], simulation and testing on a live grid is done, 
comparing the results obtained from a chirp signal 
injection transient method and a steady-state method 
repeated at different frequencies (using an Agilent 4194A 
precision impedance analyser).  

 
Figure 6: Transient invasive impedance estimation 

results (taken from [12]) 
 

The results of both simulation and testing are in close 
agreement. Figure 7 shows a small part of the test results.  

 
 

Figure 7: Comparison of T.E.I. of live grid obtained 
through chirp signal injection and using Agilent 

impedance analyser ( – : chirp, ○ : analyser) from [7]  
 

As seen above, verification of T.E.I. results is difficult due 
to the fact that there is no way of directly measuring the 
impedance of the grid. Comparison to results obtained by 
other method or simulation are the only options. 
 
A considerable quantity of other past work is available, 
relating to T.E. impedance estimation by these methods, in 
almost all applications discussed so far as well as some 
others that are beyond this paper’s scope.  
 

6. CONCLUSION 
 
The major applications of T.E.I. estimation have been 
presented along with the essential theory behind the two 
most promising methods. Challenges to practical 
implementation and a discussion of prominent past results 
available in the literature were also presented.  
 
Several limitations and potential areas for future work 
have been highlighted. In the non-invasive method, the 
effects of noise and measurement error have not been 
thoroughly investigated, limiting confidence that can be 
placed in estimation results. It is also difficult to verify 
accuracy of results in general. In the invasive method, 
there is no agreement regarding exactly how injection 
should best be done and thus comparison of existing results 
is almost impossible. There exists potential for much 
research into what frequency, signal type and level is most 
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effective for accurate estimation. Furthermore, there is a 
lack of information available regarding exactly how the 
TEI of the grid is expected to vary over time, and its effects 
on estimation for both methods.   
 
The authors of this paper are currently involved in practical 
testing of an inverter-based implementation of an invasive 
approach with MLT Inverters in Cape Town. The focus is 
on the issues brought up in the previous paragraph. A non-
invasive approach has also been implemented and used for 
comparison at the University of Cape Town. 
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Abstract: This paper presents modelling and simulation of a simple control strategy for improvement 
of efficiency and effective energy management of a stand-alone supply system which comprises of 
permanent magnet synchronous generator (PMSG) based variable speed wind energy conversion 
system (WECS), battery bank and dump resistive load. To improve the efficiency of the system, the 
WECS is controlled to extract maximum power from wind using a sensorless based perturb and 
observe (P&O) algorithm. The dc-link voltage is regulated to a constant reference value by 
controlling the power flow to/from the battery bank using a bidirectional buck boost converter. The 
dump load is also added to regulate the dc- link voltage by consuming excess power during high wind 
conditions and with insufficient battery storage. As a result, the instant three phase resistive load 
demand can be matched with a constant voltage and frequency. The simulation results have been 
implemented using MATLAB/SIMULINK. 
 
Keywords: variable speed wind energy conversion system, stand-alone, control strategy, dc-link 
voltage, permanent magnet synchronous generator, storage 
 
 

1. INTRODUCTION 
 

There is a rising concern that 1.1 billion people across the 
globe still live without electricity and 87% of those are 
dwelling in the rural and remote areas [1]. These areas are 
usually located geographically distant from civilisation 
which makes grid connection technically or economically 
impractical [2]. A stand-alone supply system is 
increasingly becoming the only solution to remote 
electrification. Such system should supply the off- grid 
load autonomously with acceptable level of power quality 
and reliability [3]. The current stand-alone systems are 
dominated by the diesel generators since they are reliable 
and have low initial costs. However, diesel generators 
require continuous supply of fuel while its efficiency is 
only maximised when operating at rated load. 
Furthermore, diesel generators require regular 
maintenance [4]. As a result, consumers connected to a 
diesel generator based stand-alone system experience 
higher tariffs as compared to the grid connected 
consumers. There has been growing interest in using the 
locally available renewable sources such as wind and 
solar energy for stand-alone application. These can 
supply a remote area with a clean and environmentally 
friendly energy [2]. However, the reliability of renewable 
energy is limited due to the intermittent nature of 
renewable resources which can interrupt the continuity of 
supply to the off- grid consumers. As a result, the 
renewable energy sources need to be integrated with a 
storage system or a standby generator to improve the 
reliability of the stand-alone system [5].  
Wind energy is becoming prevalent ever since the 
variable speed based wind turbines were introduced [4]. 
Variable speed wind turbines are able to capture more 
power from wind and hence improve efficiency of the 
system [6][7].  Two types of generators are used in 
variable speed wind turbine applications; doubly fed 
induction generator (DFIG) and direct driven permanent 

magnet synchronous generator (PMSG). The former is 
currently the most widely used of the two but suffers 
from faults and regular maintenance as a result of the 
gearbox required to match the turbine speed and the 
generator rotor speed. The latter has no requirement of a 
gearbox and the self-excitation capability ensures high 
power factor and improved efficiency [6][8].    
The PMSG based variable speed wind energy conversion 
system (WECS) integrated with a battery storage can 
supply remote areas with low cost, clean and sustainable 
energy while maintaining a better level of reliability. 
With effective energy management control strategy, the 
battery can interchange between source and sink 
operation state which can balance the fluctuations caused 
by WECS such that the instant load demand is met with a 
constant ac voltage waveform [2][6][8]. 
Hence, this paper proposes a control strategy for a 
variable speed stand-alone WECS integrated with battery 
storage which is applicable in remote areas.  The 
proposed system comprises of PMSG based wind turbine, 
battery storage and a dump load in a dc-coupled 
configuration. The control strategy has the objective to: 
(1) ensure the optimum power is extracted from the 
WECS, (2) maintain the dc-link voltage by regulating the 
power to/from the battery and dump load (3) maintain 
constant voltage with a fixed frequency at the ac bus.  
The proposed dc-link voltage based control strategy 
provides a simple and effective energy management 
between different components of the stand-alone supply 
system. The proposed control strategy is simulated in 
MATLAB/SIMULINK environment to evaluate its 
effectiveness under varying wind and load conditions. 
 

2. PROPOSED STAND-ALONE POWER SYSTEM 
SCHEME 

 
Figure 1 shows the schematic diagram of the proposed 
stand-alone system. The system comprises of the variable 
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speed wind turbine directly driving the PMSG to generate 
variable ac power which is rectified into dc power using a 
full bridge rectifier. The dc power is then processed 
through a dc-dc boost converter before coupling the 
WECS to the dc-link. Similarly, the dc-dc bidirectional 
buck- boost converter and the chopper circuit interfaces 
the battery bank and the dump load with the dc link 
respectively. A split dc-link topology for dc- link voltage 
balancing is proposed by adding a neutral point between 
the dc-link capacitors. As a result, the voltage stress and 
harmonics introduced by high frequency switching of the 
proposed 2-level voltage source inverter can be improved 
[8]. To further eliminate the harmonic distortions, a 
simple passive LC filter is also connected after the 
inverter [6].  
 

textPMSG

Rectifier
Boost 

Converter

Load

Inverter LC FilterDump

Battery Storage  
 

Figure 1: Proposed scheme of WECS with battery storage 
 

3. CONTROL OF WIND TURBINE SYSTEM 
 
The output mechanical power extracted by the wind 
turbine is given by [9]: 
 

3
2

1
vpACmP U                                                                 (1) 

 
where 𝑃𝑚 is the mechanical output power of the wind 
turbine (Watt), 𝜌 is the density of air (𝑘𝑔 𝑚3⁄ ), 𝐴 = 𝜋𝑅2 
is the swept area of the turbine (𝑚2), 𝑅 is the length of a 
rotor blade (𝑚), 𝑣 is the velocity of the air particles 
(𝑚 𝑠⁄ ) and 𝐶𝑝 is the power coefficient of the wind 
turbine. 
The power coefficient has a nonlinear relationship with 
the tip speed ratio 𝜆  and the pitch angle of rotor 
blades 𝛽 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠). The tip speed ratio, expressed in (2) 
is the ratio between the rotational speed 𝜔𝑚 of the tip of 
the blade and the actual speed of the wind 𝑣.  
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The power coefficient 𝐶𝑝 can be numerically estimated 
using the following nonlinear equation (3) [10]:   
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The coefficients 𝑐1 to 𝑐6 in (3) are: 𝑐1 = 0.5176, 𝑐2 =
116, 𝑐3 = 0.4, 𝑐4 = 5, 𝑐5 = 21 and 𝑐6 = 0.0068. Figure 
2 illustrates the relationship between 𝐶𝑝 and  𝜆 for various 
values of  𝛽.  
 

 
Figure 2: 𝐶𝑝 vs  𝜆 for different values of  𝛽 

The maximum value of 𝐶𝑝 (𝐶𝑝𝑚𝑎𝑥 = 0.48) is achieved 
when 𝛽 =  00 and 𝜆 = 8.1 (also referred to as nominal 
value 𝜆𝑛𝑜𝑚). This study assumes that the value of  𝛽 is 
kept constant throughout at 𝛽 = 00. Ideally, the proposed 
wind turbine must operate at 𝜆𝑛𝑜𝑚 for all wind speeds in 
order to achieve maximum efficiency (𝐶𝑝𝑚𝑎𝑥) at any 
instant. However, a change in wind speed or rotational 
speed is accompanied by a change in tip speed ratio 𝜆 
according to the relationship in (2) which consequently 
affect the efficiency of the turbine 𝐶𝑝. Therefore, a wind 
speed change should be followed by an adjustment in 
rotor speed such that 𝜆 = 𝜆𝑛𝑜𝑚. This is emphasised in 
Figure 3 which shows that for the each wind speed there 
exists one rotational speed which ensures that  𝜆𝑛𝑜𝑚 = 𝜆. 
At this point, the output mechanical power is maximised. 
This is also known as maximum power point (MPP). 
Therefore, by tracking the corresponding rotational speed 
for each wind speed, the wind turbine will be able to 
extract maximum power from the wind continuously. 
 

 
Figure 3: The steady state power and torque curves of 
wind turbine at different wind and rotor speed 
 
At each point of maximum power, the change in turbine 
output power relative to change in rotating speed is zero. 
Mathematically, the maximum power of the wind turbine 
is obtained when: 
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Z
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Assuming a no loss system, the dc output voltage of an 
uncontrolled diode rectifier (𝑉𝑑) is proportional to the 
phase voltage at the stator terminals of the generator. 
However, the same phase voltage at the stator terminals 
of the generator is also proportional to the rotational 
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speed (𝜔𝑚). Through the transitive property of 
proportionality it follows that the dc output voltage of an 
uncontrolled diode rectifier (𝑉𝑑) is also proportional to 
the rotational speed (𝜔𝑚) [10]. Therefore (5) can be 
written as: 
 

0  
md
rd

rd
ddV

ddV
mdP

md
mdP

Z

Z

ZZ
         (6) 

 
where, 𝑉𝑑 is the output voltage of the rectifier and 
 𝜔𝑟 = 𝑝𝜔𝑚 is the electrical speed of the generator. Since 
there is a proportional relationship between 𝑉𝑑 and the 
generator e.m.f. as well as  𝜔𝑟  and 𝜔𝑚 it then follows 
that: 
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According to (6) and (7), the maximum power point is 
when:  
 

0  
ddV
mdP

md
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                                                      (8) 

 
Therefore, the function 𝑃𝑚(𝑉𝑑) just like 𝑃𝑚(𝜔) has a 
single value of 𝑉𝑑 guaranteeing the maximum power 
extraction from wind [10]. This implies that by 
appropriately tracking the value of  𝑉𝑑 such that (8) is 
met, the maximum power extraction can be achieved 
without considering any environmental conditions or any 
PMSG parameter. The proposed method for extracting 
the maximum power from the turbine is based on the 
Perturb and Observe (P&O) algorithm and is shown in 
Figure 4 [7].  
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Figure 4: Flow chart of the MPPT algorithm with P&O 
method 
 
The P&O algorithm, as the name suggests, the algorithm 
perturbs the dc voltage 𝑉𝑑 while observing dc power. The 
process is initiated by randomly selecting reference value 
of the dc voltage 𝑉𝑟𝑒𝑓 . By measuring the actual dc voltage 

and current, the controller can then calculate initial 
electric power. The initial dc power is calculated by 
multiplying the measured voltage and current 𝑃0 = 𝑉𝑑𝐼𝑑 . 
Thereafter, the reference voltage  𝑉𝑟𝑒𝑓  is increased by 
 ∆𝑉𝑑 and the dc power 𝑃(𝑘) is calculated again. If 𝑃(𝑘) is 
greater or less than 𝑃(𝑘 − 1), the turbine is not operating 
at maximum power and hence, the reference voltage 
needs to be increased or decreased respectively and the 
process repeats again until maximum power is reached 
[6][8]. The parameters of the proposed PMSG obtained 
from the calculations made in [11] are shown in Table 1. 

 
Table 1: Parameters of the PMSG 

Rated output power 8.5 kW 
Rated mechanical speed 1460 rpm 
Number of poles 10 
Magnetic flux linkage 0.5025 Weber 
Armature inductance 17 mH 
Armature resistance 1.56 Ω 

 
4. CONTROL OF THE DC LINK VOLTAGE 

 
The battery storage maintains balance between the load 
demand and supply despite the renewable energy 
fluctuations by dynamically interchanging between 
source and sink states depending on the requirement. This 
is done through the proposed bi-directional buck-boost 
converter which interfaces the battery to the dc-link. This 
converter is controlled to maintain the dc link voltage at 
constant reference value by controlling the current flow 
to/from the battery according to the load demand.  Using 
buck-boost converter thus permits battery voltage to be 
lower as compared to the dc link voltage, allowing fewer 
batteries to be connected in series. As a result, this paper 
keeps the battery bank voltage at 300V while the 
reference dc link voltage is 1200V. This study assumes 
that the battery is rated to supply the load power of 
8.5kW for approximately an hour during zero wind power 
conditions [7]. Therefore, considering the 60% depth of 
discharge, the proposed battery bank is rated at 50Ah. 
The buck-boost converter is operated in continuous 
conduction mode and its controller is shown in Figure 5. 
The difference between the dc-link voltage and reference 
dc-link voltage is processed through the PI (Proportional 
Integrator) controller to generate the reference battery 
current signal which is also compared to the actual 
battery current.  By processing the current error through 
the hysteresis band, the control signals to control the 
converter switches (S1 and S2) are obtained. 
Apart from the battery bank, the proposed system also 
consists of a dump load which can however only act as a 
sink. The dump load is a contingency load which in this 
paper will only be activated when there is excess power 
from wind and the battery has reached its upper limit of 
charge carrying capacity. The dump load is regulated by 
the chopper control. To improve the lifespan of the 
battery, this paper assumes the allowable SOC (State of 
charge) ranges from 50-90%. The chopper control 
compares the actual status of SOC with the upper limit of 
the SOC. Once the actual SOC is higher than the upper 
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limit of SOC, the controller allows the power to flow into 
the dump load by increasing the duty cycle as a function 
of dc- link voltage. The control structure of the dump 
load is shown in Figure 6.  
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Figure 5: DC-DC bi- directional buck-boost controller. 
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Figure 6: Dump load controller 
 
The energy management algorithm of the proposed 
system is summarised in the flowchart shown in Figure 7. 
If the dc-link voltage is more than the reference level, the 
load demand is less than the generation. In this case, the 
SOC is checked in order to identify the sink between the 
battery and dump load. The excess energy is used in 
charging the battery if SOC is less than 90%, or else used 
to supply the dump load. If the dc-link voltage is less than 
the reference level, the load demand is more than the 
generation; hence the power is supplied by the battery 
with the assumption that the SOC will always be greater 
than 50%. 
 

5. LOAD SIDE INVERTER CONTROL 
 
A 2-level voltage source inverter is used in this paper to 
convert dc to ac power which is supplied to the load. The 
inverter controller in a stand- alone operation has the 
objective of regulating the inverter output voltage and 
frequency. In this case, the system fundamental frequency 
is 50Hz while the RMS value of the inverter output 
phase-phase voltage is 380V. Due to the constant voltage 
demanded by the load, the current is dependent on the 
power consumption of the load and hence it is not 
necessary to control the current unless during abnormal 
operating conditions. This paper assumes normal 
operating conditions and hence only employs voltage 
control. 
The proposed inverter control measures the inverter phase 
voltages and transforms those from abc to dq reference 
frame using 50Hz load frequency voltage. The voltages in 
dq reference frame are compared to the reference output 
voltage and frequency and the error is processed through 
the PI controller with the output being is used to compute 
the Pulse Width Modulation (PWM) control signals. The 
proposed inverter control is shown in Figure 8.  
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Figure 7: Energy management algorithm 
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Figure 8: Load side inverter controller 
 

6. MODES OF OPERATION 
 
Depending on the wind and load conditions at any 
instant, the proposed stand-alone system will operate in 
one of the following modes: 
 
(a) Mode 1 
In Mode 1, the output power from wind is higher than the 
load demand (𝑃𝑜𝑢𝑡 > 𝑃𝐿) and the battery is fully charged 
(𝑆𝑂𝐶 ≈ 𝑆𝑂𝐶𝑚𝑎𝑥). The wind turbine extracts the 
maximum power and the surplus power from wind is 
consumed by the dump load.  
(b) Mode 2 
In Mode 2, the output power from wind is higher than the 
load demand (𝑃𝑜𝑢𝑡 > 𝑃𝐿) and the battery only has a 
fraction of capacity to retain the surplus power.  excess 
power from wind can be retained in the battery. The wind 
turbine extracts the maximum power and the battery 
charges until maximum capacity is reached and thereafter 
the power is consumed by the dump load.  
(c) Mode 3 
In Mode 3, the output power from wind is higher than the 
load demand (𝑃𝑜𝑢𝑡 > 𝑃𝐿) and excess power from wind 
can be retained in the battery. In this mode, the wind 
turbine extracts maximum power. The excess wind power 
is consumed by the battery. 
(d) Mode 4 
In Mode 4, the output power from wind is less than the 
load demand (𝑃𝑜𝑢𝑡 < 𝑃𝐿) and there is enough energy 
storage. The wind turbine extracts maximum available 
power and the deficit power is provided by the battery.  
 

7. SIMULATION RESULTS 

7.1 Wind and load profiles 
 

The performance of the proposed system is tested and 
evaluated under intermittent wind and load conditions. 
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Figure 9 shows the hypothetically deduced wind and load 
profiles in line with realistic variations of the same 
quantities. 
 

 
(a) 

 
(b) 

Figure 9: Proposed simulation conditions. (a) Wind speed 
variation; (b) Load profile. 

 
7.2 Performance of the MPPT 
 

 
(a) 

 
(b) 

 
(c) 

Figure 10: The performance of the wind turbine 
controller. (a) Rotor speed; (b) Power extracted from the 
wind; (c) Power coefficient. 
 
Figure 10 demonstrates the performance of the wind 
turbine controller. Figure 10(a) and (b) shows the 
maximum power being extracted from wind turbine by 
adjusting the rectified dc voltage which consequently 
tracks the optimal generator speed at different wind 
speeds. However the capability of the controller reduces 
during low wind speed conditions. This is also confirmed 
by the power coefficient curve shown in Figure 10(c). 
The power coefficient is approximately 0.48 for high 
wind speed conditions (12m/s and 12.4m/s) and 
approximately 0.45 for slower wind speed conditions 
(9m/s). 

7.3 Performance of the battery and dump load controllers 
 

 
(a) 

 
(b) 

 
(c)  

 
(d) 

Figure 11: The performance of the battery and dump load 
controllers: (a) Power from wind energy system, power of 
the energy storage system and power consumed by the 
dump load; (b) SOC of the battery; (c) DC link voltage; 
(d) Modes of operation. 
 
Figure 11 shows the performance of the battery and dump 
load controllers. During the interval between t=4s and 
t=6s, the load demand is 2 kW whereas the maximum 
WECS power (considering PMSG, rectifier and boost 
converter losses) is about 6.3 kW. Since the battery has 
reached its maximum capacity limit (SOC=90%), the 
access power is thus consumed by the dump load which 
constitutes Mode 1 of operation. Similarly, the system 
operates in Mode 4 between t = 6s and t = 8s. The battery 
supplies the deficit power to the load as confirmed by the 
SOC dropping from 90% to 89.98%. The system operates 
in Mode 2 between t = 8s and t = 10s. The excess power 
is stored in the battery until the battery has reached its 
maximum limit (SOC=90%) at t = 9s whereby the 
remaining excess power is used to supply the dump load. 
Finally the system operates in Mode 3 between t = 13s 
and t = 15s. The excess power is used to charge the 
battery. Figure 11(c) shows that the dc link voltage 
remains constant at around 1200V for the duration of the 
simulation. 
 
7.4 Performance of the inverter controller 
 
Figure 12 shows the performance of the inverter 
controller. Figure 12(a) shows the inverter output voltage 
being regulated to 1 p.u. under varying wind and load 
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conditions. This is achieved by adjusting the load current 
such that the load demand is met with constant voltage as 
shown in Figure 12(b). The system frequency was 
regulated at 50Hz during the wind and load variations as 
shown in Figure 12(c). 
 

 
(a) 

 
(b) 

 
(c)  

Figure 12: The performance of the inverter controller. (a) 
Load busbar voltage; (b) Current response; (c) System 
frequency. 
 

8. CONCLUSION 
 
The paper presented the modelling and simulation of a 
simple and effective control strategy for a stand-alone 
based variable speed WECS with energy storage using 
MATLAB/SIMULINK. By varying the wind and loading 
conditions, the performance of the proposed control 
strategy was evaluated. The results show that the wind 
turbine was able to extract the maximum power by 
controlling the boost converter so as to adjust the output 
voltage of the uncontrolled rectifier using the perturb and 
observe algorithm. Furthermore, the battery storage 
system was able to store and supply energy during high 
and low wind energy conditions respectively by 
controlling the buck-boost converter while the dump load 
was also able to absorb surplus power when the battery 
was fully charged. This resulted in dc-link voltage being 
kept constant at a desired value at any instant in time. 
Finally, the amplitude voltage and fundamental frequency 
of the output waveform at the resistive load bus were 
maintained at constant desired values at any instant by 
controlling the voltage source inverter.  
With the proposed control strategy, the off- grid load is 
supplied continuously and autonomously with a constant 
desired voltage and frequency. In addition, the sensorless 
MPPT control strategy not only improves the efficiency 
of the wind turbine, but also implies that the proposed 
control system can be used for photovoltaic (PV) stand- 
alone supply system.  
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Abstract: Rural electrification is a global problem that still is to be solved even in this 
technologically advanced age. South Africa is no different and still aims to attain 100% 
electrification. The abundance of renewable resources in South Africa makes off-grid renewable 
energy systems and microgrids an attractive solution to solving this problem. This paper investigates 
the feasibility of implementing off-grid solar PV-battery systems and wind-battery systems for 
supplying energy to South African villages which may not have access to grid electricity. The impact 
of selecting the renewable resources, based on their availability in a particular location, on levelised 
cost of electricity (LCOE) and net present cost (NPC) of the project is discussed in this paper.  
 
Keywords: Rural electrification, off-grid renewable energy solutions, renewable resources, solar PV-
battery system, wind-battery system 
 
 
 

1. INTRODUCTION 
 

Rural electrification is a constant problem that is faced by 
the world today. Based on information from the IEA 
Energy Outlook 2009 report, almost 1.3 billion people do 
not have access to electricity [1]. This accounts for 
approximately 15% of the world population. The report 
further notes that Sub-Saharan Africa has the lowest 
electrification rate of 30.5%. The people most affected 
are those living in rural areas. 
 
One of the primary reasons for these low electrification 
rates is the distance of these rural areas from the grid as 
noted in [2]. It was also concluded in this paper that the 
cost of grid extension was dependent density and size of 
the village. Another primary reason for low electrification 
is that most people in rural areas are poor. This according 
to [3] makes it difficult for rural consumers to pay rates. 
These consumers then turn to cheaper, more traditional 
energy sources such as wood and paraffin.  
 
In terms of Sub-Saharan Africa, South Africa has one of 
the highest electrification rates as noted in [4]. Even 
though this is the case, South Africa is still below the 
average for developing nations. The factors causing low 
electrification rates noted above apply to South Africa, 
however there are other specific factors that apply to the 
South African context only, such as the effects of 
apartheid. Only one third of the population had access to 
electricity by 1990. Even though there was an excess of 
supply in the 1980’s, only 25% of non-urban black 
households were electrified according to [5]. A National 
Electrification Programme was implemented in by the 
public utility, Eskom to correct this imbalance. As a 
result of this programme, a large number of rural areas 
were electrified between 1994 and 1999. From 1999, 
government implemented off-grid Solar Home Systems 
(SHS) to electrify remote rural areas. These small 

systems were only able to power four fluorescent bulbs 
and a few small appliances. Government allocated 
concessions to private companies to energise these areas 
using a fee for service model. Customers paid a deposit 
and would pay a monthly fee while the concessionaires 
would install the full system and provide maintenance as 
noted in [6].  However, due to government cut-backs and 
the poor people in rural areas not having the ability for 
the systems, this programme was stopped [5][7][8]. 
According to a Department of Energy presentation it was 
expected that 78% of all households were to be electrified 
in 2014 [8].  
 
In terms of off-grid solutions, SHS are an inexpensive 
option of providing electricity, especially for remote, 
sparsely populated rural areas. Another possible solution 
to solving this problem is using off-grid renewable 
energy systems. Reference [9] compares a microgrid to a 
solar home system in India. The paper concludes that a 
microgrid is cheaper than the SHS system for a greater 
number of households that are densely located. Another 
disadvantage of SHS is that these systems are usually 
small in size, and therefore only a limited amount of 
appliances that can be connected to them. As a result, 
people using these systems have a limited choice in terms 
of the electrical equipment they would like to use. Due to 
these setbacks, we would like to focus primarily on 
microgrids as an off-grid solution. 
 
Renewable energy systems have been modelled and 
implemented as off-grid rural solutions, in developing 
countries, across the world. In order to compare different 
systems, the Levelised Cost of Electricity (LCOE), and 
the Net Present Cost (NPC) can be used. The LCOE and 
NPC for some renewable energy systems are shown in 
Table 1 below. 
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Table 1: Cost of implementing renewable energy systems 
in various areas 

System Location LCOE 
($/kWh) 

NPC/($) Ref. 

PV/diesel/
battery 

Nigeria 0.547-
0.66 

229,941 [10] 

PV/battery Oman 0.196 - [11] 
PV/battery
/wind 

Hong 
Kong 

0.595 693,114 [12] 

PV/diesel/
battery 

Nigeria 0.364 3,441,282 [13] 

PV/diesel/
battery 

Burkina 
Faso 

0.500 1,494,844 [14] 

Wind/diese
l/battery 

Tunisia 0.260 57,320 [15] 

 
It is noted from Table 1 that the wind/diesel/battery 
system modelled for a village in Tunisia was cheapest, 
whilst the PV/battery system in Burkina Faso was the 
most expensive. A hybrid system is expected to be 
cheaper than a single source/battery system; however this 
is not the case as noted in the system in [11]. The price 
for similar systems differ per location due to the different 
cost assumptions made, load demand and renewable 
resources available.  
 
The average daily solar irradiation of South Africa ranges 
from 4.5 – 6.5 kWh/m2. Hageman created a mesoscale 
wind map in 2008 and predicted that South Africa has a 
potential of 81 TWh/year [16]. These values show that 
South Africa has an abundance of solar and wind 
resources. 
 
From the literature reviewed, it is clear that an abundance 
of research has looked at simulating renewable systems 
using HOMER for rural electrification applications, 
however, a limited amount of research focussing on 
single source battery generation has been carried out. 
Furthermore, there has been minimal focus of this form 
of generation for the South African context. It is for this 
reason, combined with the fact South Africa has good 
renewable resources and an existing rural electrification 
problem, that the main objective of this paper is to 
investigate the costs related to the implementation of 
solar/battery and wind/battery systems for two rural areas 
in South Africa. The two rural areas are selected such that 
the one area has strong wind resources, whilst the second 
will have a strong solar resource. The systems will be 
modelled in HOMER with the LCOE and NPC being 
analysed to draw suitable conclusions. 
 

2. SELECTION OF SOUTH AFRICAN VILLAGES 
AND LOAD PROFILE DEVELOPMENT 

 
The first village is selected to be an area high in solar 
irradiation. The village is called De Grens and is located 
in the North West Province. The second village selected 
is called Emntla, located in the Eastern Cape. This village 
is selected to be an area with high wind speeds. 

Information details of the two villages are shown in the 
Table 2. 

 
Table 2: Information of villages [21] [22] 

 De Grens Emntla 
Co-ordinates -25.08, 27.89 -31.75, 27.46 
Strongest 
renewable 
resource 

Solar Wind 

No. of households 44 53 
Population 175 170 

 
The system was designed based on critical appliances that 
were used in rural areas.  Most of the people in rural areas 
are generally very poor, therefore the appliances selected 
are considered essential, based on information from 
Reference [19] and [20]. Details of these appliances and 
their usage per day are shown in Table 3 below. 
 

Table 3: Appliances and energy consumption for one 
household 

Appliance Qty Power 
Rating 

(W) 

Energy 
used 

summer 
(kWh/day) 

Energy 
used 

winter 
(kWh/
day) 

Lights 4 15 0.36 0.48 
Television 1 120 0.96 0.96 
Radio 1 25 0.30 0.30 
Stove 1 1,500 4.50 4.50 
Fridge 1 100 2.40 2.40 
Cell phone 
charger 

2 5 0.08 0.08 

Fan 2 60 0.60 0 
Total 9.20 8.72 

  
A summer and winter load were modelled with an energy 
usage of 9.20 kWh/day and 8.72 kWh/day respectively, 
for a single household. These values were obtained by 
adding the consumption of each appliance based on the 
number of hours the appliance was in operation in a day.  
It can also be seen that the winter load is slightly less than 
the summer load. The difference in the loads is due to the 
inclusion of a fan in summer, and an increase in light 
usage in winter as the number of daylight hours are less. 
 
It was also assumed that each village would have a small 
shop selling basic essential day to day items. The shop 
consumes 28.80 kWh per day, with the double door 
fridge consuming most of the power. The shape of the 
daily load profile for a single household in summer and 
the shop is shown in Figure 1 and Figure 2 respectively. 
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Figure 1: Load demand for a single household in summer 
 

 
 
 
 
 
 
 
 

Figure 2: Load demand for the shop 
 
Using the load profile information and the total number 
of households, the load information is obtained for each 
village. 
 
3. RESOURCE ASSESSMENT OF THE VILLAGES 

 
The villages are selected such that each village contained 
either a strong solar resource or strong wind resource. 
The renewable resources available at each village need to 
be assessed as they are required as an input to HOMER. 
The solar resource for each village was obtained from the 
NASA Surface and Meteorology website [17]. A 
comparison of the Global Horizontal Irradiation (GHI) 
for De Grens and Emntla is given in Figure 3 below. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: GHI comparison between two villages 
 

De Grens has a higher average GHI of 5.65 kWh/m2/day 
over the year, whilst Emntla, has an average GHI of 5.33 
kWh/m2/day [17]. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4: Wind speed comparison of the two villages 
 
The wind resources were obtained using MERRA 2 data 
through Windographer, a software program used to 
process wind data. The wind speeds were measured at a 
height of 50m. A wind speed comparison of the two 
villages is shown graphically given in Figure 4 below. 
The average wind speed for De Grens is 4.54 m/s, which 
is significantly less than that of Emntla with a wind speed 
of 6.25 m/s. 
 
Based on the load data and renewable resources, a solar-
battery system and wind-battery system will be simulated 
for each village. Details on the system assumptions and 
component costs are given in the next section. 
 

4. OFF-GRID RENEWABLE ENERGY SYSTEM 
DEVELOMENT FOR THE VILLAGES 

 
HOMER, simulates the system by carrying out an energy 
balance calculation for each time step of the year, in this 
case, each hour. This calculation is carried out based on 
the load each hour and the available energy resources for 
each system you want to consider. Using these 
calculations, it determines the most cost effective size of 
the system to you want to implement, based on the 
different cost values you have entered. The Levelised 
Cost of Electricity (LCOE) and the Net Present Cost 
(NPC) are used to compare the PV and wind systems.  
The LCOE is calculated using equation (1): 
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where i = annual real discount rate 
          N = Lifetime of the system 
          CNPC = Total Net Present Cost  
          Eserved = total electrical load served 
 
The NPC is the present value of all the costs that it incurs 
over its lifetime minus the present value of all the 
revenue earned over the lifetime. HOMER carries out this 
calculation by summing up the total discounted cash 
flows.  
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The solar PV-battery system as envisaged for the villages 
is considered to consist of a solar module, converter and a 
battery bank, whilst the wind-battery system is 
conceptualised as to consist of wind modules, a converter 
and a battery bank. The solar system will be fixed tilt as 
the mounting structure is considered cheaper than a 
tracker. The system components for Emntla village are 
the same and hence no separate table is used for that 
village. The HOMER simulation inputs for both the solar 
and wind systems are given in Table 4 below. 
 
Table 4: Components for HOMER: De Grens and Emntla   
System 
Project Lifetime 20 years 
Interest Rate 5.75% [18] 
Inflation Rate 6.21% [18] 
PV Module 
Manufacturer SDDirectPro 
Size 255 W 
Efficiency 15.7% 
Lifetime 25 years 
Capital Cost $2,100/kW 
Replacement Cost $2,100/kW 
O&M Cost per kW $20/year 
Derating factor 80% 
Wind Turbine 
Manufacturer Earth Power 
Size 5kW 
Lifetime 20 years 
Hub Height 12m 
Capital Cost $20,761/kW 
Replacement Cost $20,761/kW 
O&M Cost per kW $150/year 
Converter 
Manufacturer SMA 
Size 25kW 
Efficiency 98.30% 
Lifetime 7 years 
Capital Cost $390/kW 
Replacement Cost $390/kW 
O&M Cost per kW $0/year 
Battery 
Manufacturer SDDirectPro 
Technology Gel Electrolyte 
Lifetime 10 years 
Nominal Voltage 12 V 
Nominal Capacity 200 Ah 
Maximum Capacity 235.41 Ah 
Capital Cost $331.45/battery 
Replacement Cost $331.45/battery 
O&M Cost per battery $10/year 

 
The batteries and converter used are the same for both 
systems. The prices of the various components include 
balance of system costs and installation costs and are 
given in US dollars. The results of the simulations for the 
different systems are presented and discussed in the next 
section. 

 
5. DISCUSSION OF RESULTS 

 
5.1 Solar PV-Battery System 
 
Based on the data mentioned above, the solar PV-battery 
systems for both villages are simulated and the following 
results are obtained for the LCOE and NPV. The costs 
parameters are given in Rands (ZAR) using the exchange 
rate, 1 USD equal to R14.34, on 12th November 2016. 
[23]. Summary of system configuration and energy and 
cost parameters are given in Table 5 for solar PV-battery 
system.  

 
Table 5: Result summary for solar PV-battery system 

 De Grens Emntla 
Daily average load 
(kWh) 

402.38 479.00 

Peak (kW) 135.40 162.54 
System Size (kWp) 230.93 254.04 
PV array size (kW) 231 254 
No. of batteries 270 300 
Converter array size 
(kW) 

255 269 

Capacity Factor/% 19.39 19.35 
LCOE (R/kWh) 6.84 6.55 
NPC (R/millions ) 21.08 23.95 

 
The LCOE for the solar PV system in De Grens is found 
to be R6.84/kWh, which is slightly more expensive than 
Emntla, which is found to be R6.55/kWh. This is the case 
even though the solar irradiation was higher in De Grens. 
Focussing at both the systems more closely, it is noted 
that the scaled average temperature for Emntla is lower 
than De Grens by 3.7°C. Furthermore, the wind speeds at 
Emntla are higher as noted in Figure 4, meaning that the 
panels stay cooler. These cooler conditions are more 
preferential for generation using solar PV as the higher 
the temperatures are, the less the voltage of the panel. 
This has led to an overall slight reduction in LCOE for 
Emntla. 
 
The NPC of the system in Emntla is found to be R21.08 
million, whilst that for De Grens is found to be R23.95 
million. This is the case as the load at Emntla has been 
higher than De Grens by 27.1 kW. Therefore the 
increased system size for Emntla has led to an increased 
NPC. 
 
From the results it can be seen that the system size is 
significantly greater than the required load. This shows 
that the system has been oversized by greater than 70% 
and 57% for De Grens and Emntla respectively.  
Furthermore, it is noted that 52.6% of excess electricity is 
produced at Emntla and 56.3% at De Grens. This 
oversizing is necessary in order to provide enough 
electricity such that there is no shortage. The reason for 
this is due to the intermittent nature of solar resource, and 
excess electricity being necessary to charge the batteries 
such that they can supply the load in the evening, where it 
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is biggest. In practice, this over-sizing can be reduced by 
adding a generation source that produces constant 
electricity, such as a diesel generator. As another option, 
different generation sources can be used to form a hybrid 
system. 
 
5.2 Wind-Battery Systems 
 
A similar result summary for the wind-battery systems 
for the two villages is presented in Table 6. 
 

Table 6: Results summary of wind-battery system 
 De Grens Emntla 

System Size (kW) 220 205 
No. of turbines 44 41 
No. of batteries 690 480 
Converter array size 
(kW) 

263 496 

Capacity Factor (%) 14.06 29.08 
LCOE (R/kWh) 9.16 8.12 
NPC (R/millions ) 28.11 29.68 

 
The LCOE for the wind system in Emntla is cheaper than 
the system in De Grens by R1.04/kWh. This result is as 
expected as the wind in Emntla was considerably faster.  
 
The NPC is also greater for the wind system in Emntla. 
This is the case even though there are fewer number of 
wind turbines at Emntla. This is due to the fact that there 
is almost double the amount of turbines for the Emntla 
wind system even though the rated capacity of the wind 
turbines is only 15 kW less than De Grens. The reason for 
the greater number of inverters is due to the high wind 
speeds in Emntla. The high speeds mean significantly 
more power is generated by the turbines, therefore more 
inverters are required in order to convert this excess 
power. This excess of inverters greatly increases the 
NPC.  
 
The results indicate that both wind systems have been 
oversized by 63% and 26% for De Grens and Emntla 
respectively. This is due to the same reasons as noted 
with the PV systems above. This over-sizing can be 
reduced by introducing a constant generation source, or 
combining different varying generation sources to create 
a hybrid system. 
 
5.3 Comparison of Wind-based and Solar PV-based 
Systems 
 
The lowest LCOE of R6.55/kWh is noted for the solar 
system in Emntla, whilst the highest was R9.16/kWh the 
wind system in De Grens. The price is affected by the 
lower irradiation in a positive way, due to the lower 
temperatures whilst the opposite is true for the rural area 
with the lower wind speed. This shows that energy can be 
generated at a low price even in low solar irradiation 
areas. 
 

Comparing wind and PV systems together, it is clear that 
the PV systems were cheaper for both cases. The NPC 
costs were also higher for the wind systems even though 
the PV system sizes were generally bigger. This shows 
that in general PV systems are generally cheaper than 
wind systems. This is as expected, especially since the 
systems are small-scale. 
 
The capacity factors for the two PV systems are at around 
the same values of 19.39% and 19.35 for De Grens and 
Emntla respectively, whilst the wind systems have a 
greater variation in terms of capacity factors with De 
Grens being 14.06% and Emntla being 29.08%. The low 
capacity factor for the wind system in De Grens is the 
main reason causing the LCOE to be high as more 
batteries and wind turbines are required to in order to 
ensure el\the availability of electricity at all times.  

 
6. CONCLUSION 

 
Rural electrification is still a problem to be solved within 
South Africa. Connecting to the grid is an expensive 
option and the roll out of Solar Home Systems proved to 
be unsuccessful. This leaves off-grid renewable energy 
systems as a viable option that has not been really 
implemented in this country. Besides the need for 100% 
electrification, the abundant renewable resources in South 
Africa make this option more attractive. 
 
A techno-economic assessment of a PV-battery system 
and wind-battery system were simulated for two villages. 
The villages were selected such that one was located in 
an area of good solar resource and other in an area with a 
good wind resource. Based on the results the solar 
systems were found to be cheaper than the wind. This 
shows that for small-scale projects, solar PV is cheaper 
than wind due to the lower installation and maintenance 
costs. 
 
Comparing the costs of the simulated system to other 
villages, it is noted that the price of PV systems is within 
the price range of the other villages. The wind systems on 
the other hand are expensive due to wind variability, 
which leads to oversizing, therefore these systems have to 
always be paired with a secondary source.  
 
From a resource perspective, it was expected that the PV 
system with the higher irradiation would be cheaper, 
however this was not the case, due to lower temperature 
in the village with low irradiation. Therefore, irradiation 
is not the only major determinant of the techno-economic 
feasibility of a renewable PV system. This combined with 
the fact that South Africa has an abundance of solar 
energy throughout the country, makes solar PV systems 
an attractive solution for electrifying remote rural areas. 
 

7. FUTURE RESEARCH 
 

From these simulations it is seen that solar PV-battery 
systems are feasible as an off-grid, rural electrification 
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option for South Africa. However, it is also apparent that 
using a using a single renewable source may not be the 
most cost effective method of approaching the rural 
electrification problem.  
 
As a result, further research can be carried out comparing 
the cost effectiveness of hybrid systems for the two 
villages. Furthermore, other renewable resources such as 
micro hydro can also be simulated and compared, in 
order to come up with a well-rounded cost effective 
solution to South Africa’s rural electrification problem.  
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Abstract: A number of key policy drivers are favouring the deployment of small-scale power systems 
that integrate renewable energy sources (RES) in the form of microgrids (MGs). Well designed and 
applied MGs are envisioned to offer higher techno-economic and environmental benefits than 
conventional power systems.  However, the planning of MGs for commercial feasibility is 
complicated by uncertainty arising from various sources such as intermittency in RES, buffering 
effect in energy storage system (ESS), and fluctuations in energy prices. A number of recent research 
works in the literature have investigated probabilistic techniques which provide for uncertainty 
management in the MG planning framework. Some of these are reviewed in this paper. 
 
Key words: Microgrids, planning, probabilistic techniques, renewable energy sources. 
 
 
 

1. INTRODUCTION 
 

Much of present day energy needs are supplied in the 
form of electrical energy. However, rising energy demand 
due to population increase and the quest for sustainable 
development places extra burden on the already strained 
conventional electric power system. Across the globe, the 
conventional power system is bedevilled with ills 
including gradual decline in fossil fuel reserve, 
decreasing power quality and reliability, low energy 
efficiency and negative environmental impact due to 
greenhouse gas emissions from fossil fuels. The 
consequent call for energy security and sustainability is 
now driving the shift from the present centralized grid 
architecture to modular decentralized power systems - 
MGs. Typically MGs consist of a variety of distributed 
generators (DGs) - RES, combined heat and power 
(CHP), Diesel generators, energy storage system (ESS), 
loads (controllable/elastic and inelastic), etc. operating as 
a single controllable entity but with capability of 
interoperability with the utility grid [1-3].  
 
Around the world, MG development and deployment has 
been favoured by a number of key policy drivers viz. 
reduction in emissions of COx and NOx gases, electricity 
market deregulation, energy efficiency, increase in the 
coefficient of utilization of RES amongst others. MGs are 
envisioned to offer higher techno-economic and 
environmental benefits for the electric industry compared 
to those offered by the conventional power system.  
 
The development and deployment of MGs can 
significantly alleviate the energy poverty and low living 
standards plaguing sub-Saharan Africa – which has an 
electrification rate of 34% [4] and a human development 
index at the lower end of the global scale [5]. Rural 
communities in particular to which grid expansion is not 

techno-economically feasible stand to benefit immensely 
from the MG paradigm. However, there are concerns 
about the commercial feasibility of such a project due to 
the low income levels associated with the majority of 
Sub-Saharan countries. On the one hand is the question 
on customers’ ‘willingness to pay’ for quality service and 
on the other is return on investment [6]. Furthermore, 
there are still significant technical challenges that must be 
overcome for successful integration of DERs to ensure 
that present levels of reliability are not compromised 
while the benefits of distributed generation are fully 
harnessed.   
 
The complexity associated with predicting load demand 
patterns of consumers, uncertainties in RES forecasting 
and energy prices, buffering effect of energy storage 
devices, as well as the randomness in the use of plug-in 
hybrid electric vehicles (PHEV) for mobility are the bane 
of optimal, reliable and economic operation of MGs. 
Deterministic approaches to MG planning will prove 
ineffective because of the associated stochastic events 
especially in MGs with one or more RES. Thus, holistic 
real life MG planning problem can be considered 
constrained, stochastic and multi-objective [7]. Due to 
associated stochastic events in the planning process, 
managing risk due to uncertainty becomes paramount for 
system designers. Ref. [8] identifies major sources of 
uncertainty in the system planning phase as: uncertainty 
in modelling, uncertainty expressed during model 
exploration, and uncertainty in interpretation of models. 
In view of the foregoing, the MG planning problem must 
be modelled in a robust manner as to provide for high 
levels of reliability with minimum system operation cost 
(and consequently cost recovery on the part of investors), 
customer satisfaction within the bands of their 
willingness to pay and minimum environmental impact. 
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In this paper, the MG planning problem is viewed as 
encompassing microsource selection and sizing, load 
flow analysis, and economic scheduling and dispatch of 
MG units. As such, relevant literature that have recently 
addressed these problems from a probabilistic perspective 
are discussed. The outline of the remainder of the paper is 
as follows: section 2 presents recent stochastic models of 
MGs identified in the literature; probabilistic modelling 
and optimization techniques applied in MG microsource 
selection and sizing, load flow analysis, economic 
scheduling and dispatch are discussed in sections 3, 4, 
and 5, respectively. Some concluding remarks and future 
research prospects are outlined in section 6. 
 

2. MG PROBABILISTIC MODELS 
 

Some recent research efforts on MG have been geared 
towards developing models that capture the stochastic 
events inherent in the system. These can serve for 
performance analysis and can be applied in MG planning 
and operational control. 
 
MG models have been developed based on state 
estimation and state evolution trajectory [9, 10]. In power 
systems, state estimation provides a means to describe a 
system’s internal state leveraging on measurements of the 
input and output of the system in real-time operation [11]. 
Observability of a system’s state implies the possibility of 
reconstructing the system’s state from its output 
measurements. However, the sparsity of measurements at 
the distribution level renders the system observability 
almost infeasible. This is also true for MGs employing 
low voltage distribution networks. The reason for this is 
that each MG is a relatively small-scale grid used to 
supply local loads, so that the extensive deployment of 
measurement units is cost intensive. A belief propagation 
(BP) state estimator that accommodates the spatial-
temporal model for correlated distributed RES can be 
used for state estimation in MGs [10, 12]. The belief 
propagation algorithm is a message passing algorithm for 
computing marginal distributions. It is formulated using 
graph trees which provide for the derivation of exact 
marginals. Messages are real valued functions passed 
along the edges between variable nodes. MG 
measurements and system states can be treated as 
stochastic variables and probabilistic inference approach 
used to construct the MG state estimation problem. In 
order to avoid compromising the state estimation 
accuracy, historical data based on MG metering and data 
acquisition systems could be used to generate prior 
distribution of the states instead of resorting to 
deterministic pseudo measurements. State estimation 
based on belief propagation can be used to deliver the 
MG’s state for further operation and control. 
  
Strelec et. al. [9] proposed a MG model based on the 
framework of stochastic hybrid systems (SHS). SHS are a 
class of probabilistic and hybrid dynamical systems 
which can capture the interaction between probabilistic 
elements and discrete and continuous dynamics in MGs. 

The model is characterized by a hybrid state space 
defined by two components: discrete modes and 
continuous states. Discrete modes describe different 
aspects of the system or its units having distinct states 
e.g. load (on/off), MG interconnection with utility grid 
(connected/disconnected), energy storage 
(charging/discharging/idle), etc. Each discrete mode has 
associated continuous dynamics; for instance, loads 
which are switched on may have demands varying across 
different time horizons. The SHS model forms a platform 
for formulating or defining the state trajectory of the 
MG’s operation. As such, it forms a basis for more 
advanced MG analysis and control problem synthesis and 
solution in areas such as generation scheduling, demand 
side management, amongst others. 
 

3. MICROSOURCE SELECTION AND SIZING 
 
Several government and institutional policies are 
favouring the usage of RES over conventional fossil fuel 
generation technologies in order to reduce carbon 
footprint and mitigate environmental impact. The low 
energy density of RES and unpredictability in their output 
necessitates a compromise between the “appropriate” 
combination of RES DGs like wind and solar, and 
conventional DGs like diesel generators. Although ESS 
could be utilized to even out the unpredictability in RES, 
the high cost of investment in efficient ESS remains an 
issue. Variability in cost of electricity and fuel also 
introduce further uncertainty in the optimal planning 
problem.    
  
Khallat & Rahman [13] studied the effect of site specific 
weather parameters – irradiance and temperature – on the 
performance of photovoltaic (PV) generators using a 
probabilistic approach that entailed characterizing the 
solar irradiance using probability distribution functions 
(PDFs). Long term climatological data on solar irradiance 
was used to calculate parameters of PDFs for each hour 
of a typical day of different seasons in a typical year. 
Parameters of the PDF that best fits the site irradiance 
profile were then used to evaluate hourly, daily, weekly 
and seasonal capacity factors of a particular design of PV 
module. This approach was employed in [14] in a 
module-site matching procedure where the ‘best’ module 
for a given site was identified based on capacity factor 
estimation. This method also formed the basis of an 
optimal sizing of PV arrays in [15, 16]. Recently, this 
method was leveraged on in an optimum module 
selection procedure for PV system deployment in the 
cosmopolitan city of Ibadan, Nigeria [17]. However, the 
drawback of this approach is that it requires long term 
climatological data which might not be available for most 
sites in Sub-Saharan Africa. 
 
In order to introduce randomness in the search process of 
optimal combination of system units that minimizes 
system life cycle cost with respect to some reliability 
criteria, Heuristic based methods like Genetic algorithms 
(GA) have been employed in the optimal sizing of 
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PV/wind-generator systems [18]. However, the GA 
procedure does not incorporate uncertainty in the profiles 
of wind and solar output. Deterministic models were used 
to estimate the output of PV and wind turbine generator 
units based on point values of relevant weather 
parameters at each simulation time step.  
 
Recent works on micro-source selection, combination and 
sizing have applied heuristic bio-inspired optimization 
algorithms - GA and particle swarm optimization (PSO) – 
and simulated annealing (SA) with Monte Carlo 
simulation (MCS). MCS is a computational technique 
that uses repeated random sampling (scenario generation) 
to obtain numerical results. It has been widely applied in 
a variety of computational methods to generate scenarios 
that model uncertainty.  
 
Improving on a deterministic optimization procedure 
based on unit commitment in [19], Hawkes [20] 
investigated the economics of choice of MG generation 
components by introducing stochastic variables for 
energy prices and intermittent output for wind power 
generators. MCS was used to draw random variates of the 
MG’s stochastic variables and carry out a large number of 
repetitions of the deterministic optimization to obtain a 
probability distribution of a chosen MG performance 
metric (or reliability level). Using standard statistical 
methods, expectations can be calculated as well as risk 
related metrics – value at risk (VaR), standard deviation, 
and expected loss regarding the distribution spread. 
Different performance metric distributions exist for 
different combinations of generators. GA was used in 
preference to the “brute force method” (which has high 
computational burden) in a second optimization routine to 
obtain a tractable solution that minimizes system cost 
based on technology selections constrained by the 
reliability solution space. 
 
In [21], the concept of levelized cost of electricity 
(LCOE) was applied to compare the variation trends in 
power supplies from different energy sources with high 
carbon and low carbon energy, respectively. Accordingly, 
energy price equilibrium point analysis model was 
developed. MCS was used to generate scenarios for high 
oil prices, low oil prices and the balanced case – an 
intermediary between the high and low oil prices. PSO 
was used to solve the ensuing MG planning problem 
aimed at minimizing the MG full life cycle costs and 
usage of high carbon energy sources, while meeting the 
reliability requirements of system users.  
 
MCS with Simulated annealing – a stochastic global 
optimization algorithm having an asymptotic 
convergence to global minima was employed in the 
planning problem of determining the optimal sizing of 
renewable and CHP hybrid energy MG system 
comprising, PV, Wind and Micro-turbine CHP generators 
[22]. Optimal combination of the generation units that 
provides for hourly energy balance while minimizing the 

system annual cost was the objective of the planning 
problem. 

4. LOAD FLOW ANALYSIS 
 
The basic goal of load flow (LF) analysis in power 
systems is the computation of bus/nodal voltage 
magnitudes in a network. This can serve for network 
planning or extension and for real-time control actions. 
The level of variability in network parameters at the 
transmission level is marginal, thus the application of 
deterministic approaches – Gauss-Siedel, Newton-
Raphson, Fast decoupled method- will suffice for the load 
flow analysis using averaged network parameters. 
However, at the distribution level, error due to averaging 
increases and variability in network parameters has to be 
taken into account in the LF analysis. This is even more 
pertinent for MGs which operate at the distribution level 
and incorporate RES, as ‘poor’ LF analysis can have 
serious cost implications. In recent times, a number of 
research works have investigated LF in MGs with RES.  
  
In [23] MCS technique was applied to solve the 
probabilistic load flow (PLF) of distribution networks 
with PV generators without violating voltage and current 
constraints. Initial values of nodal voltages for use in the 
MCS procedure were calculated via a deterministic LF 
which assumes constant current model for loads and 
generators. Although MCS techniques offer simplicity in 
modelling the PLF and serve to give a precise 
representation of the variability in network parameters 
such as bus voltages, feeders’ currents,they have 
significant computational load.  
 
Other authors have investigated approaches with reduced 
computational loads. In [24], an analytical method for 
PLF in power systems with wind power injections was 
proposed. Wind speed was modelled with the Beta PDF. 
Moments and cumulants of power injections were derived 
and PLF was performed for the test network (IEEE-118 
bus system) to derive the moments and cumulants of the 
line power flows and the Cornish-Fisher expansion was 
used to obtain PDFs and cumulative distribution 
functions (CDFs) of line power flows. This method of 
moments and cumulants was also applied in the PLF of 
[25]. 
 
Also, the method of statistical moments was used in the 
formulation of the Herman-Beta (HB) method for 
probabilistic analysis of voltage drops in LV networks 
[26, 27]. The HB method is the recommended method for 
the design of passive LV feeders in the South African 
distribution network. It utilizes the Beta PDF to model 
stochastic loads. The statistical moments of the load 
model (which assumes unity power factor for loads) are 
then used to calculate moments and expectations for 
voltage drops and consumer voltages along a radial 
feeder. In [28], the extension of the HB method to allow 
for PLF computation in active LV distribution feeders 
was investigated. The assumption of unity power factor in 
loads was held, and the Beta PDF was used to model DGs 
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which were taken as negative loads. Thus, there are 
research prospects for applying the HB method in MG 
PLF. 
 
Recently, a heuristic PLF algorithm for MGs (with radial 
or weakly meshed networks) considering the effects of 
intermittent RES was developed in [29]. Here, the 
modified IEEE 33-bus weakly meshed distribution 
network with two wind power generators and two PV 
systems was adopted as a case study. In the PLF problem, 
intermittency in RES and loads were modelled using 
probability distribution functions. Wind speed and bus 
loads were modelled using weibull and normal PDFs 
respectively. Normal PDF was also used to model air 
temperature and irradiance, which were used to compute 
solar PV power output. Imperialist competitive algorithm 
(ICA) – a heuristic optimization algorithm – was used to 
solve the PLF. PLF was also performed with MCS for 
benchmarking the ICA. The PLF solution outputs 
network parameters as random variables. Comparative 
results showed negligible difference in the PDFs and 
CDFs of network parameters produced by the ICA 
method and MCS. Furthermore, the computation time of 
ICA (348s) was more than 10 times less than that of MCS 
(3746s). However, 348s is still significant computational 
time especially when PLF is to be performed for control 
purposes. 
 

5. ECONOMIC SCHEDULING AND DISPATCH 
 
For commercial feasibility of MGs, the problem of 
economic scheduling and dispatch of micro-sources and 
loads must be formulated towards minimizing operational 
costs and environmental impact while ensuring high 
levels of power supply reliability amidst uncertainties. 
Stochastic optimization (SO), chance-constrained 
optimization (CCO) and robust optimization (RO) are 
tools that have been applied in a number of recent 
research works to solve the MG economic scheduling and 
dispatch problem from a probabilistic outlook [7, 30]  
 
SO methods generalize deterministic methods for 
deterministic problems in the sense that they generate and 
use random variables in the solution process. The optimal 
dispatch problem of MGs can be formulated using the 
framework of model predictive control (MPC) and solved 
using two-stage SO leveraging advanced scenario 
generation techniques like MCS that relaxes the need for 
precise information of the probability distribution of the 
forecast errors in the output of stochastic MG units [31, 
32]. In [31], a multi-objective MG operational planning 
problem subject to a number of time-varying request and 
operation constraints was solved. Ref. [32] investigated 
stochastic unit commitment for real-time power dispatch 
in isolated MGs. Unit commitment for the MG was 
determined in the first stage using stochastic mixed-
integer linear programming formulation and passed on to 
the second stage where the optimal power flow variables 
were refined using a nonlinear programming formulation. 
Refs. [33, 34] have also investigated optimal dispatch of 

MGs using this methodology. In [35] an MPC frame 
work was also used to formulate a MG power balancing 
problem aimed at maximizing the coefficient of 
utilization of RES while maintaining ESS near maximum 
state of charge (SoC) and minimizing utilization of power 
from micro-turbines. However, empirical mean and 
dynamic programming were used in the solution process. 
 
Chance-constrained optimization (CCO) incorporates 
uncertainty in the MG dispatch cost minimization by 
modelling units having uncertainty in their output profiles 
as random variables with known PDFs or approximating 
them by a number of scenarios. CCO vis-à-vis two-stage 
SO does not consider recourse actions and the constraints 
used in models are not fixed but have some associated 
probability [32]. By  modelling load, wind, and solar 
profiles as Gaussian, Weibull, and Beta distributions 
respectively, an optimal power dispatch problem was 
formulated in [36] for a network of MGs that interact 
with each other and the main grid. The objectives were to 
minimize: (a) the cost of power generation for each MG, 
and (b) the power transactions between MGs and between 
MGs and the main grid, and emissions. PSO and 
imperialist competitive algorithm (ICA) were used to 
solve the optimal power dispatch problem. In [37], the 
problem of unit commitment with uncertain wind power 
output is formulated as a chance-constrained two-stage 
stochastic program comprising features of both the two 
stage stochastic program and CCO. 
 
Robust optimization (RO) methods seek a degree of 
robustness against uncertainty by representing 
uncertainties in decision variables as deterministic 
variability in the variables of a problem and/or its 
solution. The ‘robust’ formulation incorporates a worst 
case model of stochastic variables. RO methods offer a 
flexible framework for updating probabilistic information 
in uncertainty models upon availability of such 
information [38]. The problem of distributed economic 
dispatch for a grid –tied MG with high RES penetration 
has been undertaken using a robust formulation that 
accounts for the worst-case amount of harvested RES [39, 
40]. A distributed energy management algorithm (relying 
on communication infrastructure) for solving sub-
optimization problems peculiar to each local controller in 
the MG was developed using a dual decomposition 
technique. 
 
As suggested in [41], a combination of MPC and any of 
SO, RO, CCO within a multi-agent system framework 
can provide for stochastic adaptive control and optimal 
dispatch of MG units, and consequently reliable and 
economical operation of MGs. 
 

6. CONCLUDING REMARKS AND PROSPECTS 
FOR FUTURE RESEARCH 

 
The application of probabilistic modelling and 
optimization (PMO) techniques to MG planning is an 
incipient area of MG research that is fast evolving. 
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Problems in the MG planning framework have been 
addressed using a variety of approaches. In this paper, 
PMO techniques applied to planning MG planning 
problems such as  microsource selection and sizing, load 
flow, economic scheduling and dispatch  have been 
reviewed. The majority of the works reported were 
carried out within the last 5 years. From the review 
undertaken, the following remarks and research prospects 
are put forward:  
 

x Single planning problems have been addressed 
using different techniques. Comparative analysis 
of different approaches for solving an MG 
planning problem of a particular nature to show 
relative computational efficiency and practical 
effectiveness can be explored in the future. 
 

x MCS has been applied to model uncertainty in 
the majority of the research works. A drawback 
of MCS despite the simplicity it provides in 
uncertainty modelling is its computational 
burden. There is a need to investigate analytical 
models with reduced computational load, and 
simplicity comparable with MCS.  
 

x Presently, deterministic modelling and 
optimization vis-à-vis most PMO techniques 
have far lesser computational complexity. 
Research efforts can be channelled towards 
developing computational complexity reduction 
techniques to allow for seamless real world 
implementation of PMO methods. 
 

x There is still a need to investigate suitable 
conditions for long-term feasibility of MGs from 
a techno-economic perspective. New research 
efforts can be directed towards developing 
holistic optimization approaches aimed at 
market oriented solutions. As suggested by [7], 
the goal should not be to just develop novel 
approaches to solve single planning problems, 
but also to solve global ones. A holistic MG 
planning scheme which can be used for real 
world MG planning was also presented in [7].  
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Abstract: Industrial Projects IV is a compulsory capstone module for students enrolled for the 
Baccalaureus Technologiae (BTech) in Electrical Engineering (Power) in South Africa. Power 
engineering students need to submit six different assignments during the course of a year, where three 
of these assignments are formative in nature. Students have the opportunity to improve on their work 
with each subsequent assignment, with the sixth assignment being summative in nature. However, are 
power engineering students really applying the academic feedback given on their formative assessments 
to improve on their future submissions? The purpose of this paper is to highlight that only a small 
percentage of students in a capstone module are really applying academic feedback provided to them, 
while the majority of students seem to be fluctuating in its use, with some initially disregarding it and 
then finally heeding it again. This inconsistency is highlighted by contrasting student results for four 
different submissions, determining which students increased or decreased their grades from one 
submission to the next. Results indicate that those students who improved their grades on 66% of their 
submissions (being two out of three successive submissions) had a 97% chance of achieving academic 
success, while 76% of them finished within the top 25 students in the course. A key recommendation 
of this research is to share its findings with future power engineering students, thereby creating an 
awareness of the importance of engaging more with the academic feedback given on formative 
assessments. 
 
Keywords: Industrial Projects IV, capstone, UoT, summative, feedback 
 
 

1. INTRODUCTION 
 
“Technology will not replace teachers. However, 
teachers who use technology will probably replace 
teachers who do not”. This general statement highlights 
an important principle in our technological age that those 
who refuse to change are often left behind. This may 
further be extended to senior engineering students who 
do not really change their written reports, or improve on 
their learning, in accordance with adequate academic 
feedback. In fact, research has shown that more feedback 
may lead to higher student engagement and academic 
achievement [1]. However, some students are left behind 
in that they face academic failure at the end of a module 
as they disregard academic feedback during a course or 
module, such as a capstone module. 
 
The purpose of a capstone module is to provide students 
with the opportunity of earning credits by integrating and 
applying knowledge and skills acquired from other 
modules so as to extract the best possible benefit from the 
programme in a particular career [2]. This often involves 
the design and development of an engineering project [3], 
with problem-based learning [4] featuring predominately 
in these modules. Some of these modules make use of the 
iUSE principle, where students need to identify (i) a 
problem, demonstrate that they understand the problem 
(U), develop suitable solutions to the problem (S) and 
finally evaluate (E) which solution is the preferred one 
[5]. These types of modules usually require more time 
than non-capstone modules, with a number of 
submissions required that contribute to the final 
assessment grade of the student.  

 
However, the assessment procedures for capstone 
modules pose challenges and need careful structuring [6]. 
These challenges may relate to the number of different 
submissions that require specific rubrics. Another 
challenge relates to declining student engagement, as 
students fail to apply academic feedback given on their 
formative assessments, thereby influencing their future 
submissions. The purpose of this paper is to highlight that 
only a small percentage of students in a capstone module 
(termed Industrial Projects IV or IP4) are really following 
through on the academic feedback provided to them, 
while the majority of students seem to be fluctuating in 
its use, with some initially disregarding it and then finally 
heeding it again. 
 
The importance of using both formative and summative 
assessments in the structure of a capstone module is 
firstly substantiated. The capstone module, IP4, is then 
introduced and contextualized. The research 
methodology follows with the results which are 
presented in a series of graphs and tables conveying 
quantitative data. 
 

2. TYPE OF ASSESSMENTS 
 
The fundamental purpose of engineering education is to 
build a knowledge base and attributes or skills that will 
enable graduates to continue learning and to proceed to 
formative development that will develop the 
competencies required for independent practice [7]. This 
highlights the need for students to continue to learn, to 
continue to build on their previous knowledge, to 
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continue to adjust and refine their competencies. This is 
often achieved through “scaffolding”, which is a process 
of instructing and correcting the actions of a student. 
Scaffolding involves both a depiction of the desired 
activity and assessment to correct inaccuracies [8]. 
Scaffolding involves three key characteristics: a) 
contingency: refers to responsive, tailored or adjusted 
support; b) fading: refers to the gradual withdrawal of this 
support over time, and c) transfer of responsibility: refers 
to the eventual handing over responsibility for the 
performance of a task to the student [9]. These three key 
characteristics are typically experienced in capstone 
modules, where students need to submit different 
assignments based on the initial support and guidance 
provided by academics. Students then need to take 
responsibility for their own learning in that they need to 
implement the academic feedback before their next 
assignment is submitted. With each subsequent 
assignment, the support of the academic should decrease 
more and more, as students start improving their writing 
skills. Eventually, the student needs to submit the final 
assignment which would have required the student to 
take full responsibility for this task. This process may 
further be defined in the use of formative and summative 
assessments. 
 
Scriven (1967) originally made the distinction between 
formative and summative assessment [10]. Formative 
assessment contains academic feedback that indicates the 
difference in the level of the submission and the criteria, 
goals and standards set for that submission [11]. On the 
other hand, summative assessment is used to arrive at a 
final judgement of a student’s work, without academic 
feedback being provided [12].  
 
Formative assessment provides opportunities for students 
to receive academic feedback on their performance; 
building on their strengths while resolving their 
weaknesses [13, 14]. One of the main advantages of 
formative assessments is that it allows the immediate 
identification of student difficulties (see Table 1 for more 
advantages). These may include inappropriate methods 
or wrong calculations. The final report that is handed in 
by IP4 students is a scientific document that requires a 
specific format and structure. Students in this module 
often struggle with the structuring of this report that starts 
with an introduction and ends with a conclusion. Students 
often cut and paste images from the Internet, without 
adequate referencing or explanations of the image being 
provided. In this case, formative assessments provide 
students with academic feedback on how to reference 
each image and explain each one adequately in the 
narrative, thereby improving his or her competence in the 
module [15]. 
 
This improvement must be made ahead of a final 
summative assessment, which often occurs at the end of 
the module with the sole purpose of making a final 
judgement [16]. Advantages of summative assessments 
may include that it allows the academic to make a 

decision concerning the student’s competencies in the 
module. The main disadvantage of summative 
assessment is that the results obtained by the academic 
can only be used for improvement in the next offering of 
the module. In IP4, a positive outcome of the summative 
assessment will be a sign that the learner has successfully 
mastered the specified learning outcomes of the module. 
For example, students need to master the methodology 
section in the report, where they clearly outline how they 
went about solving the problem. This assessment may 
also allow the student access to further studies and serve 
as an indication of employability. Summative 
assessments are therefore final judgement calls of a 
student’s work, that encapsulate all the evidence up to a 
given point [12], and is made without academic feedback 
been given, except for a final grade.  
 
A comparison between formative and summative 
assessment is given in Table 1, with specific reference to 
goals, characteristics, advantages and disadvantages. The 
main goal of formative assessments is to provide 
adequate feedback to students so that they may improve 
their learning, while the main goal of summative 
assessments are to determine the overall required 
competencies of the student at the end of a module. 
Formative assessment is characterised, among others, by 
a focus on the process of learning, while summative 
assessment focusses on the outcome of learning. The 
course structure and the type of assessments that are used 
for IP4 are discussed in the next section.   
 
Table 1: Comparison between formative and summative 
assessments 

 Formative assessment Summative assessment 

Goal To monitor student 
learning and provide 
ongoing feedback that 
can be used by students 
to improve their 
learning 

To evaluate student 
learning and overall 
competencies at the end 
of an instructional 
module by comparing it 
to a benchmark 

Character-
istics 

Assessment of learning 
Focuses on the process 
Provide information 
about the improvement 
of knowledge and skills 
Requires little time from 
students and lecturers 
Done in class 
 
 

Assessment of learning 
Focuses on the outcome 
Provide information 
about attainment of 
knowledge and skills 
Requires more time 
from students and 
lecturers 
Done outside of class 
 Ad-

vantages  
Can be used to: 
x improve learning, 
x provide adequate 

academic feedback,  
x motivate students, 

and 
x diagnose students’ 

strengths and 
weaknesses. 

 

Can be used to: 
x derive a final 

grade, 
x allow progression 

to further studies, 
x assure suitability 

for work, 
x predict success in 

future studies, and 
x signal 

employability. 

Dis-
advantages 

Final grades cannot be 
derived 

Information can only be 
used in future offerings 
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3. COURSE STRUCTURE OF IP4 
 
IP4 is a compulsory module in the Baccalaureus 
Technologiae: Engineering: Electrical qualification 
(most commonly referred to as the BTech). The course 
structure (highlighting six different submission 
requirements) used at CUT for this module is shown in 
Table 2, which needs to be completed over a 10-month 
period (registration is completed in February with the 
final report (summative assessment) submitted in 
October). No formal electrical or electronic based circuits 
are required from these students who often work on high 
voltage systems (up to 132 kV). Their final report or 
dissertation is usually based on a real life case study 
which was identified in industry.  
 
The structure and purpose of the project proposal, along 
with the research methodology course and project plan, 
is presented over the first nine weeks of the course. This 
usually comprises a singular 4-hour session per week 
arranged for a late afternoon or early evening in order to 
grant full time working students the opportunity to 
attend. Theory relating to the title, problem statement and 
proof of the problem is emphasized. The project proposal 
is assessed formatively, giving students the opportunity 
to rectify any deficiencies. This is important as the 
project proposal usually forms the core of the first chapter 
in the final report or dissertation. 
 
Table 2: Industrial Projects 4 (IP4) structure 

Requirement Assign. Month Weighting 
Project proposal 
(formative) 

1 April 10% 
Progress report (formative) 2 July 10% 
Article (summative) 3 August 5% 
Poster (summative) 4 August 5% 
Oral defence (summative) 5 September 10% 
Final report (summative) 6 October 60% 
  TOTAL 100% 
 
The progress report (a formative assessment) covers the 
first three chapters of the dissertation, along with the 
front matter (declaration, expression of thanks, abstract 
and table of contents), references (a minimum of 12 
references are required of which at least 50% must be 
journal references). In-text references are emphasised as 
well as the importance of plagiarism during with weekly 
theory sessions. The first chapter basically comprises the 
revised project proposal, while Chapter 2 should cover 
relevant literature that seeks to explain the problem and 
the proposed solutions. Students are requested to include 
specific references to previous practical industry 
examples where their proposed solutions to their problem 
have been used before. This lends credence to their 
proposed solution, establishing its validity in the 
student’s research project. Reasons must be given as to 
why the solution was required, how it was implemented 
and what the results were. Chapter 3 of the progress 
report should introduce at least three proposed solutions 
to the problem identified in Chapter 1, presenting 
proposed electrical diagrams, possible installation sites, 

geographical topologies and the advantages and 
disadvantages of each solution.   
 
The article (a summative assessment) requires students to 
compile a two-page article based on the official IEEE 
template. This helps students to understand the 
importance of structuring a research publication as well 
as what important sections or topics are required. 
Limiting the number of pages helps negate the so called 
“cut and paste” syndrome so often encountered with 
student reports or dissertations. Students cannot simply 
copy a huge amount of data from the Internet or from 
another study, but need to evaluate the information and 
select only that which is relevant, phrasing it in such a 
way that it makes sense to the reader. All figures and 
tables need to be edited by the student to include three 
specific highlighted sections / blocks which need to be 
explained in the text. This helps students to reason on the 
figures and tables, interpreting their significance in the 
context of their study. 
 
A poster (summative assessment) is required where the 
student must provide at least four images relating to the 
current geographical layout, proof of problem and 
results. Two sentences introducing and briefly explaining 
each image must be included on the A3 poster. In 
addition, each image must have three key aspects 
highlighted. This discourages students from simply 
cutting and pasting images from the Internet or software 
packages, with no substantial interpretation or 
explanation. A brief problem statement and conclusion 
section is required, while no references must be given on 
the poster. Excessive amounts of text are discouraged. 
 
The oral defence (summative assessment) requires 
students to complete a 14-slide PowerPoint Presentation 
where their details, problem statement, proof of the 
problem, three possible solutions and results must be 
shown. Excessive amounts of text are discouraged, while 
the results must feature some type of simulation in order 
to make an informed decision about the preferred 
solution. All possible solutions must be visually 
presented, with as little text as possible. The conclusion 
must state the preferred solution and provide substantive 
reasons for this decision. 
 
The final report (summative assessment) comprises the 
largest weighting towards the student’s final grade which 
is based on academic feedback given to the student with 
regard to the project proposal and progress report. 
Although the article, poster and oral defence is 
summative in nature, informal academic feedback from 
these submissions may also be incorporated into the final 
report. This report must include chapter 4 (results section 
comparing the alternative solutions by means of 
simulation software and cost analysis) and chapter 5 
(conclusion of the project substantiating the use of the 
preferred solution along with pertinent 
recommendations). The actual content of the report con-
tributes to 60% of the student’s final grade, while the 
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structure of the portfolio (front matter (declaration, 
expression of thanks, abstract, table of contents and list 
of figures) and back matter (references and annexures)) 
accounts for the remaining 40%.  
 

4. RESEARCH METHODOLOGY 
 
A case study using quantitative data is used. A case study 
intends to explore a bounded system in-depth [17]. A 
system could refer to a programme, event or activity 
which, in this research, is the formative and summative 
assessment grades awarded to IP4 students for the 
various submission as outlined in Table 2. The word 
“bounded” suggests that the research is conducted within 
the boundaries of a specific module or location, being IP4 
at CUT. Quantitative data is used to highlight the 
progress of 85 students over four different submissions. 
The grades awarded to these students by academics 
during 2014 are used to determine the number of students 
who improved on their previous submissions, thereby 
indicating improved student learning. These grades are 
drawn from the project proposal, progress report, oral 
defence and final report. Although the oral defence is a 
summative assessment, it represents the first submission 
where the students evaluate their proposed solutions. 
Informal academic and peer feedback, obtained during 
the oral defence, may be incorporated by students into 
their final report. This quantitative data is given in the 
form of tables and figures.  
 
It must be emphasised that the same rubric is used to 
assess all the power engineering students, with consistent 
feedback given for each submission which builds on the 
previous one. At least 40% of the next submission is 
graded with regard to improvements made on the 
previous submission, with the exception of the oral 
defence. However, the oral defence provides a good 
indication if the student has identified and understood the 
problem, having provided suitable solutions and 
evaluations to make feasible recommendations. This is 
really the crux of the project (iUSE principle 
demonstrated) that needs to be aligned throughout the 
final report.      

The main result compares the progression of grades for 
each student across the four submissions, highlighting the 
number of students who increased their grades for each 
subsequent submission, or who improved their student 
learning. A maximum number of three improvements 
may be achieved with four submissions. A Pearson 
correlation is also made between the final grades of the 
students and the difference in grades between specific 
submissions. This is done in order to determine which 
improvements are critical to student academic success.  
 

5. RESULTS 
 
Table 3 presents the four submissions, with the number 
of students who increased their respective grades from 
one submission to the next. For example, 28 students 
increased their grades from the proposal to the progress 
report, while 36 students had a higher final report grade 
when compared to their oral defence grade. Each 
submission has been designed to cover specific aspects 
of the iUSE principle. Identifying and understanding the 
problem exists across all four submissions. This is 
primarily where students demonstrate improved student 
learning, as adequate academic feedback from previous 
submissions may be used to improve on future 
submissions. However, it seems that not every student is 
applying the academic feedback, as many students are 
actually repeating their mistakes. For example, 57 
students (total sample of 85 – 28) received a lower 
progress report grade, when compared to their proposal 
report grade, while 23 students (total sample of 85 – 62) 
did not improve on their progress report grade when 
considering their final report grade. Noteworthy is the 
Pearson correlation values, which indicates a correlation 
between the final report grades and the difference in 
grades between specific submissions. For example, the 
differences between the individual student grades for the 
proposal and oral defence where correlated to the 
student’s final report grades, and yielded a value of 
0.276. This indicates that no significant correlation exists 
between student progression between these two 
submissions and the final report grades.

 
Table 3: Grade improvements for Industrial Projects 4 (IP4) during 2014  

Evaluating Proposal Progress Oral Defence Final Report 
i Number of 

students who 
improved 

their 
individual 

grades 

28 p = 0.113         
identify the               

problem 67     p = 0.276     
U               

understand the 50         p = 0.818 
problem               

S   Improved 75 p = 0.208     
solutions to the               

problem   Improved 62     p = 0.673 
                
E             

evaluate the     Improved 36 p = 0.291 
solutions             
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However, a moderate correlation (p = 0.673) exists 
between the final report grades and student progression 
(either increase or decrease of grades) from the progress 
report to the final report. An even higher correlation (p = 
0.818) exists between the final report grades and student 
progression from the proposal report to the final report.  
 
Bear in mind that the final report accounts for 60% of the 
final grade and that students must achieve a minimum 
final grade of 50% to successfully complete the module. 
This implies that students generally need to achieve a 
good final report grade if they are to achieve academic 
success. This grade can only be achieved if students 
apply the academic feedback provided on the proposal 
and progress report, as evidenced by the moderate and 
high correlation values.  
 
Figures 1, 2 and 3 highlight the number of students who 
either increased or decreased their grades between 
specific submissions. It is portrayed as a histogram, 
where the frequency axis represents the number of 
students and the x-axis the grade differences. The student 
grade differences between their proposal and their 
progress report are shown in Figure 1, where 46 of the 85 
students showed a decrease in their grades of more than 
4%. This can be an indication that students did not act on 
the feedback that they received in the formative 
assessment of their proposal. 
 

 
Figure 1: Grade differences between the proposal and 
progress reports 
 

 
Figure 2: Grade differences between the progress report 
and oral defence 
 
Figure 2 gives an indication of the difference in grades 
from the progress report to the oral defence. From the 
graph, it can be seen that 75 students either maintained or 
improved on their submission. It is also noted that 44 of 
the 85 students had a grade increase of more than 9%. 
This is an indication that students applied the academic 

feedback that was given to them on their progress report, 
with a subsequent positive effect on the grades of their 
next submission, being the oral defence.  
 
In Figure 3, the difference in student individual grades 
between their oral defence and their final report is 
presented. During the oral defence, informal feedback 
was given by the academic to the students. It appears that 
many of these students disregarded the informal 
feedback, as 45 of the student’s grades decreased more 
than 4% from their oral defence to their final report. 
 

 
Figure 3: Grade differences between the oral defence and 
final report 
 
Considering Figure 4, only nine out of the 85 students 
improved on all their submissions, as a maximum of three 
improvements may be attained when considering four 
submissions. This means that their grades consistently 
increased from their proposal report, to their progress 
report, to their oral defence, to their final report.  
 

 
Figure 4: Number of students achieving different 
improvements and the number passing the module 
 
All nine these students passed the module with six of 
them being included in the top 25 students. 36 students 
achieved two improvements in their grades across the 
four submissions, with 34 of them successfully 
completing the module (equates to 94% of those making 
two improvements). 40 students achieved only one 
improvement, where 27 of them passed the module 
(equates to 68% of those making one improvement). 
 

6. CONCLUSIONS 
 
The purpose of this paper was to highlight that only a 
small percentage of students are really applying the 
academic feedback provided to them, while the majority 
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of students seem to disregard the feedback with their next 
submission, then heeding it again with their final report. 
The structure of IP4 reveals six submissions, of which 
four submissions contribute 10% or more to the student’s 
final grade. These four submissions (three formative and 
one summative) were considered in this research, where 
the improvement of grades from one submission to the 
next was analysed. Students who improved on their 
grades were judged as applying academic feedback, 
while those not improving on their previous grades were 
judged as disregarding academic feedback.  
 
The results emphasized that those students who 
consistently apply academic feedback (66% of the time 
representing two or three improvements in this research) 
are more likely to attain academic success. In fact, if three 
improvements are made across four submissions, then a 
student has a 100% chance of achieving academic 
success. If only one out of three improvements are made, 
then a student has a 68% chance of academic success.    
 
This again illustrates that students need to engage, not 
only with the course content, but also with the feedback 
given by an academic. Evidence of this type of student 
engagement is seen in the improvement of student grades 
over a period of time within a capstone module requiring 
a number of submissions. Subsequently, a key 
recommendation of this research is to share its findings 
with future power engineering students, thereby creating 
an awareness of the importance of applying academic 
feedback given on formative assessments. As students 
engage more with and apply the academic feedback given 
them, the greater their chances of academic success at the 
end of a capstone module. 
 
In our technological age, it may be stated that those who 
adapt to change will most likely succeed. This is also true 
of power engineering students that seek to adapt to 
academic feedback given on formative assessments, 
thereby significantly improving their chances of 
achieving academic success in the future. 
 

7. REFERENCES 
 
[1] C. Fisher, D. Berliner, N. Filby, R. Marliave, L. Cahen, 

and M. Dishaw, "Teaching Behaviors, Academic 
Learning Time, and Student Achievement: An 
Overview," The Journal of Classroom Interaction, vol. 
50, pp. 6-24, 2015. 

[2] A. Burger, "Research support for masters students," 
Administratio Publica, vol. 17, pp. 94 - 115, 2009. 

[3] A. J. Swart, K. Lombard, and H. de Jager, "Exploring 
the relationship between time management skills and 
the academic achievement of African engineering 
students - A case study," EJEE, European Journal of 
Engineering Education, vol. 35, pp. 79 - 89, 2010. 

[4] S. Kilcommins, Ed., Capstone courses as a vehicle for 
integrative learning (Integrative Learning: 

International research and practice. New York: 
Routledge, 2014, p.^pp. Pages. 

[5] A. J. Swart and L. E. Toolo, "Fundamental problem-
solving skills are found across the board in education: 
Are our power engineering students on-board?," 
presented at the ICEE 2015, Zagreb, Croatia, 2015. 

[6] E. Farisani, "Impact of new policy developments in 
higher education on theological education," Studia 
Historiae Ecclesiasticae, vol. 36, pp. 287-303, 2010. 

[7] International Engineering Alliance. (2014, 12 
December 2014). Homepage. Available: 
http://www.ieagreements.org/GradProfiles.cfm 

[8] A. Kamal, Y. Li, and E. Lank, "Teaching motion 
gestures via recognizer feedback," in Proceedings of the 
19th international conference on Intelligent User 
Interfaces, 2014, pp. 73-82. 

[9] S. Rojas-Drummond, O. Torreblanca, H. Pedraza, M. 
Vélez, and K. Guzmán, "‘Dialogic scaffolding’: 
Enhancing learning and understanding in collaborative 
contexts," Learning, Culture and Social Interaction, 
vol. 2, pp. 11-21, 2013. 

[10] M. Taras and M. S. Davies, "Perceptions and realities 
in the functions and processes of assessment," Active 
Learning in Higher Education, vol. 14, pp. 51-61, 2013. 

[11] D. Wiliam, "Formative assessment and contingency in 
the regulation of learning processes," in Annual 
Meeting of American Educational Research 
Association, Philadelphia, PA, 2014. 

[12] A. Rauf, M. S. Shamim, S. M. Aly, T. Chundrigar, and 
S. N. Alam, "Formative assessment in undergraduate 
medical education: concept, implementation and 
hurdles," J Pak Med Assoc, vol. 64, pp. 72-75, 2014. 

[13] A. Abraham and H. Jones, "Facilitating Student 
Learning in Accounting through Scaffolded 
Assessment," Issues in Accounting Education, vol. 31, 
pp. 29-49, 2015. 

[14] L.-J. Wu, H.-H. Chen, Y.-T. Sung, and K.-E. Chang, 
"Developing cognitive diagnostic assessments system 
for mathematics learning," in 2012 IEEE 12th 
International Conference on Advanced Learning 
Technologies, 2012, pp. 228-229. 

[15] P. Keeley, Science Formative Assessment, Volume 1: 
75 Practical Strategies for Linking Assessment, 
Instruction, and Learning vol. 1: Corwin Press, 2015. 

[16] K. Turner, L. Roberts, C. Heal, and L. Wright, "Oral 
presentation as a form of summative assessment in a 
master’s level PGCE module: the student perspective," 
Assessment & Evaluation in Higher Education, vol. 38, 
pp. 662-673, 2013. 

[17] J. Creswell and V. Plano Clark, Understanding 
research: A consumer's guide. Upper Saddle River, NJ: 
Pearson Education, Inc, 2010. 

SAUPEC 2017 783



 

Studying the effect of full uniform shading on a PV module 
using a LabVIEW simulation model 

Pierre E Hertzog1 and Arthur J Swart2 
1,2Department of Electrical, Electronics and Computer Engineering 

Central University of Technology, Private Bag X20539, Bloemfontein, 9300 
1phertzog@cut.ac.za 
2aswart@cut.ac.za 

 
Abstract: Simulations designed in LabVIEW may be used in many engineering applications, including the design of stand-alone PV 
systems. The influence of full uniform shading, which included thin clouds and contrails, on the day to day performance of PV systems is 
often underestimated, and is not always accounted for in the design. The purpose of this paper is to describe the design and development of 
a LabVIEW simulation model that includes the influence of full uniform shading on the overall performance of a PV system. This model is 
used by electrical engineering students at the Central University of Technology in order to verify their designs and improve their 
understanding of the operation of stand-alone PV systems. The model also assists engineering students in investigating the influence of full 
uniform shading on the performance and sustainability of a stand-alone PV system with specific component specifications. The design of 
the model was based on empirical research that quantified the influence of full uniform shading on the performance of a PV system. With 
the use of this model, a engineering student can change the percentage of full uniform shading in conjunction with other variables, thereby 
visually observing the influence on the performance of a stand-alone PV system over a 24-hour period.  
 
Keywords— PV design, sustainability, diffuse radiation, engineering students 

I. INTRODUCTION 
 “Learning by doing, peer-to-peer teaching, and computer 
simulation are all part of the same equation.” These words, 
by the Greek-American architect Nicholas Negroponte, 
highlights the importance of computer simulations to enhance 
our understanding of complex concepts and systems [1]. 
Simulations have evolved to form an integral part of the tool 
set for engineers in their day to day work. It is also an 
invaluable tool for academics who aim to convey 
fundamental principles of power engineering to engineering 
students. In a study by Connolly et al. in 2010, researchers 
considered a total of 68 different simulation tools for 
analysing the integration of renewable energy into various 
energy systems [2]. The sheer number of simulation tools 
suggests that renewable energy systems are usually first 
analysed mathematically, primarily in terms of performance, 
before physically being installed. These simulation tools 
include many different variables, such as tilt and orientation 
angles, load profiles, solar radiation curves and 
environmental conditions of the installation site. It is thus 
essential that freshmen engineering students be exposed to 
simulation software packages early on in their studies, as they 
will progress to more advanced and complex software as the 
level of education increases.  

One key environmental condition, which may at times be 
overlooked, involves full uniform shading of PV modules. 
Interrupting direct beam radiation lowers the output voltage 
of a PV module significantly, influencing the amount of 
output power which may lead to system downtime or even 
component failure over a period of time [3]. Uniform shading 
results in more diffused radiation, rather than direct beam 
radiation, being received by the PV module, resulting in the 
radiation intensity being approximately 20% of the direct 
beam component [4]. It is therefore imperative that uniform 
shading of PV modules be included as a variable in software 
simulation tools used by engineers and engineering students. 

The purpose of this paper is to describe the design and 
development of a LabVIEW simulation model (LSM) that 
includes the influence of full uniform shading on the overall 

performance of a PV system. Empirical data, relating to the 
influence of full uniform shading on the output power of a PV 
module, was published in 2014 [5] and is used as input data 
to design and verify the LSM. This model can be used by 
engineering students to investigate the influence of various 
percentages of full uniform shading on the performance of a 
stand-alone PV system over a 24-hour period. 

Firstly, the research site will be contextualized. Secondly, 
the LSM will be presented focusing on the user interface. 
Thirdly, the research methodology will be outlined followed 
by the results and discussions. Lastly, conclusions and 
recommendations will be drawn. 

II. CONTEXT OF THE RESEARCH SITE 
 South Africa has some of the best solar radiation resources 
in the world, where the average daily solar radiation varies 
between 4.5 and 7 kWh/m2 [6]. In the heart of South Africa 
lies the Free State province, where the provincial capital is 
Bloemfontein. The main campus of the Central University of 
Technology (CUT) is located in Bloemfontein, with the 
Faculty of Engineering and Information Technology residing 
on the west wing. The co-ordinates of CUT’s main campus is 
29°07’17.24” S (Latitude) and 26°12’56.51” E (Longitude), 
being at an altitude of 1304 m above sea level [7]. CUT serves 
as the research site for this study. Bloemfontein is a semi-arid 
region (82% of South Africa is classified as such a region [8]) 
with a daily average global horizontal radiation of 
5.15 kWh/m2/day [6]. This average daily radiation renders 
Bloemfontein as an ideal site for research into the 
performance of PV systems. 

III. LABVIEW SIMULATION 
Figure 1 shows the user interface of the LSM that was 

designed as part of this research and is presented in this paper. 
This user interface is used by freshmen engineering students 
in a module termed Solar Energy Systems 2, in order to 
manipulate specific variables of the model, and to visually 
observe its related effects. This module forms part of the 
Higher Certificate in Renewable Energy Technologies 
(HCRET) that has been offered at CUT since January 2014. 
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It was specifically developed in order to train technicians for 
the renewable energy field of the Northern Cape and Free 
State province.  

Label A in Figure 1 shows the first section of the user 
interface of the LSM. The first section represents the energy 
source, where the engineering student may manipulate the 
percentage of full uniform shading for the simulation. In this 
section the simulation can be set to simulation or 
experimental mode. In the simulation mode, a linear equation 
is used for the relationship between the full uniform shading 
and the available solar energy. This is due to the fact that the 

relationship between light intensity and power from a PV 
module is linear [9], which is indicated in red in Figure 2. 
This figure shows that 60% full inform shading will produce 
75% power reduction. In order to better represent the actual 
simulation results, a second order polynomial function was 
used (see Figure 2). This is done to make the student aware 
that small differences between experimental and theoretical 
work is possible due to variations in the experimental 
parameters. In the experimental mode, results from other 
studies may be used to formulate a different equation. 

 

Figure 1: User interface of designed LabVIEW simulation module  

 
In this section, hourly radiation data is obtained from a text 

file that represents a 24-hour cycle of energy from the sun. 
The engineering student has no control over the energy from 
the sun and the simulation reflects the normal daily radiation 
curve peaking at around 1 kW/m2 during midday. 

Since the LSM requires only one daily radiation curve, any 
data relating to specific days of the year can be selected as 
input to the simulation model. Monthly average solar 
radiation data may also be used, as was obtained for 
Bloemfontein from NASA's surface solar energy data set that 
provides monthly average solar radiation data for specific 
locations on earth [10]. 

Figure 3 represents one day of radiation data for summer, 
winter and for the average of the year. From the figure it can 
be derived that the average peak radiation for summer is 0.93 
kWh/m2 and for winter it is 0.6 kWh/m2. In the evaluation of 
the simulation model, only one day in July was used due to 
the fact that the solar radiation from the sun is at its lowest 
point in the year for the research site. Using the average daily 
radiation from July will ensure that the system will be 
sustainable over the full 12-month period.   

The data for the monthly average solar radiation for 
Bloemfontein is shown in Figure 4, illustrating the difference 
between summer and winter seasons. The average daily 
radiation for December was 7.76 kWh/m2/day, whereas in 
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June it was only 3.49 kWh/m2/day. These radiation values 
will decrease as the percentage of full uniform shading is 
increased on the dial in Figure 1 A. Students, who are visual 
learners, will immediately be able to identify this 
significance.   

 

 
Figure 2: Relationship between the percentage of shading and the overall 

output power reduction. 

 

Figure 3: Average radiation per day for December and July in Bloemfontein 
[10] 

 

Figure 4: Average daily radiation per month for Bloemfontein [10] 

 
Section B in Figure 1 represents the PV array. This is 

where the engineering student can change the array size from 
0 to 20 kW. If, for example, a 5 kW array is selected and the 
input from the sun is set at the Standard Test Condition (STC) 
of 1 kW/m2, then the output of the module will be 5 kW at 
25°C. The output of each section is shown in kW to enable 
the student to observe the flow of energy through the system. 
The dust and mismatch factor of the PV array is also included 
where typical values are set around 15% [11]. Engineering 
students may manipulate this value to visually observe the 

adverse effects that dust and mismatches exert on the energy 
flow and performance of the overall system. In section B of 
Figure 1, the engineering student can also set the efficiency 
of the charge controller that serves to regulate the flow of 
current between the PV module, storage device and specified 
loads. Modern charge controllers have typical efficiencies of 
97% [12]. The student may control the effectiveness of the 
charger by varying it between 50% and 100%, again being 
able to visually observe its effect on subsequent sections. 

Section C of Figure 1 represents the battery bank (storage 
device). The efficiency of the battery may also be altered 
between 80 and 100%, which is in line with current 
technology providing battery efficiencies of around 85% 
[13]. It must be noted, though, that battery efficiencies rely 
heavily on charging and discharging periods, as well as on the 
depth of discharge [13]. The battery’s voltage (V), amount of 
charge (Ah) and state of charge (SOC as a %) are also 
indicated in this section, playing an important role in the 
sustainability of the system. 

Section D of Figure 1 presents the inverter where the 
student may set its efficiency between 80% and 100%. 
Current technologies allow for inverter efficiency’s in the 
order of 97% [14]. However, it must be noted that inverter 
efficiency is dependent on the AC load and may vary widely 
over the operating range of the inverter [15]. Wiring losses 
are included in this section which can be manipulated 
between 0% and 20%. These include losses in electrical 
connections in the system as well as resistive losses that are 
affected by the length and diameter of the wires that are used 
[16].  

The load profile may be obtained from a standard text file. 
The engineering student may manipulate the load profile in 
the LSM in order to fit specific case studies. The load is 
presented in one hour intervals, with the flow of energy from 
the battery to the load being observed in the simulation (see 
Figure 6). The load profile is an integral part of any renewable 
energy system and needs to be reliable [17] in order to ensure 
that the system has been designed to be sustainable. A typical 
load profile for a normal household was compiled and used 
in this research, and is shown in Figure 5. The load profile 
can be customised by specifying the hourly load in kW over 
a 24-hour period in the text file that is used as input for the 
load profile in the simulation.   

 

 

Figure 5: Load profile that was used in the evaluation of the simulation 
model. 

 The power to the load, power extracted from the PV array 
and the battery’s SOC is presented graphically in Figure 6 for 
a 24-hour period. It may be observed that the SOC was 50% 

y = -0.4235x2 + 1.5116x + 0.0004

y = 1.268x + 0.0136
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at the start of the cycle and gradually decreased to 48.8% at 
the end of the cycle (diagonal solid line). This provides the 
engineering student with an indication of the decline in SOC 
due to the load requiring more power than what is available 
from the sun (yellow line illustrating the daily solar radiation 
curve). 

Figure 7 represents the power extracted from the PV array 
for a non-shaded and shaded condition with a difference of 
2.6 kW at 12:00 in this specific simulation. In this sketch, the 
student can visually observe the influence of shading on the 
output performance of the PV array. The next section covers 
the research methodology that was followed in this study. 
 

 

Figure 6: Graphical display in simulation of power from PV array, power to 
the load and the state of charge in the batteries  

 

 
Figure 7: Graphical display of power extracted from the PV array over a 24 

hour day due to un-shaded and shaded conditions  

IV. RESEARCH METHODOLOGY 
The purpose of this paper is to describe the design and 

development of a LSM that includes the influence of full 
uniform shading on the overall performance of a PV system. 
In a previous study, reported on in 2014 [5], the influence of 
various percentages of full uniform shading on the output 
power of a PV module was investigated and quantified. 
Firstly, the percentage of light intensity that passed through 
three different shade nets was determined. The shade nets 
were then used separately to apply 10 minutes of full uniform 
shading to one specific PV module (called the experimental 
system), while an identical one remained un-shaded (called 
the control system). The amount of output power from each 
system was then recorded, and the amount of power reduction 
calculated for each separate shade net. 

The results of this 2014 study were used as the input data 
to the LSM. The simulated data results where then compared 
to the empirical data results in order to verify the validity of 
the simulation model. The components of the stand-alone PV 

system that are used in the evaluation of this LSM include a 
PV array size of 15 kW, a charge controller rating, a battery 
size of 100 Ah, an inverter rating and losses. The charge 
controller and inverter efficiencies were selected as 95%. The 
in-out efficiencies of the batteries (100 Ah 24 V) were set to 
85%. Dust and mismatch losses were taken as 10% while 
wiring losses were set to 15%. 

V. RESULTS AND DISCUSSION 
Firstly, the results concerning the empirical data of the full 

uniform shading of the 2014 study are presented as a review 
(Figure 8); after that, the results of the LSM are given. Using 
both direct beam radiation from the Sun and two different 
LEDs (3 W and 4 W) as the light source enabled similar shade 
net percentages to be calculated. A 35% shade net allows 65% 
of light to pass while a 61% shade net allows 39% of light to 
pass.  
 

 

Figure 8: Full uniform shading results using LED’s and the SUN [18] 

 

Figure 9 reveals the correlation of output power to the 
percentage of full uniform shading of a given PV module 
within a controlled environment. The percentage of full 
uniform shading equates to the percentage of light intensity 
of the direct beam component which is not proportional to the 
output power of the PV module (e.g. 35% shading allows 
65% of light to pass which results in a 50% reduction of the 
output power) [18]. 

Figure 10 presents the empirical results of the influence of 
three different shade nets on the output power of the PV 
module, as well as the results of the simulation model. A 
similarity of 99.7% exists between the empirical and 
simulation data. This is an indication that the simulation 
values are valid and can be used by an engineering student to 
study the influence of full uniform shading on a stand-alone 
PV system.   

One of the main considerations for the sustainability of any 
stand-alone PV system is the SOC in the battery bank. As an 
example, Figure 11 represents the influence that the different 
percentages of shading will have on the SOC over a 24-hour 
period. This is valuable information for an engineering 
student to enable him or her to determine if the current PV 
system design will be sustainable. In this regard, results from 
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the simulation model for a specific system is shown in Figure 
11, where the initial SOC is 50%. The engineering student 
can now observe that no shading will cause the SOC of the 
system to also be 50% at the end of the 24-hour day. For 
uniform shading of 61%, the SOC will drop with more than 
1% to 48.75% which must be considered in the design of the 
physical system. 

 

Figure 9: Power reduction to full uniform shading percentages [18] 

 

Figure 10: Empirical data from the 2014 study for power reduction 
compared with simulation data for 3 different shade nets 

The output of the PV array is affected by the percentage of 
full uniform shading. As an example, the simulation results 
available to the engineering student for different percentages 
of full uniform shading can be observed in Figure 12. A 35% 
full uniform shading will have a power reduction of 44% and 
a 61% shading will have a reduction of 77% (see Figure 12).   

 
Figure 11: Simulated influence of 3 different percentages of shading on the 

SOC of the battery bank over a 24 hour period. 

   

 
Figure 12: Simulated influence of the various percentages of shading on the 

output of the PV array 

VI. CONCLUSIONS 
The purpose of this paper was to describe the design and 

development of a LSM that includes the influence of full 
uniform shading on the overall performance of a PV system. 
This system includes sections for adjusting the percentage of 
full uniform shading, array size and efficiencies (charger, 
battery and inverter). Losses, in terms of dust, mismatch and 
wiring, may also be set in the LSM. 

The results of the LSM were compared with the empirical 
results of a previous study done in 2014, where a correlation 
of 99.7% was obtained. This indicates that the LSM can be 
used by engineering student to accurately investigate the 
effects of uniform full shading on the output power of a 
specified PV system. This PV system may be customized 
within the LSM to fit an exact real life application. 
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GENERATOR UNDER-VOLTAGE AND OVER-VOLTAGE 
PROTECTION USING COMMERCIAL RELAY WITH REAL-TIME 
DIGITAL SIMULATOR FOR POWER ENGINEERING 
EDUCATION 
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Abstract: This paper presents studies of generator under-voltage and over-voltage protection using a 
commercial relay that is used for protection of power utility generators in power plants. The studies 
have been performed on a real-time digital simulation platform that enables studying power systems 
in real-time scenarios and connecting the relay in hardware-in-loop configuration. The under-voltage 
and over-voltage elements were set for chosen electric generator according to IEEE standards. The 
results of the study have been presented and analysed in the paper.  Main aim is to use this generator 
protection study for education and training and research case studies. 
 
Key words: Generator, protection, under-voltage, over-voltage, relay. 
 
 
 

1. INTRODUCTION 
 

Modern power systems have very large expensive 
generators connected to them. Various faults occurring 
in them may cause serious problems to the generators 
due to severe mechanical and thermal damage. Hence, 
the requirements that need to be met are stringent for 
generator protection systems [1]. Generators in power 
plants experience short-circuits and abnormal conditions 
on them [2], [3] and as they become older, the chances 
of failure of insulation increases because of 
deterioration of insulation [3]. The loss of a major 
generating unit for an extended period of time would 
result in very costly replacement power and repair costs 
[3]. Therefore, whenever generators are subjected to 
such faults or abnormal conditions, automatic detection 
of such condition/s are essential so that the generator 
can be tripped and hence protected from any damage or 
complete destruction [2, 4-5]. 
 
Protection relays for generators over the years has 
advanced through electromechanical, to static to digital 
to numerical relays and finally to single or dual 
multifunction generator protection schemes (MGPS) 
[4], [6]. Recently, digital multifunction relays are 
widely used for protection of power system apparatus 
such as generators as they provide most of the 
protection functions required for generator protection 
that results in sot savings when compared to individual 
relays [7, 8]. MGPS are made up of two or more relay 
functions that are implemented on a single hardware 
platform [5]. Modern digital multifunction relays can 
provide protection, together with control, monitoring, 
metering and communication functions [8]. MGPS also 
often includes additional features such as accidental 
energization, sequential trip logic, or open breaker 
detection [6]. Reliability is a critical issue as many relay 
functions are integrated on one platform, and it is 
addressed by providing different models, each with a 
portion of protective functions, backups for critical 
components and self-checking functions etc. The 

selection of trip/alarm action produced by different 
protection functions varies depending on their 
experience, philosophy, interpretation of standards, and 
recommendations from equipment in use [4, 6, 8]. 
 
This work utilized real-time digital simulator (RTDS) as 
a platform to simulate case studies in which there is a 
generator connected to grid and under-voltage/over-
voltage conditions were simulated and tested with 
commercial multifunction generator protection relay. 
RTDS allows users to use modern digital multifunction 
generator software relay and connection of hardware 
relay/s to test its functionalities under abnormal 
condition/s simulated on the generator connected to a 
grid/system under particular situation.  
 
Section 2 discusses about generator under-voltage and 
over-voltage protection schemes while section 3 
provides relevant information of RTDS. Section 4 
presents the system configuration considered for the 
work with simulation/experimental results and analyses 
illustrated in section 5. Finally, the work is concluded in 
section 6. 
 
2. GENERATOR UNDER-VOLTAGE AND OVER-

VOLTAGE PROTECTON SCHEMES 
 

Generators at the power plants might be subjected to 
both under and over-voltage conditions that are detected 
and equipment is protected using settings according to 
levels of both under and over-voltages. 
 
2.1 Generator under-voltage and protection settings 
 
Generator under-voltage condition may arise due to 
sudden increase in load on generator, fault conditions in 
nearby system, failure of automatic voltage regulator 
(AVR) etc. [9]. Usually, generators are designed to 
operate continuously at a minimum value of 95% of its 
rated voltage to supply rated active power at rated 
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frequency. However, if the generator terminal voltage is 
reduced below 95% of its rated value, it may start 
importing reactive power from the connected grid and 
cause stability problems in the system together with 
malfunctioning of voltage sensitive devices [6]. Also 
the performance of generator auxiliary plant fed through 
a unit-transformer from generator terminals could be 
adversely affected by prolonged under-voltage 
conditions [10]. Hence, it is imperative that there is an 
alarm on an under-voltage condition and not to trip the 
generator. Under-voltage conditions on generators can 
be detected by one of the following types of devices [6, 
10]. 
x Under-voltage relay with instantaneous and inverse 

time characteristics in which inverse time 
characteristics element is set at about 90%  of its 
rated voltage with a time-voltage curve so that 
operating time is about 9.0 seconds at 90% of 
pickup setting while the  instantaneous element is 
set about 70% of its rated voltage. 

x Under-voltage relay with two stages of voltage 
pickup and definite time delay set points in which 
the first stage is typically set at 90% of generator 
rated voltage with a definite time delay of 10.0 
seconds and the second stage pickup is set at 80% 
of generator rated voltage with a definite time delay 
of 2 seconds [6]. 

 
2.2 Generator over-voltage and protection settings 
 
Generators might be subjected to over-voltage at its 
terminals for various reasons such as over speeding, loss 
of load or failure of AVR, transient surges in the 
network, or prolonged power frequency over-voltage in 
an isolated network or with networks with weak 
interconnections due to fault conditions [9, 10]. Such 
over-voltage condition causes stress on insulation 
material and over fluxing of generator and transformer 
[11]. For gas and steam turbine generators, this can be 
mitigated by the use of speed control and AVR. For 
these reasons, the generator should be provided with 
power frequency over-voltage protection, using time 
delayed element, either inverse definite minimum time 
or definite time. The time delay should be so chosen 
that it is long enough to prevent operation during 
normal regulator action and hence, AVR and its 
transient response should be taken into account. A high-
set element can also be used with a very short definite 
time delay or instantaneous setting to provide a rapid 
tripping in extreme situations [10]. 
 
To protect a generator from over-voltage condition, 
following types of schemes can be employed [6]: 
x Using instantaneous over-voltage relay and over-

voltage relay with inverse time characteristics in 
which the pickup setting of the inverse time 
element is set at about 110% of generator rated 

voltage and a time-voltage curve is chosen which 
provides an operating time of about 2.5 seconds at 
140% of the pickup setting while the instantaneous 
element is set at 130% to 150% of generator rated 
voltage. 

x The over-voltage protection with two stages of 
pickup value with definite time relays based on the 
generator manufacturer’s recommendation in which 
the first stage is set at 110% of generator rated 
voltage with a time delay of 10 s to 15 s while the 
second stage pickup is set at 150% of generator 
rated voltage with a definite time delay of 2 to 5 
cycles. 

 
3. REAL-TIME DIGITAL SIMULATOR 

 
RTDS is one of those specially designed parallel 
processing computation facilities that comprises both 
hardware and software. It is used to perform study on 
electromagnetic transient phenomena in real-time [7, 
12]. RTDS includes accurate power system component 
models that represent complex elements and used for 
making a physical power systems. Further, a powerful 
user friendly graphical user interface, referred to as 
RSCAD enables the user to construct, run and analyse 
power systems. It also allows connection of hardware 
such as power system controllers, protective relays etc. 
[12, 13]. Fig. 1 shows the configuration used for study 
of generator under-voltage and over-voltage protection 
using a relay. The system under study is constructed 
using RSCAD software and simulated on RTDS 
processors and results of simulation/s are sent back to 
RSCAD for analyses. The relay in turn sends a trip 
signal back to RTDS which can utilised for corrective 
actions in the system if a trip condition is reached for 
any element [8, 13]. 
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Fig. 1: System configuration 

 
4. SYSTEM CONFIGURATION 
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Fig. 2: System under study 

 
This paper utilises the configuration of a generator rated 
at 555 MVA, operating at 24 kV rated voltage and 
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connected to grid through a step-up transformer to 400 
kV parallel transmission lines [14] as shown in Fig. 2. 
In [14], the system has 4u555 MVA generators and 
hence for this study, the transmission line parameters 
were changed corresponding to 555 MVA to mimic the 
system described in [14]. The generator is equipped 
with IEEE governor, IEEE exciter and IEEE power 
system stabiliser (PSS) to ensure that the generator and 
its auxiliaries resemble practical standard equipment 
used in power generating stations. Although the 
generator is synchronised and connected to an infinite 
bus, the addition of the governor model provides a 
means to control active power generated by the 
generator as is done in practical power station 
generators. 
 
A manual excitation control system as shown in Fig. 3 
is used to simulate under and over-voltage on the 
generator. The generator rotor winding receives its 
voltage from the exciter under normal operating 
condition. However, for inducing under-voltage and 
over-voltage conditions, the exciter circuit is 
disconnected and the manually controlled voltage is 
supplied to the rotor field winding. 
 

AVR/
Exciter

Manual 
Excitation

To 
Rotor 
Field

 

Fig. 3: Generator field excitation control 
 

5. SIMULATION/TEST RESULTS AND 
ANALYSES 

 
The following sections present case studies together 
with analyses considered for under-voltage and over-
voltage elements of commercial generator protection 
relay. Fig. 4 shows the connections in details for the 
relay under test together with RTDS and current/voltage 
amplification device. 
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Fig. 4: Connection of relay with RTDS 
 
The currents and voltages from the simulation is taken 
out through the Gigabit-transceiver analogue output 
(GTAO) card which utilizes 16-bit digital to analogue 
converter and allows high accuracy and offset 
calibration. From the output of the GTAO card, the 

power amplifier is connected output of which are in turn 
connected to the input of the relay. The trip signal from 
the relay is taken in simulation through Gigabit-
transceiver front panel interface card (GTFPI). 
 
5.1 Generator running under normal and reduced 
excitation levels 
 
To start with, the generator was operated at 0.9 p.u. of 
active power and 0.436 p.u. of reactive power. 
Generator quantities under this operating condition with 
field current at rated terminal voltage of 1 p.u. with 
generator being equipped AVR/exciter and PSS were 
observed as in shown in Figs. 5-8. Subsequently, the 
generator was put on manual excitation control at a 
level such that the generator was still able to supply the 
active and reactive powers while maintaining its 
terminal voltage at 1 p.u. Fig. 5 shows the field currents 
with normal excitation fed from the exciter/AVR, from 
the manually controlled exciter and field current at 95% 
of rated terminal voltage. This illustrates that the 
manual exciter control is smooth in operation as 
expected and provides steady values of field currents.  
Fig. 6 depicts the active power supplied by the generator 
with terminal voltage of 1 p.u. and 0.95 p.u. under 
excitation from exciter/AVR or manual control. It also 
shows that the active power remains the same with 
changes in excitation which is expected. 

 
Fig. 5: Generator field currents 

under various operating conditions 

 
Fig. 6: Generator active powers 

under various operating conditions 

 
Fig. 7: Generator reactive powers 

under various operating conditions 
 
Figs. 7 and 8 show that there is a drop in reactive power 
from the initial value supplied by the generator as the 
excitation is reduced manually to a value at the which 
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the generator terminal voltage is 0.95 p.u. which is 
again as expected because as the terminal voltage is 
reduced, the reactive power supplied by the generator 
should reduce and vice-versa. 
 
It has been observed that under these operating 
conditions while changing the excitation from 
exciter/AVR to manual control and reducing the 
generator terminal voltage to 0.95 p.u., under-voltage 
elements did not issue any trip signal and hence the 
generator breaker remains closed as is shown in Figs. 9 
and 10 respectively, the reason being the generator 
terminal voltage did not reach under-voltage trip set-
point. 
 

 
Fig. 8: Generator terminal voltages 
under various operating conditions 

 
Fig. 9: Relay trip signal at 0.95 p.u. voltage 

 

 
Fig. 10: Breaker status at 0.95 p.u. voltage 

 
5.1.1. Under-voltage element level 1 testing 
 

 
Fig. 11: Generator field current and terminal voltage  

(UV level 1) 
 
The generator under-voltage relay element level 1 was 
tested by reducing the generator terminal voltage to 
89.759% of rated voltage, which is below the level 1 set 
point (90%). Fig. 11 shows the corresponding field 
current and terminal voltage. Fig. 12 illustrates that the 

generator reactive power decreases while it still 
maintains the active power. However, when the 
generator terminal voltage goes below its set value 
chosen inside the protection scheme, the level 1 of 
under-voltage relay picks up as shown in Fig. 13 and the 
generator breaker trips as shown in Fig. 14. 
 

 
Fig. 12: Generator MW and MVAR (UV level 1) 

 
Fig. 13: Relay trip signal (UV level 1) 

 
Fig. 14: Breaker status (UV level 1) 

 
5.1.2. Under-voltage element level 2 testing 
 
For testing level 2 of under-voltage relay, excitation was 
reduced to reduce the generator terminal voltage below 
level 2 set value (80%) at 73.8672% of its rated voltage 
which is shown in Fig. 15. Fig. 16 shows active and 
reactive powers when the generator is forced to run at a 
lower level of terminal voltage with reduced excitation. 
Fig. 17 and Fig. 18 respectively illustrate relay trip 
signal that causes generator breaker to trip. 
 

 
Fig. 15: Generator field current and terminal voltage 

(UV level 2) 

 
Fig. 16: Generator MW and MVAR (UV level 2) 
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Fig. 17: Relay trip signal (UV level 2) 

 
Fig. 18: Breaker status (UV level 2) 

 
5.2.1. Over-voltage element testing 
 
For over-voltage element testing, the generator was first 
operated at a voltage level which is higher than its rated 
voltage but below level 1 pickup setting. The field 
excitation was increased to run the generator at 105% of 
its rated voltage as shown Fig. 19. The changes in the 
active and reactive powers because of excessive 
excitation shown in Fig. 20 are as expected because 
excessive over excitation causes the generator to run in 
over-voltage condition. Fig. 21 shows the relay trip 
signal while generator breaker status is shown in Fig. 22 
when the generator is running at 105% of its rated 
voltage. 
 

 
Fig. 19: Generator field current and terminal voltage 

(OV) 

 
Fig. 20: Generator MW and MVAR (OV) 

 
Fig. 21: Relay trip signal (OV) 

 
Fig. 22: Breaker status (OV) 

5.2.1.1. Over-voltage level 1 test 
 
The generator was set to run at 110.615% of rated 
voltage by increasing its excitation with level 1 set at 
110%. The field current and terminal voltage are shown 
in Fig. 23 while generator active and reactive powers 
are shown in Fig. 24 when the generator is operating 
under this overexcited condition. The trip signal from 
the over-voltage relay level 1 is shown in Fig. 25 and 
the generator breaker status in Fig. 26 shows tripping of 
generator. 
 

 
Fig. 23: Generator field current and terminal voltage  

(OV level 1) 

 
Fig. 24: Generator MW and MVAR (OV level 1) 

 
Fig. 25: Relay trip signal (OV level 1) 

 
Fig. 26: Breaker status (OV level 1) 

 
5.2.1.2. Over-voltage level 2 test 
 
To test level 2 of over-voltage relay, the generator was 
run at 131.51% of its rated voltage level while the set 
value is 130%. Generator field current, terminal voltage, 
active and reactive powers are shown in Fig. 27 and 28 
respectively. The over-voltage on the generator and 
tripping of the generator breaker are shown in Fig. 29. 
 

 
Fig. 27: Generator field current and terminal voltage 

(OV level 2) 

 
Fig. 28: Generator MW and MVAR (OV level 2) 
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Fig. 29: Relay trip and breaker status (OV level 2) 

 
5.2.2. Over-voltage test – with load reduction on the 
generator 
 
The generator active power was reduced from full load 
condition using governor control with constant 
excitation voltage and over-voltage condition was 
observed at the generator terminals which is shown in 
Fig. 30. The over-voltage level 1 picked up causing 
generator circuit breaker to trip as is shown in Fig. 31. 
 

 
Fig. 30: Generator field current, terminal voltage, MW 

and MVAR (load reduction) 

 
Fig. 31: Relay trip and breaker status (load reduction) 

 
6. CONCLUSION 

 
The paper presented the simulation/experimental studies 
of generator under-voltage and over-voltage protection 
elements using a commercial relay and the results were 
analysed to conform theories under such operating 
conditions and as well as the operation of respective 
levels of under-voltage and over-voltage elements. 
These studies provide the basics for training and 
education in generation protection areas and developing 
further research case studies under such abnormal 
conditions. The same configurations and underlying 
principles can be used to connect any commercially 
available relay used for generator under-voltage and 
over-voltage protection. 
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Abstract: This paper documents the experience of two PhD electrical engineering students working 
together to solve different but complementary aspects of a problem in electrical engineering. It is 
intended that future post graduate engineering students can benefit from their research experience 
based on a partnership forged by the need to solve complex technical research problems. Generally, 
social interaction in a supportive environment for research teams is encouraged but this pair of 
students, often isolated physically from their research peers, experienced a dynamic, accelerated 
learning and rigor-centred environment. There are different approaches to PhD supervision, ranging 
from students being largely independent to students working closely with their supervisors in research 
teams. In this paper, the students contrast their experiences with literature of postgraduate research. 
Although the experience is limited to their journey it is believed that it can be extended to future 
postgraduate candidates in power engineering and through an independent study find best practice 
partnership permutations for future students. 
 
Key words: self-evaluation, conceptual change, collaboration, practical training, PhD supervision 
 
 
 

1. INTRODUCTION 
 

It is useful, but not necessary, to identify the career path a 
doctoral student expects to follow beyond the thesis. A 
typical question is whether to view the PhD supervision 
as training for academia, or training for industry. Gardner 
[1] discusses the challenges faced by students 
transitioning from undergraduate study to independent 
research. Supervisors urge their students to be 
independent critical thinkers, to be innovative, etc. Most 
students however find great difficulty in making this 
transition, with the notion that if you are spoon fed you 
will never learn to think for yourself and if left to go in 
your own direction you will lose the plot. For this reason, 
in engineering the approach often practised is that of 
placing students in the supportive environment of 
research groups [1]. 
 
This study presents an atypical instance where two 
students from vastly different backgrounds in terms of 
their age and academic and industrial experiences were 
paired up to work in the same off-campus test facility. 
 
Specifically, this paper is about the journey that Hilary, 
the young PhD student, Les the mature PhD student, and 
Trevor, the supervisor embarked on.  The task was to 
explore a problem in electrical engineering in two 
different domains, using the same measurement data. 
Hilary focused on the finite element modelling (FEM) 
and Les explored parameter generation for topological 
modelling of the same equipment.  
 
First, the individual focus of each student is presented 
within the context of the research problem in section 2. 
The next sections describe their experience of the 

research tasks of planning and implementing rigorous 
experimental protocols to gather the data they needed. 
These sections are supplemented by insights from their 
experience of industrial practical training, extensive 
reading and writing, and attending foreign conferences. 
Finally, self-evaluation of the experience and the outputs 
of the research lead to recommendations for new research 
students. 
 

2. RESEARCH PROBLEM 
 

2.1 Geomagnetically induced currents in power systems 
 
The problems introduced by geomagnetically induced 
currents (GICs) into power systems have been quite well 
known for over 30 years.  Ionospheric currents initiated 
by processes on the Sun cause slowly varying GICs to 
flow in the lines and transformers of a power system, as 
illustrated in Figure 1. 
 

 
Figure 1: GIC flowing in a typical HV system [2] 
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The GICs cause transformers to operate beyond their 
design parameters, generating multiple unwanted system 
conditions. In some instances, transformers may be 
damaged by their electromagnetic and thermal response 
to the GIC.  An extreme event, fortunately rare, could 
severely disrupt technical, social and economic systems, 
so there is international interest in GIC research. 
 
Despite efforts to solve the problems in transformers, 
their response still remains relatively poorly understood. 
One of the main reasons is that mathematical models are 
difficult to validate because physical measurements on 
large transformers are impractical. For example, in their 
comprehensive FEM analysis of a three phase three limb 
(3p3L) power transformer, Bíró et al. [3] state: 
“Unfortunately, no measurement results are available to 
validate the above analysis.” 
 
2.2 Early measurements and FEM – Hilary  
 
Having in his Master’s degree research identified the lack 
of laboratory measurement data needed to explore 
transformer responses to dc, Hilary had developed a 
rigorous protocol for testing bench-scale (300 VA) 
laboratory transformers carrying GIC-like dc [5]. 
Substantial measurement data was collected from three 
transformers with different core structures. 
Corresponding simulation results were derived from 
electromagnetic transients program models. Some 
discrepancies between the models and measurements data 
were apparent and could not be reconciled at the time.  
 
Next, early in his doctoral research, Hilary took the 
modelling to the FEM environment, which focuses more 
on the response of the component than the system, and is 
computationally intensive. Details of the bench-scale 
transformers were used to develop a FEM simulation 
protocol.  
 
Mostly good correlation between the FEM-simulated and 
measured waveforms was demonstrated for various 
distorted and offset waveforms, as illustrated in Figure 2.  
The general trends established confidence in the FEM 
simulations. 
 

 
Figure 2: Measured and FEM simulated current wave 

forms for two transformers, where 1ph = one of a 3x1p3L  

transformer at full load with 550 mA dc, and Ia = a phase 
current in a 3p3L transformer with 160 mA dc per phase. 

[Note: the code used to designate the core structures of 
transformers uses the number of phases and the number 
of limbs of the core. For example, 3p3L represents a 
three-phase, three-limb transformer and 3x1p3L 
represents a bank of three single-phase three-limb units.] 
 
However, it was note that although ensuring the 
parameters of the FEM models matched the actual bench 
transformers as closely as possible, the simulated no load 
magnetizing current Imag was consistently lower than the 
measured value.   
 
2.2 Equivalent circuit model – Les 
 
Transformer models are one of the weakest components 
of modern transient simulation software [4]. The physical 
attributes of transformer components need to be correctly 
represented when modelling. Models differ depending on 
the phenomenon being modelled. Saturation is an 
important consideration when modelling for slow 
transients and the transformer component parameters 
chosen must be relevant to such a study.   
 
Les came into his doctoral research topic ‘cold’ having 
done a Master’s degree in an unrelated field of electrical 
engineering. A thorough literary review was necessary to 
guide the choice of the parameters for the proposed 
model. It was quickly evident that duality derived 
topological models are necessary to model the core 
saturation since steady state transformer models are 
inaccurate. In Figure 3 the derived equivalent circuit is 
shown without winding resistance and interconnections. 
 
A test protocol was compiled to quantify the parameter 
values and also explore the core response with ac and dc 
components of current present in the windings. 
Single phase test circuits were challenging since test 
circuits had to be devised that saturate only the test 
transformer and no other circuit components, which 
would have masked relevant data. 
 
 

 
 
Figure 3: Duality-based equivalent circuit of a single 
phase four limb transformer. Winding resistance and 
interconnections are not shown [10]. 
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3. NATURE OF DOCTORAL RESEARCH 
 

Here we pick up the research thread at the point of 
commencement of laboratory testing with the literature 
review already completed. 
 
Hilary – Looking at the transition to the PhD, the earlier 
work was seen as a demonstration of the mastery of the 
scientific method. The approaches to testing small bench-
scale laboratory transformers, characterizing the 
responses, and comparing with transient modelling were 
not directly applicable in industry because laboratory 
transformers are so different from real power 
transformers. Though few such tests had been reported, 
the research was not particularly novel in a relevant way. 
Further research would be directed to gaining better 
understanding of the complex responses.  
 
The PhD research moved from the system response 
model down to the component response in FEM. Building 
on the bench-scale protocol, bigger 4.4 kVA transformers 
with power transformer core steel were tested rigorously 
in the laboratory. Validating the FEM analyses with 
measured data improves the accuracy of the FEM models 
and develops approaches to simulating other core 
structures with more confidence in the results.  
 
Les – Initially, Hilary’s experience put him at a distinct 
advantage allowing him to lead in the early stages of 
testing. This helped to move the testing forward swiftly 
as the practical experience component was already in 
place. As my knowledge and confidence grew, the 
leadership role in the team began to regularly alternate 
between the two of us as new ideas were being generated, 
requiring new test protocols and better thought out test 
circuits. 
 

4. THE PAIRED COLLABORATION 
 
Collaboration occurs on many levels.  Those illustrated in 
in Figure 3 include benefitting from different past 
experience, emotional support, intellectual and physical 
assistance, and access to networks. 
 

 
Figure 3: Form of collaboration 

Although not examining each component in detail, the 
experience provides insight into some aspects of research 
into research itself. 

 
4.1 Does literature review end? 
 
Boote and Beile [6] state that when doing a literature 
review its quality is determined by our understanding:  

“Not understanding the prior research clearly puts a 
researcher at a disadvantage”.  

 
Hilary – In a research partnership with a shared common 
area, the potential exists for open exploration of the 
literature in the form of debate and discussion. This has 
the effect of unlocking the knowledge for both 
individuals and helps refine their thinking and 
understanding. 
 
Les – The literary review process prepares the research 
candidate for research. There is an iterative process that 
entails an initial literature review, reading to understand, 
a realization that this is not what I’m looking for and then 
repeating the process until confident enough to launch 
into one’s own research [6].  Even then, findings from 
one’s own theory development and practical testing 
provoke new ideas and require further literature review, 
looking for concepts, theories or data that might not have 
appeared even relevant during the earlier searching and 
reading. 
 
It appears there may be misconceptions that literature 
review is completed early in the research, just as it 
appears in theses.  While some students might use a 
template for the thesis, no such template exists for doing 
the research. Research is a series of processes consisting 
of and not necessarily limited to, developing a sound 
knowledge foundation, developing research protocols, 
simulations, validation through rigorous testing, analysis 
of results, finding the novelty in your own work and 
thesis writing. Each one of these processes normally 
requires additional literature review. Literature review 
only ends when the thesis is accepted. 
 
4.2 Conceptual change  
 
Hilary – Hewson [7] initially defines conceptual change 
simply as ‘catching on’. He then goes on to explore 
different interpretations of conceptual change in science 
teaching.  
 
Conceptual change interpreted as an ‘extension’ of an 
idea is explained in the analogy of an old house being 
extended to have additional wings and having modern 
electrical equipment installed.  
 
In this study ‘extension’ occurred throughout the process 
of laboratory testing, revisiting literature and testing 
computer simulations. An example of such an instance is 
both students found themselves having to revisit some of 
the research questions in their theses and extending them 
to add rigor due to the cumulative learning process.  
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Conceptual change defined as ‘conceptual exchange’ 
could be made analogous to the argument of the water 
glass being “half empty” as opposed to it being “half 
full”. A student could switch from one opinion to another 
simply because it makes more sense to them.  
 
In this study there are several instances whereby, through 
discussions and learning from the process, various ideas 
that were not necessarily fundamentally incorrect were 
given up for other better ones. One such example in the 
experimental protocol was a decision on whether to use 
resistor banks as voltage divider to control certain levels 
of dc current or to use rheostats which allow for 
continuous control. Both resistors perform the same 
function in the circuit but it made more sense in the end 
to use rheostats due to the ease of operation.  
 
Later in his paper, Hewson [7] defines his personal view 
of conceptual change as ‘constructivism’:  

“This construction of knowledge [using existing 
knowledge] takes place within a context of social 
interaction and agreement.” 

We often found ourselves exchanging ideas through 
multiple technical discussions – debates that eventually 
led to refined approaches to solve particular problems.  
 
 
4.3 Industry partnerships 
 
Early in their PhD studies, Hilary was seconded by the 
university to gain practical experience and an awareness 
of research and development at a large transformer 
manufacturing plant in South Africa. Les went on a 
practical training programme with a European 
transformer manufacturer. During these experiences, the 
students were exposed to industrial practices and 
operations, discussions with transformer specialists and 
commercial software useful in transformer modelling.  
 
The students entered the transformer testing phase after 
their training periods. Initially, they were reliant on the 
‘specialists’ from the manufacturers for confirmation of 
concepts and possible directions to take. As the testing 
advanced into exploratory measurements that had not 
been done before, Les and Hilary became much more 
independent and often presented new ideas that the 
‘specialists’ found interesting and relevant. 
 
Les – Industry partners bring resources and experience to 
the partnership. The down side of such a partnership is 
that industry is time conscious as they seek to improve 
their bottom line (profit). Research on the other hand is 
less concerned about the time factor as solving 
engineering problem has an academic slant to it that 
requires delving into the ‘nitty gritty’ of the problem in 
order to understand fully before making an attempt to 
solve it.  
 
The partnership with industry benefited the research in 
several ways. Importantly, the test transformers were 

received free of charge. Regular progress reports to the 
industry partner and teleconferences ensured that the 
industrial experience component was transferred to the 
researchers. Other industry partners contributed by way 
of academic licenses for software, test facilities and 
equipment. 
 
Trevor – Both students grew through their relationships 
with the industry partners, gaining confidence in their 
own abilities. This should be a normal consequence of 
doctoral studies, which, in requiring the formulation of 
novel contributions to knowledge, require researchers to 
become experts in their chosen areas. Further, doctoral 
students bring to their testing academic rigour that has 
often been lost in industry, where following standard 
procedures may dull incisive thinking. The possibilities 
of joint publications surface when the deep experience of 
industry engineers’ collaboration is brought together with 
the researchers’ academic rigour  
 
4.5 Expectations about and experience of supervision 
 
Les – Candidates entering postgraduate programmes 
probably have an unrealistic expectation of their 
supervisors. They are happy initially to play a role of 
follower and expect the supervisor to lead. It is only once 
this misconception is broken and the realisation sets in 
that ‘this is my research’ that the student starts to move 
forward. Later it becomes clear that the supervisor has 
multiple roles, including mentoring, accessing resources, 
and even guiding a student to the understanding of when 
the required ‘novel contribution, rigorously tested’ has 
been reached and submission of the thesis is appropriate.  
Smit [8] found that most supervisors expect doctoral 
students to be capable of independent, highly technical 
original research and that it puts them at an advantage if 
the PhD topic aligns with the research interest of the 
supervisor.  
 
Trevor – The supervisor has many different roles [8] and 
they change during the process of the research. Initially, 
most students need guidance in defining the scope of their 
project, recognising a niche in which they could make a 
contribution, and on how to review literature efficiently. 
Sometimes one points to particularly good papers, or 
helps a student to develop his or her own skills in 
thinking and searching. Later, students develop into being 
research partners and eventually they become more 
expert in their own topics than even the supervisor. 
Participating in this process is one of the privileges of 
supervising doctoral candidates. 
 
4.3 Thesis writing approach  
 
Hilary – Most supervisors advise students to write for the 
thesis as they go, as opposed to documenting everything 
in the end. Students eagerly start the writing process from 
the onset until some factors come into play in the middle. 
These factors ranged from conceptual change through the 
research experience requiring the re-writing of past 
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material, to time consuming physical experiments or 
finite element simulations, etc.  
 
It was found that when the research reached the point 
where technical papers could be written and published, 
elements from the papers could be easily drafted into the 
theses thus compensating for any ‘down time’ during the 
experience.  
 
4.6 Papers and conferences  
 
There are several benefits from participating in 
conferences, including seeing the standards expected, 
networking, learning how to formulate one’s ideas for an 
audience, receiving feedback, gaining recognition and 
‘joining a community of practice [8, 9].  
 
Trevor – Students often need to be guided not to submit 
papers for conferences before there is something useful to 
say. Nevertheless, when the time comes that useful 
contributions can be made it is important to choose 
suitable events.  Having practiced presenting their work 
in regular in-house seminars, both students were well 
prepared for international conferences and gained from 
them. 
 
From this research, papers have already been presented at 
two international meetings; a power engineering 
conference in Australia [10] and a specialized transformer 
workshop in Spain [11].  
 
The students were exposed to PhD rigor from an 
international perspective and made aware of what others 
are focusing on ‘out there’. This exposure also 
consolidated the novelty of the student’s researches and 
allowed them to compare themselves with other students.  
 

5. LESSONS LEARNED 
 
Some highlights of the journey through doctoral research 
have included: 

x Partnerships and friendships formed 
x Improved self-confidence and self-actualisation 
x Skills gained 
x Knowledge gained 
x Consolidated identity as members in the 

international community working to solve 
problems  

 
However, research is not an endlessly positive 
experience. In the outcomes of an empirical study Lovitts 
[12] points out “perseverance in the face of frustration” as 
one of the personality traits of successful PhD students.  
 
Various challenges and disappointments were faced 
during the experience. Mostly, with hindsight, these were 
seen as ‘data points’ or learning curves, ultimately having 
a positive impact on the whole experience.  
 

Hilary – One could think that being isolated for extended 
periods during the transformer testing from the supportive 
environment of the larger research groups on campus put 
us at a disadvantage. On the contrary, being isolated and 
communicating with the supervisor mostly in formally 
arranged meetings was an advantage. In a research group, 
it is easy to slip into the background and not contribute or 
ask questions during seminars and go unnoticed, which 
could imperil one’s research progress.  
 
We had each other to answer to, were in ‘plain sight’ and 
invariably forced to be ‘switched on’ at all times until it 
became the natural order to always understand and solve 
a problem. 
 

6. DISCUSSION 
 
Clearly, this research project has been a positive 
experience for both students and the supervisor. It is an 
approach that could be recommended for future PhD 
students. Many of the advantages realised during this 
project could be gained also in groups of three or four 
students. However, in reality not all partnerships are 
successful. 
 
The findings of this introspection are largely consistent 
with what can be found in the very limited literature on 
this aspect of doctoral studies, although a sample of two 
students cannot be statistically significant!  
 
It would be interesting to compare the students’ self-
assessments and the outcomes of this project with those 
of a pair of part-time students.  They too often feel 
isolated and might benefit from pairing. Past experiences 
of other successful partnerships are being reviewed and 
the approach will be adopted with some of the students in 
a new project. It is expected that new findings will 
suggest approaches to improving postgraduate research. 
 
 

7. CONCLUSIONS 
 
From the perspective of the authors, the following aspects 
may be worth considering for supervisors and future 
candidates: 
 

x It is beneficial to pair up students with different 
skillsets to tackle problems in the same field of 
interest and the supervisor plays a big role in 
establishing and managing the partnership. 
 

x Conflicts are best resolved between the students 
in an environment where they are free to express 
differing opinions in order to progress with the 
research and avoid a breakdown that would have 
negative consequences.  
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Abstract: As a result of the substantial population growth within the Southern African Development
Community (SADC) region in the past 20 years increased pressure has been placed on countries to
develop energy infrastructure. The Southern African Power Pool (SAPP) was established in 1995 to
assist in the co-operation and co-ordination between SADC countries in order to achieve this task.
This paper provides a collated summary of the SAPP, including its history and governance framework
while outlining the market architecture that SAPP market participants use to trade electricity. SAPP is
currently comprised of 16 members from 12 participating countries: Nine Operating Members (OPs)
(national Power Utilities (PUs)), three Non-Operating Members (NPs) (national PUs), one Independent
Transmission Company (ITC), one Independent Power Producer (IPP) and two Observers. In 2015,
the interconnected SAPP had a peak demand of 41.8 GW (45.9 GW including all members not
interconnected) and total interconnected energy demand of just over 255 TWh (273 TWh including
all members not interconnected). The main mechanism for trading electricity in the SAPP is still via
bilateral contracts (≈ 2.7% of total demand in 2015 and 94% of electricity trade) but this has been
declining in recent years as the competitive Day Ahead Market (DAM) and Intra Day Market (IDM)
and recently introduced Forward Physical Market Monthly (FPM-M) and Forward Physical Market
Weekly (FPM-W) increase their volumes (0.2% of total demand and 6% of electricity trade in 2015).
These relatively low trade volumes indicate a requirement for significant supply capacity investment to
ensure system adequacy and promote further trading between SAPP participants. A novel sub-market
integrated into the SAPP market architecture that would assist in incentivising capacity investment has
been proposed - an appropriately designed Capacity Mechanism (CM). There is currently no existing
published literature on the introduction of a CM into the SAPP and thus this work proposes a novel
solution to ensuring power system adequacy via the SAPP market architecture while further promoting
electricity trade between existing and prospective SAPP market participants. Various CM designs have
been outlined with a brief description of each while selected countries around the world that have
already adopted a CM design (or adjusted existing CM designs) have been listed along with countries
that have CMs under discussion. Future research will develop tools to assess the most appropriate CMs
within the SAPP context and assess the performance thereof.

Key words: Southern African Power Pool (SAPP), Co-ordination, co-operation, competition, market
structure, Bilateral contract, Forward Physical Market Monthly (FPM-M), Forward Physical Market
Weekly (FPM-W), Day Ahead Market (DAM), Intra Day Market (IDM), investment, incentivisation,
system adequacy, Capacity Mechanism (CM)

1. INTRODUCTION

The Southern African Development Community (SADC)
region covers an area of almost 106 km2 (more than twice
that of the European Union (EU) and equal to that of the
United States of America (USA) as well as the People’s
Republic of China). The SADC population has grown
from ≈180-milion people in 1995 to ≈300-milion people
in 2015 [1] - an equivalent annual population growth rate
of 2.6% for 20 years while the world has grown at half
this rate in the same period (1.3%). With the exception
of the Sub-Saharan African region with a growth rate of
2.7%, no other region has shown such growth. Regions
with the closest level of population growth have been
the Middle-East and North Africa (MENA) region (1.8%)
and South Asian region (1.6%). This exceptional growth
has placed pressure on SADC countries for infrastructure

development (specifically electrical energy). In this
context, electrical demand in the SADC region grew
from just over ≈200 TWh in 1996 [2] to ≈270 TWh in
2015 [3] i.e. an average annual growth rate of 1.6%.
In 2015, the interconnected peak system demand within
SAPP was 41.8 GW (45.9 GW including countries not yet
interconnected).

Within the SADC community, it was realised that
there would be clear benefits in regional co-operation
and co-ordination (specifically for electrical energy
infrastructure) that would enable economic growth and
development. Thus, the Southern African Power Pool
(SAPP) was established. The SAPP aims to ”...
provide the least cost, environmentally friendly and
affordable energy and increase accessibility to rural
communities.” [3]. In this, further electricity trading
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between SAPP members i was promoted and better
co-ordinated while pursuing increased access to electricity,
specifically in rural areas, and ensuring the region attracts
electrical infrastructure investment. The SAPP is a
power pool based within the context of the SADC that
was officially established in 1995 and has thus been in
existence for just over 20 years. It is the oldest power pool
in Africa and has matured over time with more members,
higher trading volumes as well additional sub-markets
updated over time.

This paper fulfils three roles:

i To provide a collated summary of the existing SAPP
market architecture and sub-markets therein.

ii To review the performance of existing SAPP
sub-markets since their establishment.

iii To propose an additional novel sub-market for
inclusion into the SAPP market architecture that
could assist in incentivising generation investment.

The paper is structured with a background of the SAPP
provided in Section 2., the performance of the various
SAPP sub-markets provided in Section 3., a novel market
structure is proposed in Section 4. and Section 5. concludes
the paper.

2. BACKGROUND

2.1 Motivation to establish the SAPP

The member countries of the SAPP are shown geographi-
cally in Figure 1 with political boundaries. Historically, the
Southern African region has not been highly electrically
interconnected and thus minimal electricity trade between
nations took place (bilateral contracts between selected
countries only). A bilateral contract is a mutually
agreed upon contract between two parties (a buyer
and a seller) typically on a medium to long-term
basis to exchange electricity with pre-defined delivery
requirements, volumes and prices.

The first bilateral contract in the region was established
in the 1950s between Zaire (now known as Democratic
Republic of Congo (DRC)) and Zambia followed by the
interconnection of Zimbabwe and Zambia at Lake Kariba
in the 1960s [4]. The Songo-Apollo High Voltage Direct
Current (HVDC) link between Mozambique and South
Africa followed in 1975. These developments resulted in
two separate interconnected power systems (Northern and
Southern).

Following the emergence of relative political stability, the
region realised that integrated and co-operative trading
of electricity from the rich hydro resources in the north
(Congo and Zambezi rivers) and the rich thermal resources
in the south (coalfields of Botswana and South Africa and
onshore gas fields in Mozambique) would be beneficial

iThe region had already been trading electricity since the 1950s but
purely on a bilateral basis and at very low volumes.

Figure 1: Map of the SAPP member countries

for all countries [5]. As a result, in 1995, the Northern
and Southern networks were interconnected with the
construction of the 400 kV line between Matimba (South
Africa) and Insukamini (Zimbabwe) [6]. This created
a platform for electricity trading between these two
previously disconnected power systems. However, this
trading still remained in the form of bilateral contracts
updated and renegotiated on a periodic basis.

There was a distinct requirement for better electrical
interconnection between Southern African nations as well
as an enabling platform that would promote the trading
of electricity between the numerous Southern African
nations. The platform that was established was the
Southern African Power Pool (SAPP). Some history
and general governance framework under which it was
established is outlined in the following section.

2.2 The SAPP history and governance framework

Formally, the Lusaka Declaration of 1980 (signed in
Lusaka, Zambia) [7] initiated regional co-operation and
development between Southern African states. An update
to this (signed in Windhoek, Namibia in 1992) [8] created
what is now known as the Southern African Development
Community (SADC).

There are currently 15 member states of SADC [9]:

- Angola

- Botswana

- The Democratic Republic of Congo (DRC)

- Lesotho

- Madagascar

- Malawi
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- Mauritius

- Mozambique

- Namibia

- Seychelles

- South Africa

- Swaziland

- Tanzania

- Zambia

- Zimbabwe

Following on from the formation of the SADC, the SAPP
was established in 1995. The SAPP is currently governed
via a framework encapsulated in the following:

- Inter-Governmental Memorandum of Understanding
(MoU)

- Inter-Utility MoU

- Agreement between Operating Members (OPs)

- SAPP Operating Guidelines

The Inter-Governmental MoU that established the SAPP
in 1995 at the SADC summit in South Africa included
the majority of the national utilities of each country in the
SADC [10]. The 2006 revised Inter-Governmental MoU
for the SAPP extended the scope of members to include
new entities (as outlined in Section 2.3).

Using the Inter-Governmental MoU as an enabling
framework, the second SAPP document, the Inter-Utility
MoU governing the management of the SAPP was enacted
in 1995 [11]. The latest version of this was signed in
2007 defining a new structure for the management and
operations of the SAPP [12].

The third SAPP document is the Agreement between
OPs of the SAPP of which the original was signed in
1995 [13]. This document outlines responsibilities of OPs
(members whose transmission systems are interconnected)
with respect to standards, operations and pricing in the
SAPP. A revised version of this was signed in 2008 [14]
and is again under review [15].

The fourth and final SAPP document within this
governance framework is the SAPP Operating Guidelines
of 1996 [16]. This document defines the sharing of
costs and responsibilities in the SAPP (including inter alia
standards and guidelines for plant operations, maintenance
and safety). This document is also currently under
review [15]).

Another critical component to the ongoing operations
of the SAPP was the establishment of the SAPP
Co-ordination Center in 2002 in Harare, Zimbabwe [10].
The SAPP Co-ordination Center implements inter alia
the SAPP objectives (a regional wholesale market in the
SADC), monitors SAPP transactions between members,
carries out technical studies to assess the impact of future

projects on the SAPP, coordinates training of members and
provides SAPP statistics for planning and development in
the region [10].

The governance structure of the SAPP is shown in Figure 2
and outlined below [3, 12]:

- The SADC Directorate of Infrastructure and Services
is made up of ministers and officials from the
respective SADC countries and forms the direct link
between SADC and the SAPP. Major policy issues
are referred from the Executive Committee to this
Directorate.

- The Executive Committee is made up of Chief
Executive Officers (CEOs) of the SAPP members
and a representative from the SADC Secretariat. As
mentioned above, major policy issues are referred
from this Committee to the SADC Directorate of
Infrastructure and Services as/when required.

- The Management Committee decides on recom-
mendations of Sub-Committees and the SAPP
Coordination Center Board.

- The Operating Sub-Committee establishes and up-
dates methods and standards to measure technical
performance and operating procedures.

- The Planning Sub-Committee establishes and updates
common planning and reliability standards, reviews
integrated generation and transmission plans, evalu-
ates software and other planning tools, determines
transfer capability between systems amongst other
aspects of power system operation.

- The Environmental Sub-Committee develops Envi-
ronmental Guidelines for the SAPP amongst other
issues in environmental impact of power systems.

- The Markets Sub-Committee is responsible for the
design and continued development of the SAPP
electricity market and determines criteria to authorize
this trade.

- The Coordination Center (established in 2000 in
Harare, Zimbabwe) reports to a Co-ordination
Center Board consisting of a maximum of two
representatives of each national utility.

2.3 The SAPP market participants

The classes of the SAPP membership are as follows [10]:

- Independent Transmission Company (ITC) ii

- Independent Power Producer (IPP)s

- Power Utility (PU)

- Service Provider (SP)

- Observer (OB)

ii Also more commonly known as a Transmission Company
(TransCo)
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Figure 2: The SAPP management and governance structure

As can be seen in Table 1 (as of 2015), there are currently
12 member states and 16 members of the SAPP [3].
There are nine OPs (national Power Utilities (PUs)), three
Non-Operating Member (NP) (national PUs), one ITC, one
IPP and two Observers.

2.4 The SAPP size and interconnections

To provide some perspective on the electrical size of
the SAPP, a summary of the SAPP demand and energy
statistics for 2015 are given in Table 2 [15]. The graphical
overview in Figure 3 shows peak demands, domestic
energy demand, existing interconnectors (with voltage
levels and transfer capacities) as well as future (planned)
interconnectors of each SAPP country. As can be seen;
although Angola, Malawi and Tanzania are NPs of the
SAPP, there are plans to interconnect these countries into
the SAPP.

South Africa is by far the largest market in the SAPP with
domestic demand making up ≈ 85% of the SAPP electrical
energy demand (in 2015). The three next biggest markets
are DRC (≈ 3.0%), Zambia (≈ 2.9%) and Zimbabwe (≈
2.5%). Thus, South Africa is ≈30x bigger than the next
biggest market in the SAPP.

2.5 Evolution of the SAPP market architecture

As already outlined in Section 2.2, the Southern African
region has historically traded electricity solely through
bilateral contracts between the national utilities of the
respective countries. Following the establishment of the
SAPP in 1995, a considerable amount of time passed
before any formal sub-markets were formed within the

SAPP market architecture (other than already existing and
periodically updated bilateral contracts).

In 2001, the Short Term Energy Market (STEM) was
established as a collaborative market structure within the
SAPP to allow for the trading of electricity on a shorter
timeframe between SAPP members iii (to allow for trading
in addition to bilateral contracts).

In 2004, the SAPP wished to move from the collaborative
STEM towards a competitive market where buyers and
sellers would compete in the trading of electricity. This
resulted in the establishment of the SAPP Day Ahead
Market (DAM) to replace the STEM in 2009. The
SAPP DAM is a firm energy market that trades (via
a double sided auction process) hourly energy contracts
for the following day inclusive of existing bilateral
contracts (cleared first), transmission capacity constraints
and wheeling feesiv. A Post-DAM was established in
2013 to settle any outstanding imbalances that were still
present following DAM trading. The Post-DAM was then
discontinued when the IDM went live in December 2015
(as discussed next).

Since December 2015, the SAPP market architecture was
updated with a number of new sub-markets established.
The sub-markets included in this new SAPP market
architecture are (and are cleared in this order):

- Bilateral contracts: To meet long-term energy
supply-demand balance between market participants

iii See [4, 17] for more details on the STEM.
ivSee [4] for an overview of the SAPP DAM and [18] for more details

on the SAPP DAM trading rules
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Table 1: The SAPP membership (2015)

Name SAPP Status Abbreviation Country

Botswana Power Corporation OP BPC Botswana

Electricidade de Mocambique OP EdM Mozambique

Electricity Supply Company of Malawi NP ESCOM Malawi

Empresa nacional de Electricidade NP ENE Angola

Eskom OP Eskom South Africa

Lesotho Electricity Corporation OP LEC Lesotho

Namibia Power Company OP Nampower Namibia

Societe Nationale d’Electricite OP SNEL DRC

Swaziland Electricity Supply Company OP SEC Swaziland

Tanzania Electricity Supply Company NP TANESCO Tanzania

Zambia Electricity Supply Company OP ZESCO Zambia

Zimbabwe Electricity Supply Authority OP ZESA Zimbabwe

Copperbelt Energy Corporation ITC CEC Zambia

Lunsemfwa Hydro Power Station IPP LHPS Zambia

Hidroelectrica de Cahora Bassa OB HCB Mozambique

Mozambique Transmission Company OB MOTRACO Mozambique

OP = Operating Member, NP = Non-Operating Member, ITC = Independent Transmission Company,
IPP = Independent Power Producer, OB = Observer
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Table 2: The SAPP statistics (2015)

Country Utility
Installed

capacity

Net

capacity

Maxi-
mum

Demand

Sales
Genera-
tion sent

out

Net

imports

Net

exports

[MW] [MW] [MW] [GWh] [GWh] [GWh] [GWh]

Angola ENE 2 210 1 772 1 599 3 427 5 613 - -

Botswana BPC 927 445 610 3 118 372 1 207 -

DRC SNEL 2 442 1 066 1 317 7 584 8 185 95 -

Lesotho LEC 74 70 150 488 486 175 3

Malawi ESCOM 352 351 326 1 476 1 809 - -

Mozambique EdM 2 724 2 279 1 780 2 380 390 1 004 233

Namibia Nampower 501 354 629 3 648 1 305 1 337 37

South Africa Eskom 46 963 36 000 34 481 224 446 237 430 542 4 909

Swaziland SEB 70 55 227 1 019 288 889 -

Tanzania Tanesco 1 380 823 935 3 770 3 034 - -

Zambia Zesco 2 206 2 175 2 287 10 688 11 381 165 3 441

Zimbabwe ZESA 2 045 1 555 1 587 7 367 6 951 979 1 231

Total SAPP 61 894 46 945 45 928 269 411 277 244 6 393 9 854

Total
SAPP (OP
only)

55 510 42 933 41 751 253 154 258 603 6 298 9 854
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Democratic Republic of the Congo
PMD = 1 317 MW
ED= 8 280 GWh

Tanzania
PMD = 935 MW

ED = 3 034 GWh

Zambia
PMD = 2 287 MW
ED = 8 105 GWh

Angola
PMD = 1 599 MW
ED = 5 613 GWh

Zimbabwe
PMD = 1 587 MW
ED = 6 699 GWh

Malawi
PMD = 326 MW

ED = 1 809 GWh

Mozambique
PMD = 1 780 MW
ED = 1 161 GWh

Botswana
PMD = 610 MW

ED = 1 579 GWh

Namibia
PMD = 629 MW

ED = 2 605 GWh

South Africa
PMD = 34 481 MW
ED = 233 063 GWh

Swaziland PMD =
227 MW

ED = 1 177 GWh

Lesotho
PMD = 150 MW
ED = 658 GWh

260 MW

1400 MW250 MW

500 MW

850 MW

600 MW

800 MW750 MW
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1680 MW

1450 MW2400 MW

LEGEND

110 kV

132 kV

220 kV

275 kV
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Future Interconnected with SAPP (OP member)

Not interconnected with SAPP (NP member)

Figure 3: Existing SAPP interconnections, peak demand (PMD) and domestic energy demand (ED) for (2015)
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(can be firm and non-firm). This sub-market pre-dates
the establishment of the SAPP and has been the
legacy sub-market within which most electricity
trading in the SAPP occurs.

- Forward Physical Market Monthly (FPM-M): A
sub-market where market participants can trade either
an Off-Peak product for a single month (same volume
and price in Off-Peak hours for the month) or a Non
Off-Peak product for a single month (same volume
and price in Non Off-Peak hours of the month). This
is a sub-market that acts as a bridge between bilateral
contracts and the FPM-W (outlined next) and has
been operational since April 2016.

- Forward Physical Market Weekly (FPM-W): A
sub-market where market participants can trade
Off-Peak, Standard and Peak products for a particular
week (with the same volume and price for all
Off-Peak, Standard and Peak hours of the week
respectively). This is a sub-market that acts as a
bridge between the FPM-M and Day Ahead Market
(DAM) and has been operational since April 2016.

- Day Ahead Market (DAM): An open and
competitive sub-market traded on a day-ahead basis
(can forward bid up to 10 days if desired) to meet
short-term supply-demand balances between SAPP
market participants.

- Intra Day Market (IDM): A sub-market where
market participants can continuously trade up to one
hour prior to delivery. This essentially replaces
the previous Post-DAM. The IDM matches market
participants automatically on a first-come first-serve
basis if a seller’s offer price is less than a buyer’s bid
price and a seller’s volume is lower (or equal to) a
buyer’s volume.

3. PERFORMANCE OF SAPP SUB-MARKETS

Based on available data from previous SAPP Annual
Reports, the volumes in SAPP bilateral contracts vary
each year with a maximum of ≈19 000 GWh in 2005
down to 7 500 GWh in 2014 (average annual volumes
of ≈10 700 GWh between 2005-2015). This was at its
highest in 2005 at 7.4% of total demand in the SAPP in
that year (≈ 255 TWh) and has largely been declining
since with 2.7% in 2015 (average was 1.7% between
2005-2015).

Bilateral contracts have been complemented by the
aforementioned collaborative SAPP STEM between
2001-2007. The SAPP STEM traded with volumes
between ≈70-740 GWh annually (average annual trade
volumes of ≈360 GWh annually). Relative to the SAPP
demand between 2004-2008, STEM volumes were on
average 0.1% of total the SAPP demand and peaked at
0.2% of the SAPP demand in 2004.

The SAPP DAM has increased trade volumes year-on-year
since its inception in 2009 and by 2016 had reached
an annual trade volume of 1156 GWh (≈0.4% of the

Figure 4: SAPP DAM daily Market Clearing Price (MCP)

(Apr. 2015-Oct. 2016)

Figure 5: SAPP FPM-M, FPM-W, DAM and IDM traded

volumes (Apr. 2015-Oct. 2016)

SAPP demand). This is more than double the volumes
experienced in 2015 (451 GWh or ≈0.2% of the SAPP
demand) and almost 20x the volumes traded in 2014
61 GWh). Clearly there has been significant interest in
the SAPP DAM in recent years as this sub-market has
stabilised in price to a point where it is attractive for
further trading between market participants. For 2015 and
2016, the average daily Market Clearing Price (MCP) and
traded energy volumes on the DAM are shown in Figure 4.
The average MCP in the SAPP DAM was 69 USD/MWh
in 2015 (maximum of 113 USD/MWh and minimum of
27 USD/MWh) and 62 USD/MWh in 2016 (maximum of
85 USD/MWh and minimum of 20 USD/MWh) .

Along with the DAM, the traded volumes on the recently
established FPM-M, FPM-W and IDM sub-markets are
shown in Figure 5. The monthly average MCP for each
of these sub-markets is summarised in Figure 6. These
competitive markets are increasing in liquidity (volumes)
and starting to play a larger role in SAPP trading but
are still relatively small in the overall SAPP market
architecture. Bilateral contracts still dominate trading
while most domestic demand is met by domestic supply in

SAUPEC 2017 809



Figure 6: Monthly Market Clearing Price (MCP) for recently

established SAPP markets FPM-M and FPM-W along with

DAM (Apr. 2015-Oct. 2016)

SADC countries. However, the MCP in the DAM has been
quite stable and steadily increasing for the past few years.
More recently (since April 2015), the daily average DAM
MCP was greater than 60 USD/MWh for 90% of trading
days. In addition, the newly established FPM-M and
FPM-W markets are increasingly being utilised by SAPP
market participants with the FPM-M already displaying
relatively good MCP of ≈160 USD/MWh (mostly due
to the peak product therein). These price levels would
likely be attractive to investors but insufficient historical
trading patterns as well as liquidity (volumes) means
that a significant investment based purely on competitive
sub-markets within the SAPP is not justified at this stage.

4. PROPOSED NOVEL SAPP SUB-MARKET:
CAPACITY MECHANISM (CM)

It is clear from the performance of the SAPP sub-markets
outlined in Section 3. (bilateral contracts, FPM-M,
FPM-W DAM and IDM) that the share of energy traded on
these versus total energy demand in the SAPP is very low
(≈ 7.5% in 2005 and ≈ 3.0% in 2015). If one were to only
include competitive trading (exclude bilateral contracts),
this would be significantly lower (only ≈ 0.5% in 2015).
This is an important aspect - energy traded on competitive
SAPP sub-markets was only ≈ 6% of bilateral contracts
in 2015. It is clear that the SAPP sub-markets have
historically not been very large in relation to the SAPP
electrical energy demand and that competitive trading is
also relatively small.

SAPP market participants (and prospective SAPP par-
ticipants) seem to be constrained by existing domestic
electricity market structures in most SAPP member coun-
tries (highly regulated vertically integrated monopolistic
national utilities). This is likely a contributing factor to
the historically small SAPP competitive sub-markets.

Considering recent SAPP Monthly Market Performance
Reports [19, 20], a significant portion of matched trades
in a number of the SAPP sub-markets are not traded as a
result of transmission system constraints.

In an attempt to promote competitive trading in the SAPP,
resolve the abovementioned transmission constraints and
promote long-term investor confidence to incentivise
investment in the SADC region, recommendations for
other sub-markets to be introduced into the SAPP market
architecture have been made [15]:

i Financial Market

ii Capacity Market

iii Balancing Market

iv Ancillary Services Market

The first priority should be investment incentivisation
as this will attract investment in supply capacity into
the region following which (ceteris paribus) increased
competitive trading would be possible. Item ii above
is where this investment incentivisation could be driven.
A Capacity Market (or more generally a Capacity
Mechanism (CM)) would provide an additional revenue
stream (based on capacity) to potential investors. This
would be in addition to revenue already realised for energy
sold in the domestic electricity market within which they
would operate and already existing SAPP competitive
sub-markets i.e. DAM, IDM, FPM-W and FPM-M.
To the best of the researchers’ knowledge, no specific
preferred capacity mechanism design has been published
nor proposed for the SAPP. In addition, there is currently
no existing published literature on the introduction of a
capacity mechanism into the SAPP.

The pertinent generic CM designs would include [21]:

- Strategic reserves: Strategic reserves is essentially
back-up generation capacity typically contracted to a
small proportion of capacity by the System Operator
and dispatched only as a matter of last resort.

- Capacity obligations: Capacity obligations define
a required amount of capacity to ensure system
adequacy (a volume) with the responsibility to
procure distributed amongst distributors (based on
load served).

- Capacity auctions: Capacity auctions are typically
run by a System Operator who determines an amount
of capacity required to ensure system adequacy (a
volume) and then procures that volume using a
pre-defined elastic demand curve.

- Reliability options: Reliability options are the
delivery of the necessary product (typically capacity)
when triggered by a high enough market price (the
strike price) i.e. it is an inherent measure of scarcity
and thus only activated when security of supply is at
risk.

- Capacity payments: Capacity payments are ongoing
fixed payments paid to the provider of capacity
(typically by the System Operator).

- Capacity subscriptions: Capacity subscriptions
are distributed in that end-customers determine the
capacity they require based on the price thereof as
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offered by a capacity market (the demand and supply
is elastic in this case).

Variants and complementary versions of each CM design
also exist and it is necessary to ensure that the appropriate
CM is designed for the market within which it will operate.

There are a number of implementations of CMs around
the world. As brief examples; strategic reserves are
currently used in Finland, capacity obligations in Australia
(WA) and Chile, capacity auctions in the USA (PJM,
ISO-NE and NYISO), reliability options in COlombia
while capacity payments have been adopted in Spain, Italy
and Ireland [21]. A number of other jurisdictions are also
considering the introduction of CMs including Belgium,
France, Great Britain, Germany and Japan [21].

5. CONCLUSIONS

A large land area (106 km2) and significant population
growth in the past 20 years in the Southern African
Development Community (SADC) region (2.6% per
year) has placed significant pressure on countries to
develop energy infrastructure that will assist in aiding
economic growth and the well-being of citizens. In
developing energy infrastructure it was realised early on
that co-operation and co-ordination would benefit the
region greatly - thus the Southern African Power Pool
(SAPP) was established in 1995.

A collated summary of the the SAPP has been given
including its history and governance framework while
outlining the market architecture and sub-markets that
SAPP market participants use to trade electricity. There are
currently 12 member states and 16 members of the SAPP
(some of which are not yet interconnected).

The SAPP is a system with a peak demand of 41.8 GW
(2015) and total domestic energy demand energy demand
of just over 270 TWh. South Africa is by far the
largest market participant (≈ 85%). The main mechanism
for trading in the SAPP is still via bilateral contracts
(≈ 2.7% in 2015) but this has been declining in recent
years as the competitive Forward Physical Market Monthly
(FPM-M), Forward Physical Market Weekly (FPM-W),
Day Ahead Market (DAM) and Intra Day Market (IDM)
increase their volumes (0.2% in 2015). Average Market
Clearing Price (MCP) in the SAPP DAM have been
steadily increasing in recent years and have stabilised. The
SAPP sub-markets (FPM-M, FPM-W, DAM and IDM)
are still relatively new but have shown promising MCPs
that could assist in attracting much needed generation
investment into the region. However, insufficient historical
trading patterns as well as liquidity (volumes) means that a
significant investment based purely on these competitive
SAPP sub-markets would likely not be justified at this
stage.

A novel market structure that would assist further in
incentivising generation capacity investment has been
proposed to be integrated into the existing SAPP market

architecture - an appropriately designed CM. There
is currently no existing published literature on the
introduction of a CM into the SAPP and thus this work
proposes a novel solution to incentivise supply capacity
investment and thus power system adequacy in SADC
which would then further promote competitive trading in
SAPP. Various CM designs have been outlined with a
brief description of each. Selected countries that have
already adopted a CM design within their electricity
market structures have been listed along with countries that
have CMs under discussion. Future research will develop
tools to assess the most appropriate CMs within the SAPP
context and assess the performance thereof.

REFERENCES

[1] World Bank Group, “Population, total,” 2015.
[Online]. Available: http://data.worldbank.org/
indicator/SP.POP.TOTL

[2] Southern African Power Pool (SAPP),
“SAPP Annual Report,” Tech. Rep., 1996.
[Online]. Available: http://www.sapp.co.zw/docs/
SAPPreport(1995-1997).pdf

[3] Southern African Power Pool, “SAPP
Annual Report,” Tech. Rep., 2015.
[Online]. Available: http://www.sapp.co.zw/docs/
SAPPAnnualReport-2015.pdf

[4] L. Musaba, “The development of the SAPP
competitive electricity market,” 2005 IEEE Power
Engineering Society Inaugural Conference and
Exposition in Africa, no. July, pp. 11–15, 2005.

[5] B. Graeber, R. Spalding-Fecher, and B. Gonah,
“Optimising trans-national power generation and
transmission investments: A Southern African
example,” Energy Policy, vol. 33, no. 18, pp.
2337–2349, 2005.

[6] M. Coetzee, “The operational experience of the first
400 kV feeder in the Southern African power pool,”
in AFRICON, 1996., IEEE . . . , 1996, pp. 48–51.
[Online]. Available: http://ieeexplore.ieee.org/xpls/
abs{\ }all.jsp?arnumber=563077

[7] SADCC, Southern Africa: Toward Economic
Liberation. A Declaration by the Governments
of Independent States of Southern Africa Made
at Lusaka on the 1st April 1980, 1980.
[Online]. Available: http://www.sadc.int/english/
key-documents/declaration-and-treaty-of-sadc/

[8] SADC, Towards a Southern African Development
Community - A Declaration made by
the Heads of State or Government of
Southern Africa at Windhoek, Windhoek, 1992.
[Online]. Available: http://www.sadc.int/english/
key-documents/declaration-and-treaty-of-sadc/

[9] Southern African Development Community (SADC),
“MEMBER STATES,” 2012. [Online]. Available:
http://www.sadc.int/member-states/

SAUPEC 2017 811



[10] T. J. Hammons, Electricity Infrastructures in the
Global Marketplace. Intech, 2011.

[11] Southern African Power Pool (SAPP), “Southern
African Power Pool Inter-Utility Memorandum of
Understanding,” 1995.

[12] Southern African Power Pool, “Southern African
Power Pool Inter-Utility Memorandum of
Understanding,” 2005. [Online]. Available: http:
//www.sadc.int/documents-publications/show/1024

[13] ——, “Southern African Power Pool Agreement
between Operating Members,” Tech. Rep., 1995.
[Online]. Available: www.sapp.co.zw

[14] ——, “SAPP Annual Report,” Tech. Rep., 2009.
[Online]. Available: www.sapp.co.zw

[15] ——, “SAPP Annual Report,” Tech. Rep., 2012.
[Online]. Available: www.sapp.co.zw

[16] ——, “Southern African Power Pool Operating
Guidelines,” Tech. Rep. August, 1996.

[17] L. Musaba and P. Naidoo, “Towards developing
a competitive market for regional electricity cross
border trading: the case of the Southern African
power pool,” in IEEE 2004 General Meeting, no.
June, 2004, pp. 1–8.

[18] Southern African Power Pool, “Southern African
Power Pool (SAPP) Day Ahead Market (DAM) Book
of Rules,” Tech. Rep., 2009. [Online]. Available:
www.sapp.co.zw

[19] ——, “SAPP Monthly Market Performance
Report,” Periodic, Started: November2013, Tech.
Rep. [Online]. Available: http://www.sapp.co.zw/
mreports.html

[20] ——, “SAPP Day Ahead Market (DAM) Monthly
Performance Report,” Periodic, Ended: October
2013, Tech. Rep., 2013. [Online]. Available: http:
//www.sapp.co.zw/mreports.html

[21] CIGRE WG C5.17 (TB647), “Capacity mechanisms:
needs, solutions and state of affairs,” Tech. Rep.,
2016.

SAUPEC 2017 812



A MODEL BASED SMALL SIGNAL STABILITY ANALYSIS OF A
POWER SYSTEM WITH PENETRATION OF WIND ENERGY

T.C Mosetlhe⇤, AA. Yusuff † and Y. Hamam ‡

⇤ Tshwane University of Technology, Dept. of Electrical Engineering, Staatsartillerie Road, Pretoria
West, South Africa E-mail: mosetlhethapelo@yahoo.com
† University of South Africa, Dept. of Electrical & Mining Engineering,277 Vermeulen St, Florida,
South Africa E-mail: yusufaa@unisa.ac.za
‡ Tshwane University of Technology, Dept. of Electrical Engineering/French South African Institute of
Technology, Staatsartillerie Road, Pretoria West, South Africa E-mail: hamama@tut.ac.za

Abstract: As means of electric power supply augmentation, there is an increasing injection of power
from renewable energy sources into power systems. This affects some aspects in their operation and
security. In this paper, the effect of the stochastic nature of wind energy on small signal stability is
investigated. A model for IEEE 5 bus system is formulated and used to investigate this effect. The
model is formulated to include the differential and algebraic equation of the network. Generalised
eigenvalues and time domain simulation are used to analyse this impact. The results show that the
wind energy has a benefitial influence as far as the damping of the system is concerned. However, the
magnitude of the oscillations is increased.

Key words: Power system, small signal stability, wind energy, damping, oscillation.

1. INTRODUCTION

The quest for energy security in developing countries,
has prompted more emphasis on utilisation of renewable
energy sources. Subsequently, their integration in power
system became one of the most interesting topics for
research over the decades. Their stochastic behaviour has
been an issue of concern as far as the stability of the system
is concerned. As a result of this, different approaches have
been proposed in the literature to evaluate their impact on
the stability of the power system.
The impact of wind farm on transient and frequency
stability was evaluated in [1] at 40% level of penetration.
In the work, different load conditions were considered and
faults were initiated at different locations and the impact
was assessed based on the proximity of the synchronous
generator and wind farms. The analysis of their results
shows that the transient stability is subject to the fault
location while the area with lower inertia are affected by
generator outages.
In [2] state space approach was employed in modeling the
dynamics of the system. A Pi-controller with an optimized
gain was consequently employed in rotor-side converter to
improve damping of DFIG, rotor current oscillations and
electromagnetic torque.
The work done in [3] proposes the usage of analytical
approaches in contrast to numerical solutions. The results
of the study shows that integration of wind energy can
cause instability even if the system was deterministically
stable.
Small signal stability performance of a renewable energy
based system is examined in [4]. In this work, the
performance evaluation criteria is based on the existence
and the nature of oscillatory mode. The systematic
approach that was used enabled the observance of
the oscillatory modes with frequencies ranging between

1.5-4 Hz.
The dynamic stability as affected by the offshore wind
farms is evaluated in [5][6]. Modal analysis was used to
compute the eigenvalues. The stability of the system was
determined based on the eigenvalue analysis and the time
domain simulations.
A 14 Generator large scale power system is used to study
the influence of wind energy in [7]. The eigenvalues of the
the linearised power system before and after the integration
of wind farm were compared. Different levels of wind
energy was injected at different nodes based on their
geographic locations. The results showed that displacing
classical synchronous generators with large scale wind
energy affect the inter area modes considerably.
In this paper, a model based approached of power
system with integration of wind energy is formulated as
a descriptor system(DS). The stability analysis is carried
out based on the mathematical background of DSs. Time
domain simulation is also used to illustrate the impact of
wind energy in a power system.
The paper is organised as follows: Section II presents
mathematical modelling of the network with the prelimi-
nary notions of the DS. In Section III the eigenvalue results
and the time domain results are presented. The results are
further analysed and discussed in Section IV.

2. MATHEMATICAL MODELLING

The base scenario of the system under study is shown in
Figure 1. The parameter of the system can be found in [8]
and the parameters of the fast (static) exciter (see figure 2)
can be found in [9]
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Figure 1: IEEE 5 Bus Test System

Figure 2: Fast (static) exciter model

2.1 Power System Model

The classical swing equation that describe the dynamics
a generator connected to bus i can easily be expressed as
[10].

ḋi(t) = wi(t)

Miẇi(t) = Pg,i(t)�
EiVi

zi
sin(di(t)�qi(t))�Diwi(t)

(1)

Where di is the rotor angle, wi is the the angular speed,
Mi is the inertia constant, Pg,1 is the mechanical power
supplied to the generator, Ei is associated to the internal
voltage and it is in p.u measurement, Vi is the terminal
voltage at the bus also in p.u, qi is the phase angle
associated with the bus and the Di > 0 is the damping
coefficient. The differential equation representing the fast
exciter are [11]

T 0
do,iĖ

0
q,i =�E 0

q,i � (xd,i � x0d,i)id,i +E f d,i

TA,iĖ f d,i =�E f d,i +(Vre f ,i �Vi)KA,i
(2)

In this paper, the one-mass drive train model is considered
and the dynamic of wind energy conversion system
(WECS) can be expressed by the following differential
equation

2Hiẇi = Pmech �
EiVi

xi
sin(ai �qi)�Diwi (3)

where Hi is the inertia constant of the WECS and ai is
the phase angle of the grid side converter. The non-linear
power flow equations in the bus connected to the WECS
can be expressed as

Pi(t) =�EiVi

xi
sin(ai �qi)+

m

Â
j=1, j 6=i

ViVjBi j sin(qi �q j)

(4)
The non-linear power flow equations associated with the
ith generator bus are

Pi(t) =�EiVi

zi
sin(di(t)�qi(t))

+
m

Â
j=1, j 6=i

ViVjBi j sin(qi �q j)

Qi(t) =
EiVi

zi
cos(di �qi)

�
m

Â
j=1, j 6=i

ViVjBi j cos(qi �q j)

(5)

Where in equations 4 and 5, Bi j is the admittance between
bus i and bus j and the lines are considered to be lossless.
The non-linear static equations of buses who have no
generator attached to them can be written as

Pi =
m

Â
j=1, j 6=i

ViVjBi j sin(qi �q j)

Qi =�
m

Â
j=1, j 6=i

ViVjBi j cos(qi �q j)

(6)

2.2 Linearised Model

For simplification, equations 1 to 6 can be linearised
around the conditions that the system operates closely to
its rated voltages, and the angle difference is relatively
small and close to zero, that is, qi �q j ⇡ 0 and di �qi ⇡ 0.
The linearised model can be expressed in a differential and
algebraic equation(DAE) form

ẋ = f (x,y,u)
0 = g(x,y,u)

(7)

where x = [d,w], is the state vector, y = [q] is a vector
of algebraic variables and u is the input vector. The
DAE system in equation 7 may further be simplified to a
descriptor form [10][12]

Eẋ(t) = Ax(t)+Bu(t) (8)

where x(t) is the generalised state space vector, u(t) is the
input or the control vector. E 2 ¬n⇥n is allowed to be a
singular matrix and the dimensions of A and E are equals.

2.3 Preliminary Notion

The system in equation 8 has a general form when E = I

ẋ(t) = Ax(t)+Bu(t) (9)
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and the discussion can be found in [13][11].
The stability of the system 8 can be described by its
eigenstructure of the pencil matrix lE � A which is
equivalent to that of the matrix pair (E,A) [14][15].
System 8 is regular when [12][15] if

det(lE �A) 6= 0

For linear time-invariant system with regular pencil lE �
A, let u = 0

1. The solution of x is stable if and only if all the
eigenvalue of lE �A lie in the closed left half-plane.

2. The solution of x is asymptotically stable if and only
if all the eigenvalue of lE � A lie in the open left
half-plane.

3. STUDY CASES

3.1 Base Scenario

The base scenario (BS) in this study refers to the modified
IEEE 5 Bus test system without WECS. It consist of
two conventional synchronous generator (SG) as depicted
in figure 1. The classical swing equation is used to
model the generator equipped with fast exciter. A
total of thirteen eigenvalues are obtained by computing
the generalised eigenvalues of pair matrix (A,E). The
generalised eigenstructure of the base scenario is presented
in table 1. The damping ratio and frequency of oscillation
are calculate using the formulas in [16].

Table 1: Eigenvalues and Oscillatory mode of Base
Scenario

Modes Eignvalue Damping Frequency
1& 2 -0.8929±14.7584i 0.0604 ±2.3489

3 0.0015+0i -1 0
4 -1.2158+0i 1 0

3.2 Modified Scenario

For modified scenario (MS), the generator attached to
bus two (2) of figure 1 is replaced with variable speed
WECS. The generalised eigenvalues of the modified case
are presented in Table 2. A total of eleven eigenvalues
are obtained by computing the generalised eigenvalues of
pair matrix (A,E). Using stiff equations solvers, the time

Table 2: Eigenvalues and Oscillatory mode of Modified
Scenario

Modes Eignvalue Damping Frequency
1 & 2 -0.500±9.1750i 0.0544 ±1.4602

3 -0.0064+0i 1 0

domain results of the base and the modified scenarios were
obtained. The behaviour of the rotor angle and the voltage
angle on bus 3 are shown in Figures 3 and 4.

Figure 3: Rotor Angle

Figure 4: Voltage Angle

4. DISCUSSION

The damping of the oscillatory modes show a decrease in
their magnitude when WECS is introduced in the network.
It is shown in Table 1 that the damping of modes 1 & 2
is higher compared to the same oscillatory modes in Table
2. It is stated in [17, 18] that WECS displace synchronous
machines thereby affecting the modes. In Figures 3 and
4 it is seen that the rotor angle of the SGs in the network
is directly influenced by the power injected by the WECS
which is consistent with the notion adopted in [19].
Time domain simulation show that the magnitude of
oscillations is drastically increase with penetration of
WECS. WECS system affected the time it takes for power
system to stabilise. Figures 3 and 4 show that it takes
longer for the modified scenario’s system to stabilise than
the base scenario’s one.
The main goal of this work was to combine the dynamic
and static properties of a power system to evaluate the
small signal stability with the presence of WECS. The
results support the conclusion in [20] with respect to
having a beneficial effect on the damping of the system
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and that is shown by the oscillatory modes in Tables 1 and
2.

5. CONCLUSION

In this work, a model for a power system with integration
of WECS system is formulated to study the small signal
stability of the system. The generalised eigenvalues are
computed using pair matrix (E,A). The stiffness of the
model is recognised, and appropriate time domain solvers
are used to simulate the model.
The results shows that introduction of WECS in the
classical power system may have beneficial effect on the
damping. However, the magnitude of the oscillation
increased. This is deduced from the eigenvalues of the
system and the validated using time domain solutions.
Since a small system was used to obtain the results, larger
systems can also be used to validate the models.
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Abstract: Low Frequency Electromechanical Oscillations (LFEOs) pose a real threat to power system 
networks as they limit the generation’s output, and are the primary cause of inter-area oscillations which 
could lead to system collapse if not properly damped. This paper proposes and investigates the use of 
a novel hybrid Discrete Wavelet Transform (DWT) and Half-Power Bandwidth (HPB) algorithm in the 
estimation of the damping ratio of the power system oscillatory phenomena. The algorithm uses 
synchrophasor measurements from Phasor Measurement Units (PMUs) to estimate the mode frequency 
and damping ratio. With the Discrete Wavelet Transform (DWT) Multi-Resolution Analysis (MRA), 
wavelet coefficients and their respective frequency bands are extracted while the wavelet power 
spectrum is used in conjunction with the Half-Power Bandwidth (HPB) method in the estimation of the 
damping ratio. The proposed method is tested using the four-machine two-area power system network. 
The results obtained validate the proposed algorithm. Also, comparisons were made with existing 
methods such as the Fast Fourier Transform (FFT) and Welch Transform respectively.  
 
Key words: Ambient oscillation, damping estimation, discrete wavelet transform, electromechanical 
oscillation, half-power bandwidth method, inter-area oscillation, PMU, RTDS. 
 
 
 

1. INTRODUCTION 
 

N today’s liberalized electricity market framework and  
constrained transmission networks, power systems are 
operated closer to their designed technical limits. This 

presents a real threat to power system stability as it 
becomes vulnerable to small-signal stability problem 
caused by the lack of damping or synchronizing torques [1] 
- [3]. In particular, small signal stability is largely a 
problem of insufficient damping of oscillations [4]. Power 
system electromechanical oscillation mode monitoring 
deals with the analysis and control of low frequency 
oscillations that characterize interconnected power 
systems. Small variations in the system load are mainly 
responsible for such events. Contingencies like ringdown 
oscillations happen often, since a change in the system 
operating condition is likely to cause the transition from a 
state of stability to an instability state. If not properly 
damped, they may lead to rapid system collapse [5]. 

Though in power systems with short lines, oscillations do 
not cause any problem due to the high damping present. 
However, they do represent under certain operating 
conditions, a serious threat to the system stability as they 
limit the system’s power transfer capacity [6]. 
Real-time monitoring of power system oscillation is very 
important for a secure and reliable grid operation. Several 
algorithms based on the wavelet transform have been 
developed as solutions to Low Frequency 
Electromechanical Oscillations (LFEOs). In [7], the 
Wavelet Transform (WT) with the Morlet wavelet as the 
mother wavelet was used to estimate the system modal 
parameters since noise can be isolated from the signal 
effectively using the multi-scale noise de-correlation 
property of continuous wavelet transform. Also, Analytic 

Wavelet Transform (AWT) with the Gabor wavelet as a 
mother wavelet was proposed in [8]. Continuous Wavelet 
Transform (CWT) with the orthogonal wavelet bases was 
applied in [9]. However, heavy computations are required 
with the CWT. Certain combinations have been proposed 
involving the Wavelet Transform (WT) and Random 
Decrement Technique (RDT) [6] – [8], [10]. In [11], the 
RDT was used in conjunction with the Total Least Square 
(TLS). This hybrid method was presented to have better 
performance than the hybrid RDT-Prony method. A 
modified Recursive Least Square (RLS) based estimation 
method with variable forgetting factor for Power 
Oscillation Damping control in FACTS devices was 
proposed in [12]. In [13], the combination of the Discrete 
Wavelet Transform (DWT) and Artificial Neural Network 
(ANN) was used for the classification of power system 
dynamics events. This was based on the identification of 
the component of the LFEOs in the power system and 
determining their effects on the observed variables using 
DWT.  

This paper extends the knowledge in the existing literature 
by proposing an algorithm based on the DWT and Half-
Power Bandwidth method in the estimation of the 
oscillation mode parameters in a power system.  

The contribution of this paper includes: 
i. The application of DWT to estimate the dominant 

frequency in the power system using 
synchrophasor measurements from Phasor 
Measurement Units (PMUs). 

ii. The use of the HPB method in the estimation of 
the power system damping ratio from 
synchrophasor measurements. 

iii. The integration of the methods in (i) and (ii) 
above. 

I 
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iv. The use of the Real-Time Digital Simulation 
(RTDS®) platform integrated with the LabVIEW 
development platform. 

The rest of the paper is organized as follows: Section 2 
presents an overview of power system oscillation types, 
causes, and the various damping estimation methods. 
Section 3 covers the wavelet transform used, and Section 4 
describes the proposed damping estimation algorithm. 
Section 5 presents the results, and conclusions are drawn in 
Section 6. 

2. POWER SYSTEM OSCILLATIONS AND 
DAMPING ESTIMATION 

2.1 Power system oscillations 
In most power systems around the world, two types of 
oscillations are dominant. These are the inter-area mode 
and the local mode oscillations respectively. Inter-area 
mode oscillations refer to the oscillations in which a 
coherent group of generators in one part of the system 
swings against other generators in other parts of the system 
[4], [7]. They are observed in systems where two or more 
group of generators of closely coupled machines are 
interconnected by weak ties which implies high effective 
impedance between oscillating groups of generators [4], 
[7]. The plant mode oscillation occurs when a single 
generator swings against the rest of the generators in the 
system. 

2.2 Mode frequency estimation 
Two different approaches that can be used when 
determining the modal frequency are described in [14]. 
This includes parametric and non-parametric methods. 
With the first method, the collected data is used to 
characterize (model) the power system. The most widely 
used methods are the Prony analysis and the Yule-Walker 
method. In contrast to the parametric methods, the non-
parametric method uses the estimate of the characteristics 
of the data itself rather than the system model. Examples of 
the non-parametric method are the Welch method, Fast 
Fourier Transform (FFT), and wavelet transform. 

2.3. Damping estimation 
Power system electromechanical oscillation and damping 
are estimated either with time-domain simulations, linear 
analysis, or signal analysis. The first two rely on the 
mathematical model of the power system, while the last 
focuses on the signal itself which provides all the necessary 
information regarding oscillations in each network. The 
Logarithm decrement is mostly used in the time domain, 
while the HPB method is used in the frequency domain. 
Another method that has been applied is the Random 
Decrement (RD). A detailed description of these methods 
can be found in [7].  

 
3. PROPOSED DAMPING ESTIMATION 

ALGORITHM 

3.1. Wavelet transform 
Unlike the Short Time Fourier Transform (STFT) where 
the entire frequency spectrum of the signal is lost except 

frequency bands that correspond to the window location 
covering part of the signal, the Wavelet Transform (WT) 
with its Multi-Resolution Analysis (MRA) characteristics, 
is the most suitable tool when analyzing non-stationary 
signal. The MRA gives a good time resolution and poor 
frequency resolution at high frequency, and good frequency 
and poor time resolution for low frequency components.  

A variant of the WT that can be used for signal analysis is 
the CWT. CWT is mathematically expressed as given 
below [15]: 

𝐶𝑊𝑇𝑥
𝜓(𝜏, 𝑠) =  Ψ𝑥

𝜓 =  1
√|𝑠| ∫ 𝑥(𝑡). 𝜓∗ (𝑡−𝜏

𝑠 ) 𝑑𝑡       (1) 

The transformed signal is a function of the translation 
variable (τ) and the scale variable (s), ψ is the transforming 
function or mother wavelet, like the window function in the 
STFT. From this transforming function, the other window 
functions that cover different regions are derived because 
of the translation. In contrast with the CWT where the scale 
of the analysis window is changed for every computation 
case (shifted in time and multiplied with the signal of 
interest), with the DWT, the sequence is passed through a 
series of high pass filters, which analyze high frequencies, 
and low pass filters that analyze low frequency elements. 
The digital filtering of a given sequence corresponds to the 
convolution of that sequence with the impulse response of 
the filter as given by [16].    

𝑦[𝑛] = 𝑥[𝑛] ∗ ℎ[𝑛] =  ∑ 𝑥[𝑘]. ℎ[𝑛 − 𝑘]
∞

𝑘 = −∞

        (2) 

 
where y[n], x[n], and h[n] are the output, the input 
sequence, and the filter impulse response respectively . 

The process begins by passing the sequence through a half-
band digital low pass filter that removes half of the samples 
which correspond to half of the highest frequency 
components in the given sequence. This process halves the 
resolution without affecting the scale. It is followed by a 
down sampling process by a factor of 2 which doubles the 
scale. From (4), this can be expressed as [15]:                         

              𝑦[𝑛] =  ∑ ℎ[𝑘]. 𝑥[2𝑛 − 𝑘]                    (3)
∞

𝑘= −∞

 

   
The analysis of the sequence is implemented by 
decomposing it into an approximation and detail 
information using the scaling and the wavelet functions. 
These two are associated with the low pass “h” and high 
pass “g” filters respectively. The resulting sequences are 
then downsampled by 2.   

                      𝑦ℎ𝑖𝑔ℎ[𝑘] =  ∑ 𝑥[𝑛]. 𝑔[2𝑘 − 𝑛]       (4𝑎)
𝑛

 

                      𝑦𝑙𝑜𝑤[𝑘] =  ∑ 𝑥[𝑛]. ℎ[2𝑘 − 𝑛]𝑛          (4𝑏)
       
Following this process, the dominant frequency component 
in the sequence will be observed with high amplitude in the 
frequency band where it appears, others will have low 
amplitudes. 
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The frequency band  of each DWT detail scale 

is directly related to the sampling rate of the original signal. 

That is  where fs is the sampling frequency and 

l is the decomposition level [4]. 
 
3.2 The proposed algorithm 

With PMUs strategically located within a given power 
system network, the synchrophasor measurements are pre-
processed to improve their Signal-to-Noise Ratio (SNR) by 
means of a Moving Average Filter (MAF). These pre-
processed data are then passed through the MRA of the 
DWT to extract the dominant mode frequency. The 
damping ratio is afterwards computed using the HPB 
method. This process is as illustrated in the flowchart given 
in Figure 1. 
 

Start

Read archived 
synchrophasor data

MAF

Is the SNR OK?

Adjust the number of 
points in the MAF

DWT

HPB

End

Dominant Frequency

Damping Ratio

NO

YES

 
Figure 1: Proposed Algorithm 

4. EXPERIMENTAL IMPLEMENTATION 

4.1 Study network 
A two-area benchmark model [4] was used in the validation 
of the proposed algorithm. The two-area network consists 
of two similar areas with two machines each of 900 MVA 
and 20 kV. The two areas are connected by a weak tie-line 
and provide both inter-area and local modes of oscillations. 
The generators are equipped with exciters and Power 

System Stabilizers (PSSs) with area 1 exporting 400 MW 
to area 2. The single line diagram of the power system 
network is shown in Figure 2.  
 
4.2 Feature selection 
PMUs were configured to stream system parameters and 
measurements (features) of interest. These features are 
collected and time-aligned using the openPDC software. 
They are further archived using the Historian Trending 
Tool of the openPDC software. Based on exploratory 
experiments carried out, the voltage angle difference 
between the two areas was found to give good frequency 
estimates whereas the active and reactive power exchanged 
between areas provided good damping estimates. 
Therefore, these were selected as the signals of interest in 
this paper. Also selected were the speed deviation, and the 
active power of one of the participating generators. The 
procedure followed throughout the experiment for ambient 
data is a 0.1% variation in load every 30 s. However, these 
variations did not exceed 1.0%.   

 
4.3 Data processing 
The input to the proposed damping estimation algorithm 
are synchrophasor measurements from PMUs. Since they 
were reporting at 10 frames/s, a time interval between data 
points in the waveform obtained from these measurements 
was set to 0.2 s which represents 5 Hz. Thus, the Nyquist 
criterion is met as frequencies from 0-5Hz are covered. 
Synchrophasor measurements from PMUs do carry some 
noise. To improve their SNR, 339 points moving average 
filter was incorporated. Figure 3 depicts the proposed lab-
scale implementation of the algorithm. The signal 
processing and oscillation mode estimation were 
implemented using the LabVIEW development platform. 

PMU 6

PMU 1

PMU 2

PMU 3

PMU 4
PMU 6PMU 5

     
     Figure 2: Study network

]:
2

[ m
m ff

12 � l
s

m
ff

Figure 3: Lab-scale implementation 
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4.4 Mode frequency estimation 
A signal approach method was implemented in this paper 
for frequency estimation. In large interconnected power 
systems, the difficulty in developing exact relationship 
between features and targeted oscillatory stability is due to 
its complexity and nonlinearity.  
 
Therefore, feature reduction must be implemented per 
statistical property of the various features and the 
dependency among them [17]. With respect to the Nyquist 
criterion, the highest frequency to be observed was 5 Hz. 
Thus, the decomposition was performed up to the 6th level. 
The third level of decomposition was of great importance 
as it carried details of the dominant inter-area mode 
frequency. Figure 4 shows the DWT decomposition tree. 

Figure 4: DWT multi-resolution analysis 
 

4.5 Damping estimation 
The signals to be used for the damping estimation are those 
that carry information of the specific oscillation mode; the 
inter-area power transfer between oscillating areas at the 
node points of oscillations, the voltage angle differences 
between the oscillating areas, the speed deviations of 
participating generators, and their participating active 
powers at the antinode points of oscillations.  
 
In this paper, the HPB method is applied to the 
synchrophasor measurements and was used in the 
calculation of the damping ratio. With the HPB method, the 
mode damping is proportional to the distance between two 
half-power points surrounding the peak center. 
The HPB is mathematically expressed as [18]: 
                              
                                 𝜁 =  

𝑤2 − 𝑤1 
2𝑤𝑛

                             (7) 

where and are the two 3db points below the inter-
area mode frequency and ζ is the damping ratio. 
 

5. RESULTS AND DISCUSSIONS 

5.1. Frequency estimation 
Investigations were carried out to determine the best 
mother wavelet to use in the estimation of the mode 
frequency. Different wavelet types were tested and the 

Haar wavelet and the Biorthogonal wavelet (bior3.1) 
provided better frequency estimates and damping ratio 
estimates compared to the others. Either one of these 
families would be suitable for the development of the 
algorithm.  

The obtained results were compared with those presented 
in [4] as given in Table 1. Based on these results, the Harr 
wavelet family was chosen as the wavelet family to be used 
in the development of the proposed algorithm. 

Table 1: Frequency estimation using various mother 
wavelets 

When performed directly on synchrophasor measurements, 
the FFT spectral analysis on the difference between the 
average rotor angles in the two areas yielded good results 
in steady-state only whereas the Welch periodogram gave 
good frequency estimates for transient data. This is shown 
in Figure 5.  

Figure 6 shows the plots of the FFT and Welch spectrums 
obtained from the third level of decomposition in the MRA 
on steady state. Local and inter-area oscillations of 1.25Hz 
and 0.62Hz respectively were obtained on steady state 
which corresponds to results presented in [4]. 

 

2w 1w

Daubechies 
family 

Inter-area 
frequency 

Biorthogonal 
family 

Inter-area 
frequency 

db2 0.23611 bior1_3 0.379166 
db3 0.5125 bior1_5 0.356945 
db4 0.3875 bior2_2 0.601389 
db5 0.359722 bior2_4 0.406944 
db6 0.345834 bior2_6 0.370833 
db7 0.331947 bior2_8 0.35469 
db8 0.429167 bior3_1 0.626316 
db9 0.359723 bior3_3 0.495832 

db10 0.343058 bior3_5 0.4375501 
db11 0.334723 bior3_7 0.390277 
db12 0.4375 bior3_9 0.368058 
db13 0.395883 bior4_(FBI) 0.390278 
db14 0.351388 bior5_5 0.379167 

  bior6_8 0.356943 
    

Coiflets 
family 

Inter-area 
frequency 

Symmlets 
family 

Inter-area 
frequency 

coif1 0.543056 sym2 0.4277633 
coif2 0.369145 sym3 0.515353 
coif3 0.354561 sym4 0.376465 
coif4 0.354565 sym5 0.361841 
coif5 0.434909 sym6 0.354563 

  sym7 0.347221 
  sym8 0.347194 

Harr family 0.624968   

A6

A5

A4

A3

A2

A1 [2.5 – 5 Hz]

[1.25 – 2.5 Hz]

[0.625 – 1.25 Hz]

[0.31 – 0.625 Hz]

[0.15 – 0.31 Hz]

[0.078 – 0.15 Hz]

[0 – 0.078 Hz]

DISCRETE WAVELET 
ANALYSIS

SYNCHROPHASOR MEASUREMENTS 

Moving average filter
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Figure 5: Signal spectra for (a) FFT at steady state; and (b) 
Welch for transient 
 
 

 
Figure 6: Signal spectra obtained using (a) FFT; and (b) 
Welch Transform 

In Figure 7, the MRA of the active power exchanged 
between area 1 and area 2 using ambient data is shown. The 
decomposition is done up to the 6th level. It should be noted 
that with the MRA, the first level of the signal 
decomposition shows the start of the disturbance and has a 
small magnitude whereas the second level of 
decomposition corresponds to the local oscillations. Inter-
area oscillations can be identified with larger or smaller 
magnitudes from the third level. 

The performance of the proposed method in terms 
frequency estimation is shown in Table 2. The results 
obtained using steady-state data are compared with the ones 
presented in [4]. 

 

Table 2: Dominant frequency using steady-state data 

5.2 Damping estimation 
The results for the proposed damping estimation algorithm 
using the HPB method is shown in Table 3. These results 
are compared with that obtained in [4]. The damping ratio 
and dominant inter-area frequency were monitored over a 
20 minutes window. The results are presented in Table 4. 
 
Table 3: Damping ratio calculated using steady-state data 

 
Table 4: Damping ratio calculated using ambient data 

 
 

5. CONCLUSION 

This paper presents an algorithm for electromechanical 
oscillation mode estimation using wavelet transform and 
the half-power bandwidth method. DWT was shown to give 
better estimates than AWT, Welch, and Fast Fourier 
Transform using less window size compared to the others.  
 
The damping ratios were calculated using the HPB method 
from the power spectral density of the active power 
transferred between area-1 and area-2 of the two area four 
machines network. The result obtained with this hybrid 
method yielded satisfactory results in terms of the dominant 
inter-area frequency and the corresponding damping ratio. 
 

 

Features Frequency  
Active power transferred between area-1 and area-2 0.624968 Hz  
Generator 3 active power 0.623403 Hz  
Voltage angle difference between area-1 and area-2 0.624968 Hz  
Speed / Speed deviation in generator 1 0.624447 Hz  
Reference [4] 0.60 Hz  

Features Damping ratio 

Active power transferred between area-1 and 
area-2 

0.164474 % 

Generator 3 active power 1.04167 % 

Voltage angle difference between area-1 and 
area-2 

1.04167% 

Speed / Speed deviation in generator 1 0.189394 % 

Reference [4] 0.13 % 

Features 3 minutes  10 minutes  20 minutes 

MW exchanged 
between areas 

0.168919% 0.168919% 0.160256% 

Speed of generator 1 0.297619% 0.297619% 0.160256% 

MW Generator 3 0.168919% 0.168919% 0.142045% 

Voltage angle 
difference between 
areas 

0.480769% 0.480769% 0.260417% 
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Abstract: Enhancing system power with the use of high voltage direct current transmission line in the 
Eastern power grid, located in the KwaZulu-Natal province grid is the main focus of this study. 
Dynamic analysis study was carried out to determine the system fault levels and critical fault clearing 
time. Results obtained from this study shows that 600kV and 800kV HVDC transmission systems 
have greater power capacity than equivalent High Voltage Alternating Current (HVAC) line. It was 
further observed that these HVDC delivery systems have lower electrical losses, better voltage 
profile, increase fault clearing time, enabling robust protection schemes to be installed. It also has 
minimal problems of harmonics because of zero frequency, thus reducing the impact of oscillations or 
transients with the help of effective converter controllers. Precise and fast power control in either 
direction is easier to achieve in HVDC than HVAC systems as dc power is minimally affected by line 
reactance. This curtails system instability, cascading effect or voltage collapse. For weak AC grids, 
voltage source converter (VSC) based HVDC systems offer better controllability and grid flexibility 
for integrating intermittent renewable energy sources such as wind and solar power into the grid. All 
these are the advantages offered by high voltage direct current (HVDC) transmission over the 
conventional high voltage alternating current (HVAC) system. Simulations were carried out using 
DigSILENT PowerFactory. 
 
Key words: HVDC transmission, Power system stability, Stability analysis, Generators, Circuit 
faults, Power system dynamics, Load modelling. 
 
 
 

1. INTRODUCTION 
 

Eskom, a power utility in South Africa generates about 
95% of electricity used by South Africans and 45% used 
by other African countries [1]. The main focus of this 
power utility is to provide a Safe and economical delivery 
of electric power to its consumers, most especially, the 
urban areas with high load demand. Rate of electricity 
demand by different consumers in urban areas have 
greatly increased geometrically which thus led to highly 
loaded transmission network. Meeting this customers’ 
demand requires electric power utilities to sometimes 
operate their systems above its stability margin. This is to 
maintain a reasonable market share and obtain good 
profit margin [2]. Power systems operators always plan in 
advance to meet possible problems associated with load 
increase, transmission congestion, and stability margin. 
Electric power systems stability assessment is of critical 
importance to African utilities as most African nations 
experience under-voltage transmission, load shedding or 
total/partial system collapse on their main electric grid 
from time to time. Examples include cases of incessant 
collapse in Nigeria, Zambia and Cameroon, and load 
shedding in South Africa [3-7]. Thus, the need to 
investigate into power systems stability and developing 
methods of enhancing system performance under fault 
conditions. This brings about the need to evaluate Eskom 
transmission network stability margin in order to avoid 
interrupted power supply from generators to load centres. 

This may lead to power outages or systems collapse. 
Outages can originate from several causes such as: the 
loss of generation that causes a mismatch between 
generator and load; overload of the transmission system 
caused by congestion which can force an overloaded 
transmission line to trip. There is increase in loading of 
other transmission path when this occurs. These several 
faulty conditions can further lead to voltage collapse due 
to the high impedance in the weakened network. Voltage 
and/or rotor angle stability contribute to major power 
system collapse in history, thus the reason why [8-10] 
researched on means of enhancing power system stability 
margin with the use of HVDC network. However, most 
of these researches have not been done on KwaZulu Natal 
Province. 
 

The paper uses RMS time domain simulation to 
investigate the weakest busbar as well as weakest 
transmission line on Eskom Eastern grid. Different case 
studies that involve applying three-phase short circuits on 
busbar or transmission line of the network was 
conducted. This is to analyse the maximum clearing time 
of the faulted bus/transmission line. HVDC lines was 
introduced to transmit power from Massa substation in 
Limpopo province to Hector substation in KwaZulu-
Natal province. The impact of HVDC line in enhancing 
Eskom eastern grid stability margin can be observe with 
increased in the critical clearing time of the faulted 
bus/transmission line compared to HVAC line. 
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2. DYNAMIC ANALYSIS 
One of the method used in analysing the transient rotor 
angle stability of a power system is Critical Clearing time 
(CCT). This dynamic analysis involves the use of real 
time simulation to calculate, for a given defined fault, the 
maximum allowable clearing time in which the system 
remains transiently stable. This time frame gives the 
allowance to which the fault must be cleared or isolated 
from the rest of the system for the power system to remain 
in a stable state of operation. However, if the fault clearing 
time is longer than the CCT, the power system will 
definitely become unstable [10-12]. 
Dynamic voltage stability model comprises of first order 
differential equations as shown in (1)-(3). ‘x’ connotes the 
state vector of the system and ‘y’ represent the network 
variable like bus voltage. 

Equation (1) becomes linear during the case of small 
disturbance around a steady state equilibrium point (xo, yo) 
and further eliminated to give (3). Static bifurcation, 
capable of causing voltage collapse will occur when D is 
zero. Thus an assumption of D≠0 is always made for 
dynamic bifurcation studies. 
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Dynamic voltage stability can then be performed by 
analyzing the eigenvalues of A΄. (A, B, C and D are 
appropriate dimensioned matrices) [10, 13-15]. 
 

Transient analysis can also be performed on a 
transmission line during short circuits fault. Assumption 
need to be made, namely; line is being fed from a 
constant voltage source; the fault took place during the 
unloading condition; and the transmission line has an 
infinitesimal line capacitance. Figure 1a represent the 
lumped RL series transmission model. Short circuit 
current contribution plot in Figure1b consist of the steady 
state alternating current (is) and the transient direct 
current (id) as shown in eq. (4, 5). The later gives the 
reason for unsymmetrical waveform of the transient short 
circuits current even till the transients decay. The first 
peak of this waveform gives the maximum momentary 
short circuit current (imm) which determine the rating of 
circuit breaker selection for any transmission line [16]. 
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Figure 1 (a) Lumped transmission line model (b) Short 
circuit current on a transmission line 

 
3. MODELLING OF ESKOM EASTERN GRID 

 

The scope of this study is focused on the Eastern grid 
located in the KwaZulu-Natal province as shown in 
Figure 2. This network was modeled out of the original 
Eskom main transmission network of the South African 
power grid as dated back to 3rd March 2014. The main 
power supply comes from Tutuka power station in the 
Mpumalanga province, and the Drakensberg pumped 
storage, majorly via a 400 kV transmission lines. The 
load demand was 6799MW in 2014, but as the demand 
for electricity in this province increases, the existing 
transmission infrastructure will be heavily loaded to its 
full capacity. Load demand is expected to increase up to 
8045 by 2025 [17]. This demands are for commercial, 
mining, industrial, residential, tractions and agricultural 
purposes. Catering for this anticipated growth over the 
next couple of years brings about few implementation of 
several number of reinforcements for stability and 
uninterrupted power supply purposes. Few of the 
ongoing/planned projects that are implemented in this 
study are the, Greater East London strengthening - phase 
1, Avon (Open Cycle Gas Turbine) at 680MW, Ariadne – 
Venus 2nd 400kV line, Ingula 1320MW pumped storage, 
Incandu 3rd 400/132 kV transformer upgrade, Mersey 
3rd 250 MVA 275/132 kV transformer. 
 

Equation (6) gives a general load model used in this 
network. The voltage dependency of the load model 
follows the value of the coefficient kp and kq. All loads 
were modelled with kp=1 and kq=2. This signifies a 
constant current load. 
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All the generators were modelled according to the Eskom 
Eastern grid. The governor, voltage controller, as well as 
power systems stabilizers for proper effectiveness of the 
systems were modelled according to the network 
operating specifications. 
 

4. HVDC MODELLING 
 

Eskom transmission development plan (2016 – 2025) 
highlight strategic implementation of using HVDC 
network to transfer power into the Eastern grid. 
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Figure 2: Eskom’s Eastern Power Grid 
 

This is due to yearly increase in the rate of load demand 
by this province. Constructing a new transmission line 
depends on many factors; one of such factors is Right of 
Way (ROW). In order to maximize this ROW, transmit 
bulk power over a long distance with minimal losses, and 
to have a transmission line that will improve the stability 
margin of the entire network, brings about the use of 
600kV, 3000MW HVDC line to interconnect Massa 
substation in Limpopo province to Hector Substation in 
KwaZulu-Natal province. The rectifier station of this 
HVDC was planned to be in Massa substation while that 
of inverter was planned for two substations namely 
Hector and Invubu substation based on the station with 
high stability enhancement impact and load 
growth/demand. Figure 3 show the LCC HVDC scheme 
as modelled on DigSILENT PowerFactory with its data 
shown in Table 1. 
 

TABLE I:  12-Pulse Bipolar HVDC data 
 

HVDC Parameters 
 Rectifier Inverter 

Substation Massa Hector 
AC Voltage (KV) 400 250 

Firing angle control Current control Voltage control 
Commutation reactance 13.445 13.445 

Tap changer control α-control γ-control 
Actual winding ratio 0.97 0.97 

 
5. METHODOLOGY 

 

Three phase short circuit of 5Ω reactance fault was 
applied on the transmission line and a switch event was 
used on DigSILENT PowerFactory to isolate the faulty 
lines from the entire systems. 

 
 

Figure 3: Proposed HVDC model on DigSILENT 
 
The critical isolating time (CIT) was thus recorded. This 
time, correspond to the maximum allowable time for the 
fault to remain on the network before instability occurs. 
A scenario whereby the fault was cleared rather than 
isolated from the entire system was also investigated. The 
time corresponding to the critical clearing time (CCT). 
This procedure was carried out on each transmission line 
one after the other, and their CIT/CCT was thus recorded. 
The transmission line with least CIT/CCT corresponds to 
the weakest line of the network and proper preventive 
measures needs be taken to avoid prolonged fault 
conditions on such line.  
 

However, in this research, a solid three phase short circuit 
of 0Ω fault reactance was applied on the busbar and the 
CCT was estimated. Simulation results, which can be 
observed from the busbar voltage and generator rotor 
angle diagram, show that 400kV transmission line 
connecting Majuba-umfolozi is the weakest transmission 
line while Majuba 400kV is the weakest busbar. 
 

6. TIME DOMAIN SIMULATION ANALYSIS 
 

6.1 HVAC stable condition 
 

Figure 4 show the busbar voltage profile when a three 
phase short circuits fault was applied on Majuba 400kV 
busbar for Fault time t=50ms. This graph shows a 
situation whereby the busbar voltage dips down to 0p.u. 
during fault but the system maintains a stable condition 
after that the fault was cleared. This means that the fault 
was cleared before instability occurs. The generator rotor 
angle with respect to reference machine plot can be seen 
in Figure 5. This graph shows how the generator of all the 
machines in the network undergoes slight oscillations, but 
the amplitude of these oscillations decreases with 
increase in time after clearing the fault. These oscillations 
eventually were damped off after fault and the system 
maintain back their steady state condition. The generator 
excitation current, due to a fault, increases to provide for 
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more generator field current. This aimed at maintaining 
synchronism between the grid and the generator by 
allowing more power from the generator and maintaining 
the generator terminal voltage at appropriately rated 
value. The generator speed is presented in Figure 6. This 
graph still maintains their steady state value as the fault 
has little impact on the generator speed. 
 

 
Figure 4: Busbars voltage (CCT=50ms, HVAC line) 

 

 

 
 

Figure 5: Generator rotor angle (CCT=50ms, HVAC line) 

 
 

Figure 6: Generator speed (CCT=50ms, HVAC line) 
 

6.2 HVAC unstable condition 
 

When the critical clearing time was increased from 
t=50ms to t=120ms, the time corresponding to when 
appropriate breaker action should respond to isolate the 
fault, Figures 7 to 9 show the response of the network 
element to the elongated fault clearing time. Figure 7 
shows the busbar voltage profile as it continuously 
oscillates from 0.4p.u. to 1.1p.u. This signifies an 
unstable condition of the entire system. The same 
unstable condition can also be noticed from the 
generators angle in Figure 8 as it swings pole to pole (-
180 to +180 degree). The generator speed from Figure 9, 
can be observed going out of step as the rotor speed of 
the entire generator oscillate and increase indefinitely. 

 
 

Figure 7: Busbars voltage (CCT=120ms, HVAC line) 
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Figure 8: Generator rotor angle (CCT=120ms, HVAC line) 
 

 
 

Figure 9: Generator speed (CCT=120ms, HVAC line) 
 
6.3 Impact of HVDC line 
 

RMS Dynamic analysis with the use of time domain 
simulation was also carried out on the Eastern grid when 
600kV HVDC line was used to interconnect Massa 
substation with Hector substation. Since the weakest bus 
was investigated to be Majuba 400K busbar, a three-

phase short circuit fault was also applied on this Majuba 
400kV bus just as in the case of the HVAC system. The 
following results that are represented in Figures 10 to 12 
show the system response to this fault analysis whilst 
using HVDC scheme on Eskom HVAC network. Figure 
10 show the busbar voltage. During a fault, the voltage 
dips down to 0p.u. at 0sec simulation time. At 0.418 sec, 
a commutation failure was recorded at HVDC inverter 
station hence more reason for voltage distortion at this 
simulation time. System restoration can be noticed after 
1.296sec simulation time.  Though, voltage waveform 
experiences some slight oscillations, but the amplitude of 
these oscillations decreases with increase in simulation 
time after the fault has been successfully cleared. Thus, 
the system maintained its steady state condition with 
increased simulation time. 
 

Generator rotor angle can be seen in Figure 11, 
Drakensberg and Ingular generator responded the same 
by the shape of their waveform, and this can be attributed 
to being located few kilometres from each other. Their 
angles swing between 670 and -1420 in Ingula station, 
this phenomenon was also observed at Drakensberg 
station with -500 to 760. The amplitude of these swings 
reduce as simulation time increases. This signifies a 
stable network condition. Majuba and Tutuka power 
station are also both few kilometres apart near 
Mpumalanga area. This justifies the reason for having the 
same curve. The case of pole slip when the generator 
swings out of step between an angle of 1790 and -1740 
was recorded at 0.282secs simulation time.  
 

 
Figure 10: Busbars voltage (CCT=190ms, HVDC line) 
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Figure 11: Generator rotor angle (CCT=190ms, HVDC line) 

 
Figure 12: Generator speed (CCT=190ms, HVDC line) 
This was just after the fault was cleared, but the 
oscillations did not last long as the generator tends to 
align to their reference machine. It could be noticed from 
this subplot that the reference machine (Majuba gen4) 
was stable throughout the fault period as its value was 00. 
Thus, the systems regain their stable state as the 
oscillation amplitude got damped out as simulation time 
increases. Figure 12 represent the generator speed. Slight 
increase in speed with little oscillations was recorded but 
maintained a new steady state operating range as the 

system get restored back to their stable operating 
condition. 
 
7. SYSTEM PERFORMANCE WITH 800KV HVDC 

 

800kV HVDC is a system with 5000MW capability. With 
this voltage and power rating, more power can be transfer 
into the Eastern grid with little line losses, reduced ROW 
compared to its contemporary 765kV HVAC lines. 
Upgrading from a 600kV scheme to 800kV scheme 
requires a modification and upgrading of the converter 
stations, transformer rating, transmission tower 
configuration, insulators, ROW as well as the different 
compensating devices used. Finally, the converter 
controller which majorly is the heartbeat of the converter 
stations needs some modification in the VDCOL rating as 
well as the pre-set voltage and current order. The 
effectiveness of this HVDC scheme will bring about a 
stable system that is immune to different system 
fault/disturbances. 
 

The 800kV, 5000MW was used on the Eastern grid to 
convey power from the same power pool at Massa 
substation in Limpopo province to Hector substation in 
KwaZulu-Natal province. During the usage of 800kV line 
on the Eastern grid, the power was limited to 2500WM 
due to limited load on the network, but the HVDC 
scheme was modelled to have a capability up to 5000MW 
rated power. Different system performance analysis was 
thereby carried out on this network to determine its 
performance during the deployment of this scheme.  It 
was found out that most of the major waveforms were the 
same as that of 600kV HVDC only different in its critical 
clearing/isolating time as this time records small 
improvement. Also during the steady load flow analysis, 
more improvement was also noticed on the network 
parameters. Table 4 and 5, give a summarized result for 
the RMS simulation time for a three-phase fault on 
busbar and transmission line respectively. 

 

Table 4: Busbar critical clearing time 
Busbar 

(0Ω fault 
reactance) 

CCT of Busbar 
HVAC 600kV 

HVDC 
800kV 
HVDC 

Majuba 400 80 190 200 
Tutuka 400 100 240 250 
Pegasus 400 150 500 510 
Athene 400 200 1300 1400 

 

 

Table 5: Transmission line CCT/CIT 
TX lines 
(5Ω fault 

Reactance) 

CIT (ms) CCT (ms) 
HV
AC 

600kV 
HVDC 

800kV 
HVDC 

HV 
AC 

600kv 
HV 
DC 

800kv 
HV 
DC 

Majuba-
Umfolozi 0 310 320 50 350 360 

Majuba-
Pegasus 0 280 290 70 350 360 

Pegasus-
Tutuka 0 410 420 80 450 460 

Ingula-
Majuba 10 280 300 100 350 360 
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8. CONCLUSION  
The paper can thus be concluded that during a three-
phase short circuits fault on Majuba 400kV busbar with 
fault clearing time of t=120ms, that the system was 
unable to maintain its steady state as all the field current. 
PSS, and AVR of the generator as well as different 
compensating devices have yielded all their capacity to 
hold the system from entering instability condition after 
fault. However, integrating an HVDC line into Eskom 
grid offer more help in enhancing the stability margin 
before systems loose synchronism. It can thus been 
conclude based on this result that HVDC line enhances 
Eskom network stability margin due to the help of the 
robust converter controllers. Integrating more of HVDC 
network into Eskom grid will not alleviate cascading 
problem, but also reduce transmission loss with bulk 
power transmission over a long distances due to its higher 
efficiency and economics of supply. 
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Abstract: The use of random pulse width modulation has been known to help reduce Electromagnetic
Interference (EMI) in power converters. The procedure for reducing EMI using Random Pulse Width
Modulation (RPWM) techniques has always been to spread the harmonic power in the power density
spectrum - otherwise caused by periodic PWM - by randomizing the PWM. This in turn reduces the
amplitude of the EMI noise. Probability distribution functions (PDF) determine the extent to which
EMI amplitudes could be reduced. This paper presents probability distributions of the PWM which will
result in the spreading out of harmonic power in the power density spectrum. The relationship between
probability distributions and spreading out of harmonic power whilst maintaining constraints in a
DC-DC converter is investigated. A probability distribution whose aim is to ensure maximal harmonic
spreading and yet maintain constraints is presented. The PDFs are determined from a direct application
of the method of Maximum Entropy. It is shown that given a pool of randomized parameters, there
exists a region through which maximum spreading happens and how this spreading out is compromised
by having constraints.

Keywords: Electromagnetic Interference, Maximum Entropy, Power Density Spectrum, Probability
Distribution, Random Pulse Width Modulation

1. INTRODUCTION

In Power electronic converters, high speed semiconductors
have been known to produce Electromagnetic Interference
(EMI). The operation of periodic switching as well as
large rates of change of currents and voltages are what
produces the EMI. Part of this noise is conducted from
within the switching circuit itself (conducted EMI) and part
of it is radiated (radiated EMI) [1, 2]. Both of which are
undesireable.
The main source of conducted EMI is the periodic
switching operation in power converters, where the
switching process is driven by a Pulse Width Modulation
(PWM) signal. Periodic PWM signals follow a constant
switching frequency ( fs) with a given duty ratio [3]. The
spectrum results in large and ‘sharp’ amplitude peaks at the
fundamental switching frequency and at multiples of this
switching frequency.
Throughout the years these e↵ects had been mitigated by
using numerous varieties of carefully designed EMI filters.
Inserting filters at the supply as well as at the output of
the converters has been the primary means of attenuating
conducted EMI [3]. However, this technique has not proved
to be the best solution as it would result in increased volume
and cost of power converters [2].
Since the mid 1980s there has been some research done on

reducing the EMI without the need of EMI filters. It has
been shown that it is possible to alter both common mode
and di↵erential mode conducted noise by altering the power
spectral density (PSD) [2, 4]. Introducing some form of
randomness to the PWM signal ‘weakens’ the periodicity
of the PWM and consequently relaxes the harmonic power
concentration at the frequencies [5]. E↵ects such as audible
acoustic noise in motors arising from conducted EMI can
be considerably reduced [6,7]. This addition of randomness
to improve EMI performance is known as Dithering [2].
The reduction in EMI is largely dependent on the type
of dithering technique. Every randomization strategy
attempts to reduce the harmonic peaks as much as possible.
However this must be done under some power conversion
constraints such as keeping a constant average duty ratio.
As such, a number of Random Pulse Width Modulation
(RPWM) papers have been published for di↵erent types of
power converters. The most fundamental type of RPWM
is to randomize either the pulse width, pulse position or
the period (switching frequency). Other “customized”
techniques have also been developed to achieve a better
performance than the fundamental ones [5, 6, 8, 9].
Since randomization is defined by the probability
distribution of the random variables, then a probability
distribution function (PDF) can be thought of as an input
function to shaping the PSD. By altering this probability,
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one is e↵ectively able to alter the PSD [4, 5, 10–13].
The studies on using RPWM for altering the spectral
content of a converter create an opportunity to ’custom
shape’ - to some extent - the output spectrum. The
general approach to the spectral shaping problem is
from an optimization perspective, where a PDF must be
found that satisfies the following requirements: 1) must
minimize a certain objective function or meet some spectral
specifications, 2) must minimize this objective function
within a certain region of constraints [4, 8, 14–17]. For
example, this objective function can be the total power in a
certain frequency band of the converter, and the constraints
could be an average duty ratio that results in the desired
power conversion (on average).
Generally, the technique of Random Modulation is chiefly
concerned with EMI reduction. The work in this paper is
also focused on the problem of spectral shaping for this
purpose. The novelty lies in the nature of the ’objective
function’: to reduce the high amplitude peaks by spreading
out the harmonic power in the frequency spectrum, as much
as possible, while obeying the constraints.
This can be achieved through the use of the method
of Maximum Entropy (MaxEnt) [23]. It is proposed
to be the best suited optimization approach to finding
probability distributions which will result in the specified
requirements. As will be seen shortly, this approach
further creates an opportutnity to establish the limitations
of Random Modulation in EMI reduction.

2. PRINCIPAL OF RANDOM MODULATION

Many studies show that introducing randomness to the
PWM alters the spectral content of the PWM. This impact
varies depending on how this randomization is done.

2.1 Power Density Spectrum Spreading

In order to reduce the EMI, the harmonic power in the
PSD must be reduced. Reducing the high amplitudes
transfers the harmonic power to surrounding frequencies.
An example of this phenomenon is seen in many research
outputs such as [5, 6] to name a few. Therefore,
spreading harmonic power is the fundamental aim in
random modulation.

2.2 Impact of Random Modulation

A PWM can be characterised by three parameters as
demonstrated by Figure 1. That is, pulse width W, the
pulse position � and the period T .

Random Pulse Width (RPW) randomly varies W at every
clock cycle. According to Tse et al. this randomization
technique still contains discrete harmonics at multiples of
the switching frequency with a continuous component over
the frequency spectrum [5].
Random Pulse Position (RPP) modulation randomizes the
pulse in the position located by the delay � within the

t

x(t)

�

W

T

Figure 1: General PWM pulse train with three fundamental
parameters

period T [5, 6]. The pulse position can be split into two
other categories viz. lead and lag RPP [6, 8]. According
to the authors in [6], randomizing this variable results in
each harmonic being reduced accordingly and the power
lost is transferred to the continuous spectrum. However
the harmonics still have relatively high amplitudes but are
progressively smaller for higher order harmonics.
If the period T is randomized, while keeping the pulse
width W constant then the duty cycle changes accordingly.
This is referred to as random carrier frequency with
variable duty modulation (RCFVD), else if the width is
allowed to vary by the same proportion as the period, then
it becomes a random carrier frequency with fixed duty
modulation (RCFFDM) [5].
The PSD of the RCFVDM and RCFFDM has a continuous
spectrum due to the switching frequency itself being
randomized. According to [6] randomization of the
switching frequency flattens the discrete harmonics
into the continuous spectrum. But the low frequency
harmonics in RCFVDM has higher amplitidues than that
of RCFFDM [5]. This makes the RCFFDM to be the
best among the three fundamental random modulation
techniques when it comes to ’spreading’ harmonic
power [5].

Customized random modulation techniques can be seen
as a hybrid combination of any of the three degrees of
freedom �, W and T [9]. Other customized techniques
aim to control the randomization strategy by implementing
customized algorithms that generate controlled noise
through which the switching pattern is derived. [9, 18–20].
Most of these strategies are based on uniform probability
distributions, which are su�cient for randomization, but
without guaranteeing as to whether these are the best suited
probability distributions for shaping or spreading the PSD.

2.3 Spectral Shaping

The idea behind spectral shaping is to select a
randomization technique with its associated PDF to
analytically obtain a specified spectral profile [21]. The
benefits of this idea comes in being able to achieve some
level of controllability on the spectral content. To achieve
this, a model that analytically links the time domain
PDF of the random variables and the frequency domain
would be required. From there an optimization strategy
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can be employed to approximate a prescribed spectral
profile. Bech’s research proposed an approximation model
that provides this link [4]. It generalizes the random
modulation PDFs of each random variable in the PWM
and calculates the spectral content. However, the problem
of finding an ideal PDF still remains a challenge as there
are many possible PDF families to choose from. However,
using discrete PDFs with a selected pool for each of the
RPWM parameters helps mitigate this problem [4,22]. The
associated PDF weightings become the design variables
found through some optimization strategy for the spectral
requirements to be achieved [4]. This is the approach used
here.

3. MAXIMUM ENTROPY PROBABILITY
DISTRIBUTIONS

The harmonic power in the PSD must be spread out in
order to reduce the high amplitudes. Therefore, one
would ideally want to maximally spread the harmonic
power by altering PDFs. If this notion of ’spreading’
could be quantified, then one would have a quantifiable
performance index through which an optimization strategy
can be employed. The method of MaxEnt makes use
of this criteria while maintaining whatever constraints are
imposed.

3.1 Maximal Harmonic Spreading

It has been established that an ideal PSD is one that has a
maximally spread harmonic power. This implies that the
harmonic peaks would be at their lowest which in turn
implies less EMI. If the PSD can be altered by altering
the probability distribution of the random variables, then
there is reason to believe that a spreading out of probability
leads to a spreading out in the PSD. For example, a uniform
probability distribution of the carrier frequency aims at
uniformly spreading out frequencies in the PSD [17].
Therefore, probability distributions determine the extent
to which the spectral content is spread. This implies that
finding the most spread out PDF possible must result in the
most spread out spectrum possible given that altering the
PDFs is the only means of shaping the spectrum. The next
step would then be to impose power conversion constraints
and maximally spread out the probability distributions so
that the PSD can be maximally spread out.

3.2 Maximum Entropy

Spreading out of probability P can be quantified by
calculating the Shannon’s entropy S [P] of the discrete
probabilities Pi as shown in equation (1) [23].

S [P] = �
NX

i=1

Pi log Pi (1)

Now MaxEnt is a method that allows one to assign prob-
abilities that maximize entropy (or probability spreading)

and agrees with whatever constraints imposed [23]. The
goal is to select the distributions Pi from maximum entropy,
for which the expectation (or constraints) of some functions
f k(x),(where k = 1, 2, . . . ) is known to have the numerical
values Fk, i.e. Pi must satisfy equation (2) below.

E
h
f k(x)
i
=

NX

i

Pi f k(xi) = Fk (2)

Where E[·] is the Expectation operator. The entropy
maximization is achieved by setting:

0 = �
⇣
S [P] � ↵

NX

i

Pi � �kE
h
f k(x)
i⌘

(3a)

= �

NX

i

⇣
log Pi + 1 + ↵ + �k f k(xi)

⌘
�Pi (3b)

Where � here represents the first variation, ↵ and �k are
Lagrange multipliers [23].
Solving equation (3) yields what is called the Canonical
probability distribution [23]:

Pi = e�(�0+�1 f k
i ) (4)

Where �0 = 1 + ↵ is determined from the normalization
constraint

P
i Pi = 1, and �k is determined from the

constraints in equation (2). It must be noted therefore that
entropy is maximized within the region of constraints, if
the region of constraints is ’enlarged’ so to speak, then the
maximized entropy will be larger than in the smaller region.

4. MAXIMUM ENTROPY PDF FOR RPWM

In the case of Random Modulation, there are three
parameters which are subject to probability distributions.
In general, the pulse width, pulse period and position have
the pool:

Ti = {T1,T2, ...,TNT } (5a)
� j = {�1,�2, ...,�N j } (5b)
Wl = {w1,w2, ...,wNW } (5c)

And normalization constraints:
NTX

i

PTi |�,W = 1 (6a)

N�X

j

P� j |W,T = 1 (6b)

NWX

l

PWl |�,T = 1 (6c)

Where PTi |�,W , P� j |W,T and PWl |�,T are the conditional
stationary probabilities given the remaining parameters.
And T > 0, 0  W  T and Ti  �  Ti�1, which ensures
that this remains a valid PWM.
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MaxEnt will then be applied in order to find the probability
distribution within three di↵erent sets of constraints: prob-
ability distributions in maximal constraints, probability
distributions in minimal constraints and a set of constrains
which lie in between. In each case, the resulting PWM and
its PSD are investigated. The distribution here is solved for
the pulse period PTi |�,W only, however the same approach
can be used for the remaining parameters.

4.1 PDF with Maximum Constraints

For maximum constraints, the pool for the parameters is
limited to only one possible outcome.

Ti = {T1} (7)

With the following constraint

E[T ] =
NTX

i

PTi |�,WTi = T1 (8)

The canonical distribution for T is therefore:

PTi |�,W = e�(�0+�1Ti) (9)
From the normalization constraint, the equation below is
obtained:

NTX

i

e��1Ti = e(�0) (10)

since NT = 1, the distribution then becomes:

PTi |�,W = e�(��1T1+�1T1) (11)
) PTi |�,W = �(Ti � T1) (12)

Here, � is the Kroneker delta function. So according
to MaxEnt, this is the ’most spread out’ distribution
possible that meets all constraints. However, due to
these constraints, the probability is certain and therefore
non-random. The constraints limit the extent to which T
can be randomized. The PWM would therefore result in the
worst possible PSD as there is no randomization. The ideal
PSD would be one with the most randomization, meaning
minimal constraints.

4.2 PDF with Minimum Constraints

Minimum constraints means that there are many degrees of
freedom for randomization. Thus the pool’s size can be
of any possible size NT � 1. There are no constraints,
except for the normalization constraints in equation (6a).
Therefore only the multiplier �0, remains so that the
Canonical distribution becomes

PTi |�,W = e��0 (13)

From the normalization constraint, the distribution is found
as:

PTi |�,W = 1/NT (14)

Which is a uniform distribution accross the entire pool.
That is, the most spread out possible or MaxEnt PDF
without constraints is a uniform distribution.

4.3 PDF with Some Constraints

Constraints that lie between the two previous cases are now
considered. This case is better illustrated with a numerical
example.
Say the pool for the carrier period T is given:

Ti = {T1,T2, ...,TNT } (15)

With the following constraints:

E[T ] =
NTX

i

PTi |�,WTi = 2W (16)

The normalization constraint determines �0, so that PTi |�,W
becomes:

PTi |�,W =
e��1Ti

PNT
i e��1Ti

(17)

From the constraint in (16):

NTX

i

PTi |�,WTi =

PNT
i Tie��1Ti

PNT
i e��1Ti

= 2W (18)

Solving the above equation is non-trivial, but can be solved
numerically. Let the pool of carrier periods be Ti =
{10s, 15s, 20s, 25s, 30s}. If the right hand side of (18) is
set to be equal to some variable y, then a plot of y versus
�1 can be obtained and is shown in Figure 2. This is a
plot of all possible Expectations (or constraints) with the
available pool versus the Lagrange multiplier �1. Since it is
required that y = 2W, and say W = 12, 5s, then the dotten
line in Figure 2 marks the point where y = 25s and the
corresponding �1 = �0.01123 at that point.
From this, the distribution for the carrier period is therefore:

PTi |�,W =
e0.01123Ti

P
i e0.01123Ti

(19)

And its shape is plotted in Figure 3.

y(λ1)

y=25
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λ1

15

20
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30

y

Figure 2: Plot showing available averages for the constraints
y with associated Lagrange multiplier �1

SAUPEC 2017 834



15 20 25 30
T(s)

0.1

0.2

0.3

0.4

P(T)

Figure 3: MaxEnt Probability Distribution for carrier period
T with average period E[T ] = 25s

This is the MaxEnt distribution of the carrier period that
maximises spreading yet obeys constraints. For a DC-DC
converter, the constraints do not change over time. hence
the Expectation values which govern the constraints are
constant.

4.4 MaxEnt PDF and Associated PSD

The MaxEnt distribution is now applied to an example
of a 100 kHz PWM for a DC-DC converter switch with
a 50% duty cycle. The resulting PSD is observed. For
this application the pulse width W is used as the random
variable with the following pool.

Wl = {4µs, 5µs, 6µs, 7µs, 8µs} (20)

The constraints are that the average pulse width must be
half the pulse period to ensure a duty cycle of 50%-on
average:

E{W} =
NWX

l

PWl |T,�Wl = T/2 = 5µs (21)

The MaxEnt probability distribution found is:

PWl |T,� =
e�566.1Wl

PNW
l e�566.1Wl

(22)

Which is plotted in Figure 4a. The associated PSD
is obtained by taking the Fourier transform of the
Autocorrelation of the RPWM signal [4]. This is plotted
in Figure 4b. The PSD can be compared to that of
a deterministic or non random PWM in dashed lines
where the harmonics have higher amplitudes. Clearly by
randomizing the pulse width, the amplitudes have been
reduced and their power spread to other frequencies. This
is the most spread out PSD possible as obtained from
MaxEnt PDF, given the pool with the provided converter
constraints. However, if the constraint in (21) need not
be obeyed, then the most spread PSD possible with no
constraints can be obtained. This is plotted in Figure 5.
As shown by the absolute magnitides of the harmonics, it
is also clear that the harmonic power has been better spread
out than in Figure 4b where there are some constraints.
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(a) Maximum entropy probability distribution for pulse width W
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Non-Random
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10
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(b) PSD for random (W) with some constraints in the given pool,
versus non-random pulse width.

Figure 4: MaxEnt probability distribution of Random pulse
width (W) (a) and its associated PSD (b).
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Figure 5: Comparison of PSD for random pulse width
(W) with no constraints in the given pool (from uniform
MaxEnt distribution), versus non-random pulse width.

5. DISCUSSION

From what has been presented thus far, it is safe to state
that; by considering the maximum and the minimum
possible constraints, one is e↵ectively able to define
a region in which randomization can be done. In this
region, MaxEnt provides the most spread out distribution
possible for whatever set of constraints that lie in the
region. As a result one is able to prioritise harmonic power
spread in PSD while obeying constraints. However, there
exists a trade-o↵ between constraints and PSD spreading.
Essentially, constraints can be seen as the limiting factors
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to PSD spreading and to EMI reduction.

The MaxEnt probability distribution presented has however
not been generalized for a general PWM. For this, one
would have to consider the joint probability distribution
of W,� and T , instead of the conditional distributions.
From this, the relationship between all possible constraints,
probability distributions and the PSD spectrum can be
generalized for the purpose of spectral shaping.

6. CONCLUSION

An approach for determining the PDF of a RPWM that
aims to maximally spread the harmonic power in the
PSD while obeying constraints has been presented. This
appoach is based on the direct application of the method
of MaxEnt. This method allowed for an investigation
into the relationship between the constraints, spreading
in the PSD and the PDFs. It has therefore been shown
that by considering maximum and minimum possible
constraints, a region in which maximal spreading will
occure can be defined. And by imposing constraints
on the PDF, one e↵ectively moves away from obtaining
the most (or ideal) PSD spreading that can possibly be
obtained. The investigated relationship, must however, still
be generalized.
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Abstract: For high-power wind-energy systems, the doubly fed induction generators (DFIG) together 
with a partially rated power electronic converter are used extensively for their variable wind speed 
operation capability. DFIG based wind energy systems are conventionally implemented with stator of 
the machine connected to the grid directly and the rotor fed from the grid via two-level back-to-back 
AC converters for active and reactive power control. This paper addresses the development of a DFIG 
grid-connected wind-energy system using a 3-level and 2-level converter connected in back-to-back 
configuration. A comparative study of effectiveness in the context of higher power applications for both 
2-level and 3-level converters will verify which topology provides better solution for this type of wind-
energy system. Switching and control strategies for both 2-level and 3-level converters will be discussed 
in this paper so as to enable the study of the grid integration of the DFIG. 

Key words: wind energy, grid integration, DFIG, converters, control. 

 

 

1. INTRODUCTION 

Wind energy is one of the fastest growing energy 
technology globally. The driving factors for such 
growth comes from the declining costs of the relevant 
technology and consumers are becoming more 
conscious of the negative impact that conventional 
energy production imposes on our environment. It is 
the third largest renewable energy resource currently 
around the globe with 433 GW in total at the end of 
2015. Corporations and other private entities 
continued turning to wind energy for reliable and low-
cost power, while many large investors are drawn by 
its stable returns [1]. The aim of wind turbine system 
development is to increase output power capacity 
whilst keeping efficiency within acceptable levels. 
Variable speed wind turbine systems which provide 
many advantages over the classical fixed speed 
turbines are dominating the modern trend for high 
power wind farm designs. The DFIG is one of the 
most popular technology implemented in the global 
wind energy market to date [2]. 

Research for the DFIG-based wind energy system 
mostly implements the generator in such a way that 
the stator of the machine is connected to the grid 
directly and the rotor is fed from the grid via AC-DC-
AC converters for active and reactive power control 
[3, 4]. The DFIG may operate in both sub-
synchronous and super-synchronous mode in which 
the rotor circuit is either drawing or delivering power 

to the grid respectively. The most well-known 
topology for the AC-DC-AC converter consists of two 
2-level PWM controlled converters connected in a 
back-to-back configuration [5]. Vector control 
techniques are implemented on both the rotor and 
grid-side converters. The rotor-side converter controls 
the machine speed in order to extract maximum 
aerodynamic power, whereas the grid-side converter 
must keep the DC-link voltage constant regardless of 
the rotor-side power flow [6, 7]. The controllers are 
tuned based on the analytical model of the entire 
system, hence the full DFIG wind turbine system must 
be modelled and validated for proper system control 
design. 

The 2-level converter topology inherits the benefit of 
well-known circuit structures and control methods. 
However, for higher power operations the 
requirement on semiconductors and power filters for 
this type of topology grows exponentially due to 
power-quality issues. In recent years, the concept of 
multilevel converters, especially the 3-level 
converters has been explored extensively for its 
capability to handle high dynamic performance and 
power quality demanding applications at high power 
range from 1 to 30 MW. The main advantages of the 
3-level converter topology compared with the classic 
2-level topology are the higher voltage operating 
capability, lower common mode voltages and smaller 
input/output filter requirements due to its significantly 
improved power spectra [8, 9, 10]. For both 2-level 
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and 3-level converters, the most popular modulation 
techniques used are space vector pulse width 
modulation (SVPWM) and sine wave pulse width 
modulation (SPWM). It was shown in past researches 
that SVPWM provides better harmonic content at the 
converter output as well as better utilisation of the 
DC-link voltage. However, SVPWM is much more 
complex than SPWM and thus require more 
computational power. 

The structure of this paper follows that in section 2, 
the system model will be established for control 
design. Section 3 will demonstrate the three-level 
converter modulation algorithm. Simulation results 
will then be presented in section 4. Conclusion and 
recommendation will be presented in section 5. 

2. SYSTEM MODELS 

The DFIG wind turbine system can be separated into 
subsystems which consists of the following: 

x Mechanical system 
x Generator 
x Converter and DC-link 
x Control system 

This is presented in Figure 1 below, which 
demonstrates an overview of the DFIG wind turbine. 

 

Figure 1: DFIG based wind turbine system 

2.1 Mechanical System 

The turbine blades are characterised by the 
conventional aerodynamic model for a three-bladed 
system: 

𝑇𝑎 = 𝜌
2
𝜋𝑅3 (𝐶𝑝(𝜆,𝛽)

𝜆
) 𝑣𝑤

2       (1) 

Where: 

𝑇𝑎 = aerodynamic torque 

𝜌 = air density 

𝑅 = turbine blade radius 

𝐶𝑝(𝜆, 𝛽) = turbine power coefficient 

𝑣𝑤 = wind velocity 

𝜆 = tip speed ratio 

And: 

𝜆 = 𝑣𝑤𝑅
𝑤𝑟

      (2) 

The shaft model, can be represented by the one-mass 
drive train equation: 

𝐽 𝑑𝜔𝑚
𝑑𝑡

= 𝑇𝑒 − 𝑇𝑎     (3) 

Where: 

𝐽 = turbine & generator inertia 

𝜔𝑚 = turbine mechanical speed 

𝑇𝑒 = generator electromagnetic torque 

2.2 Generator system 

The DFIG is essentially an induction machine with 
rotor circuit accessible for control purposes. The 
machine is conventionally modelled using space 
vector transformation in the synchronously rotating 
reference frame with motoring orientation i.e. positive 
power flow is from grid to machine [11, 12]. The 
stator and rotor three phase sinusoidal quantities are 
converted to the synchronous reference frame and 
back to the natural reference frame using the Park’s 
transformation. The electrical dynamic model of the 
DFIG then can be represented by the following 
equations: 

𝑉𝑠⃗⃗⃗  = 𝑅𝑠𝑖𝑠⃗⃗ + 𝑑𝜆𝑠⃗⃗⃗⃗ 

𝑑𝑡
+ 𝑗𝜔𝑠𝜆𝑠⃗⃗  ⃗    (4) 

𝑉𝑟⃗⃗  ⃗ = 𝑅𝑟𝑖𝑟⃗⃗ + 𝑑𝜆𝑟⃗⃗⃗⃗ 

𝑑𝑡
+ 𝑗𝜔𝑠𝑙𝑖𝑝𝜆𝑟⃗⃗  ⃗    (5) 

𝑇𝑒 = 3
2
𝑝𝑝𝐿𝑚(𝑖𝑞𝑠𝑖𝑑𝑟 − 𝑖𝑑𝑠𝑖𝑞𝑟)    (6) 

Where: 

𝑉𝑠⃗⃗⃗  , 𝑉𝑟⃗⃗  ⃗ = stator and rotor voltages 

𝑅𝑠, 𝑅𝑟 = stator and rotor resistance 

𝑖𝑠⃗⃗ , 𝑖𝑟⃗⃗   = stator and rotor currents 

𝜆𝑠⃗⃗  ⃗, 𝜆𝑟⃗⃗  ⃗ = stator and rotor flux linkage 

𝜔𝑠𝑙𝑖𝑝 = rotor electrical frequency  

𝜔𝑠 = stator electrical frequency 

𝑝𝑝 = DFIG pole pairs 

𝐿𝑚 = mutual inductance  

 

2.3 Converter and DC-link 
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The two level and three level converters are modelled 
by considering their relationship between each phase 
outputs and switching states [13, 14]. The DC-link 
dynamic can be modelled by considering the power 
flow between gird-side converter and rotor-side 
converter with respect to the DC-link voltage [15, 16]. 

A. Two-level Converter: 

 

Figure 2: Circuit of a three-phase two-level VSI 

Figure 2 presents the circuitry of a three-phase two-
level VSI. Each leg of the VSI has two switches and 
only one switch can be on at any given moment to 
avoid DC-link short circuit. This give rise to three 
switching signals for the top 3 switches 
𝑠1, 𝑠3, 𝑠5 since the bottom switches are just 
complimentary functions of the top switching 
functions. The phase to neutral output of the converter 
can be expressed as a function of the DC-link voltage 
and the switching signals as below: 

[
𝑉𝑎𝑛
𝑉𝑏𝑛
𝑉𝑐𝑛

] = 𝑉𝑑𝑐
3

[
2 −1 −1

−1 2 −1
−1 −1 2

] [
𝑠1
𝑠3
𝑠5

]   (7) 

B. Three-level Diode Clamped Converter: 

 

Figure 3: Circuit diagram of a three-phase three-level 
diode-clamped converter 

For the three-level diode-clamped converter, each leg 
of the VSI has 4 switches connected by two clamping 
diodes from midpoint to midpoint. Two consecutive 
switches of each leg must be in the on-state at any 
given time. Referring all of the voltages to the lower 
DC-link voltage level (“0” reference), each output 
voltage consists of contributions by both top and 
lower capacitors. This is expressed as: 

𝑉𝑖0 = 𝑉𝐷𝐶
2

∑ 𝑗𝑠𝑖𝑗
2
𝑗=0    𝑤𝑖𝑡ℎ 𝑖 = {𝑎, 𝑏, 𝑐}   (8) 

Where: 

𝑉𝑖0 = phase leg voltage 

𝑠𝑖𝑗  = phase switching signal 

C.  DC-link model:  

The deviation of the DC-link stored energy is caused 
by the imbalance of the rotor-side power and grid-side 
power given as: 

𝑑𝑊𝐷𝐶
𝑑𝑡

= 1
2
𝐶𝐷𝐶

𝑑𝑉𝐷𝐶
2

𝑑𝑡
= −𝑃𝑟 − 𝑃𝑓  (9) 

Where: 

𝐶𝐷𝐶 = DC capacitance 

This energy is dependent on the power flow between 
grid-side converter and rotor-side converter, which is 
depicted in Figure 4. 

 

Figure 4: Equivalent circuit of DC-link model 

2.4 Control System Design 

The DFIG control level is separated into two modular 
designs, namely the rotor-side converter control 
(RSC) and grid-side converter control (GSC). The 
RSC controls the speed of the machine to follow the 
reference speed provided by the MPPT, hence 
achieving decoupled stator active and reactive power 
control. The GSC has to maintain the DC-link voltage 
at a constant level, hence ensuring good active power 
flow between RSC and the grid. The control algorithm 
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are based on vector control principles using simple PI 
controllers [16]. 

A. RSC current control:  

Rearranging equations (4) and (5), the stator flux 
vector can be aligned with the synchronous reference 
frame which results in the following equations: 

𝑉𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 + (𝐿𝑟 − 𝐿𝑚
2

𝐿𝑠
) 𝑑𝑖𝑑𝑟

𝑑𝑡
− 𝜔𝑠𝑙𝑖𝑝(𝐿𝑟 − 𝐿𝑚

2

𝐿𝑠
)𝑖𝑞𝑟       (10) 

𝑉𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 + (𝐿𝑟 − 𝐿𝑚
2

𝐿𝑠
) 𝑑𝑖𝑞𝑟

𝑑𝑡
+ 𝜔𝑠𝑙𝑖𝑝(𝐿𝑟 − 𝐿𝑚

2

𝐿𝑠
)𝑖𝑑𝑟 +

𝜔𝑠𝑙𝑖𝑝
𝐿𝑚

𝐿𝑠
|𝜆𝑠|      (11) 

By applying feedforward control, the coupling terms on 
both d and q axis can be eliminated which then results in the 
RSC current loop plant process: 

𝑖𝑟⃗⃗  ⃗
𝑉𝑟⃗⃗⃗⃗ 

= 1
𝑅𝑟+𝐿𝜎𝑠

      (12) 

And:  

𝐿𝜎 = (𝐿𝑟 − 𝐿𝑚
2

𝐿𝑠
)                  (13) 

Internal model control principles are applied to the 
control loops. Figure 5 depicts the control structure of 
IMC. 

 

Figure 5: Internal model control structure 

The controller 𝐹(𝑠) = 𝑃𝐼(𝑠) = 𝛼
𝑠
𝐺−1(𝑠) where 

𝐺(𝑠) is the plant model and 𝛼 is the closed loop 
bandwidth. Hence 𝑘𝑝 and 𝑘𝑖 can be tuned as follows: 

𝑘𝑝 = 𝛼𝐿𝜎                𝑘𝑖 = 𝛼𝑅𝑟              (14) 
 

B. RSC speed control:  

The machine mechanical dynamics are characterised 
by (3). Pole placement method is chosen for the speed 
controller tuning [17]. Figure 6 below illustrates the 
implementation of the controller on the speed loop. 
The bandwidth of the speed loop should be chosen at 
least a decade smaller than the current loop, hence the 
dynamics of the current control loop can be neglected. 

 

Figure 6: Speed control loop using pole placement 

Using the pole placement method, the proportional 
and integral gains of the controller can be tuned as: 

𝑘𝑝 = 2𝜁𝜔𝑛𝐽           𝑘𝑖 = 𝜔𝑛
2𝐽                 (15) 

Where: 

𝜁 = damping ratio 

𝜔𝑛 = natural frequency 

C. GSC current control:  

The grid-side system is illustrated by the synchronous 
reference frame equivalent circuit in Figure 7 below. 
It mainly consists of the filter between the VSI 
terminal and grid voltage. In this article, the inductor 
filter is considered. The transformation from 3-phase 
quantities to 𝑑𝑞 quantities are done using Park’s 
transformation similar to the DFIG dynamic model. 

 

Figure 7: Dynamic model of the grid-side system 

The grid-side control is done with the estimated grid 
flux orientation in which the grid voltage vector is 
aligned with the 𝑞-axis of the synchronous reference 
frame. From Figure 7, the dynamic equation for the 
grid-side system can be written as: 

𝑣𝑑 = 𝑅𝑔𝑖𝑑 + 𝐿𝑔
𝑑𝑖𝑑
𝑑𝑡

− 𝜔𝑔𝐿𝑔𝑖𝑞 + 𝐸𝑔                (16) 

𝑣𝑞 = 𝑅𝑔𝑖𝑞 + 𝐿𝑔
𝑑𝑖𝑞
𝑑𝑡

+ 𝜔𝑔𝐿𝑔𝑖𝑑 + 𝐸𝑞                       (17) 

By applying the same process as the RSC current 
control to the GSC current control loops, the coupling 
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terms can be decoupled with feedforward control, and 
the grid-side plant model from 𝑣𝑔 to 𝑖𝑔 becomes: 
𝑖𝑔
𝑣𝑔

(𝑠) = 1
𝑅𝑔+𝐿𝑔𝑠

                  (18) 

Using Internal model control principle, the controller 
𝐹(𝑠) = 𝑃𝐼(𝑠) = 𝛼

𝑠
𝐺−1(𝑠) where 𝐺(𝑠) is the plant 

model and 𝛼 is the closed loop bandwidth. Hence 
𝑘𝑝 and 𝑘𝑖 can be tuned as follows: 

𝑘𝑝 = 𝛼𝐿𝑔                 𝑘𝑖 = 𝛼𝑅𝑔                 (19) 

D. GSC DC-Link voltage control:  

The control structure for the DC-link voltage is 
presented in Figure 8 below. 

 

Figure 8: DC-link voltage control loop 

The proportional and integral gains of the PI controller 
can be tuned as: 

𝑘𝑝 =  − 𝛼𝐶𝐷𝐶
6𝐸𝑔

                𝑘𝑖 = − 𝛼2𝐶𝐷𝐶
6𝐸𝑔

                (20) 

3. CONVERTER MODULATION 
ALGORITHMS 

Proper modulation algorithms are required in order to 
utilise the converters in the control structure proposed 
previously. The modulation technique used in this 
paper will be SVPWM for both two-level and three-
level VSI’s. The two-level SVPWM is well 
established in industry hence won’t be dealt with in 
this paper.  For the three-level converter SVPWM, the 
focus will be on the computational efficiency of the 
algorithm and mitigating dc neutral point voltage 
unbalance. 

3.1 Three-level NPC Converter SVPWM Algorithm 

The three-level NPC converter has 3 possible 
switching states per phase leg, hence there are  33 =
27 possible converter output states. 

 

Figure 9: Three-level vector diagram 

Figure 9 above shows that there are 6 large vectors 
(200, 220, 020, 022,002 and 202), 6 medium vectors 
(210, 120, 021, 012, 102 and 201), 6 short vector pairs 
(100-211, 110-221, 010-121, 011-122, 001-112 and 
101-212) and 3 zero vectors (000, 111 and 222). The 
large vectors connects the output voltages of the 
converter to the highest or lowest voltage levels, they 
do not have any connection with respect to the neutral 
point hence it does not affect NP balance. The medium 
vectors connect each output to a different DC-link 

voltage level. They have √3
2

 the length of the large 
vectors. One output of the medium vectors is always 
connected to the NP hence these vectors cause NP 
imbalances. The short vectors are also known as 
redundant vectors, as two switching states can 
produce same voltage vector. Since the pair of 
redundant vectors affect the NP in opposite directions, 
proper utilisation of redundant vector can achieve 
good NP balance. The zero vectors connect all the 
output to the same voltage level and hence do not 
produce any current on the DC side [14]. The actual 
algorithm can be separated into 2 parts: 

x Calculation of Duty cycles 
x Sequencing 

A. Duty cycle calculation:  

The reference vector can be calculated using the volt 
second method. However a simpler method was 
proposed in [14]. Consider Figure 10 below, the 
vectors 𝑝1⃗⃗  ⃗ and 𝑝2⃗⃗⃗⃗  are the projections from the 
reference vector �⃗⃗�  onto the segments that join the 
extreme of 𝑉3⃗⃗  ⃗ to 𝑉1⃗⃗  ⃗ and to 𝑉2⃗⃗  ⃗, respectively. 
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Figure 10: Projections of the reference vector 

The reference vector can be expressed as follows:  

�⃗⃗� = 𝑝1⃗⃗ ⃗⃗  (𝑉1⃗⃗⃗⃗ )
𝑙1

+ 𝑝2⃗⃗ ⃗⃗  (𝑉2⃗⃗⃗⃗ )
𝑙2

+ (1 − 𝑝1⃗⃗ ⃗⃗  
𝑙1

− 𝑝2⃗⃗ ⃗⃗  
𝑙2
)𝑉3⃗⃗  ⃗                 (21) 

Where: 

𝑙1, 𝑙2 = lengths of 𝑉1⃗⃗  ⃗ − 𝑉3⃗⃗  ⃗ and 𝑉2⃗⃗  ⃗ − 𝑉3⃗⃗  ⃗ 

If the system is balanced and that the SV diagram is 
normalized to have the triangular regions with unity 
lengths, then the calculation for duty cycles will 
simply become 𝑑1 = 𝑝1,    𝑑2 = 𝑝2  and 𝑑3 = 1 −
𝑝1 − 𝑝2. This whole process can be made even faster 
by considering the symmetry of all sextants. By 
reflecting reference vector into the first sextant, all 
relevant calculations only needs to be done in sextant 
one. Consider the normalised first sextant in Figure 
11, if the maximum length of the switching vectors are 
2 per unit then the maximum length of the reference 
vector that can be approximated in the linear 
modulation range is √3 per unit. 

 

Figure 11: Normalized first sextant and reference 
vector 

Table 1 summarises the duty cycle calculations for all 
regions in sextant 1 in accordance to the duty cycle 
calculation method discussed above. The region 
selection can be done using basic geometrical analysis 
based on the lengths 𝑚1 and 𝑚2 which is also 
documented in Table 1. 

Table 1: Duty cycle calculations and region selection 

 

By applying dq to gh transformation, given as: 

[
𝑔
ℎ] =

𝑘√2
𝑉𝐷𝐶
2

[sin (𝜃𝑟 + 2𝜋
3
) cos (𝜃𝑟 + 2𝜋

3
)

sin(𝜃𝑟) cos(𝜃𝑟)
] [𝑑𝑞]     (22) 

The control signals will be transformed on to a set of 
stationary axis 60𝑜 apart which coincides with the 
boundary lines of the first sextant in the SV diagram. 
This allows duty cycle calculations to be done with 
simple arithmetic and it is summarised in Table 2. 

Table 2: gh duty cycle calculation and sextant 
selection 

 

B. Sequencing:  

The actual modulation of the three-level converter is 
done so that the three nearest switching vectors must 
be chosen to approximate the reference voltage vector 
depending on the sextant and region the reference 
vector is in. However, one of the main issues of the 
three-level converter is the NP balance due to the 
effect of short and medium switching vectors. Since 
there are two degrees of freedom with the short vector, 
if properly utilised, NP balance can be achieved. 
Consider the short vector pair (100, 211), if the phase 
a current is positive i.e. 𝑖𝑎 > 0, then selecting 
switching vector 100 will discharge the lower 
capacitor or else charge it if vector 211 is chosen. 
Since both vectors will produce the same line voltage 
at the output terminal, the sole purpose of selecting 
them is then to achieve NP balance and less switching 
steps if at all possible. Based on the above, the 
variables we need to select short vectors are then the 
instantaneous output current and the DC-link 
capacitor voltages. Since all of the modulation will be 
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calculated in the first sextant, hence these variables 
must be converted to the first sextant too. The logical 
operator to select short vectors based on the converter 
output current and DC-link voltage balance in the first 
sextant is given in Table 3, and the conversion of 
current into first sextant is given in Table 4. 

Table 3: Selection of short vectors 

 

Table 4: Equivalent currents in the first sextant 

 

The switching sequences are summarised in Table 5, 
different sequences must be used depending on the 
short vector selected and when a sequence is repeated 
in a subsequent modulation period, the sequence is 
flipped in order to minimize the number of steps from 
one cycle to the next. 

Table 5: Sequences of vectors in the first sextant 

 

When all the duty cycles are calculated and the most 
efficient sequence selected, the algorithm must then 
apply the corresponding duty cycles to the switches in 
the converter. Since all modulation was calculated in 
the first sextant, it must be converted back to its 
original sextant. This can be done by simply 
interchanging the state of the output phases. The 
relationship of output states in each sextant with 
respect to the first sextant is summarised in Table 6 
below. 

Table 6: Output state interchange for applying duty 
cycles 

 

4. SIMULATION RESULTS 

Simulations were performed on the proposed system 
model with respect to the accuracy of the control 
design as well as the effect that different converter 
topologies imposes on the DFIG wind turbine 
operations. All simulations were done using 
Matlab/Simulink. 

4.1 Three-level SVPWM implementation 

For a modulation index of 0.8 and switching 
frequency at 2000Hz, Figure 12 shows the line voltage 
output with its fundamental and Figure 13 shows the 
FFT analysis of the output voltage. Figure 14 shows 
the DC voltage level across both top and bottom 
capacitors for the three-level converter. It can be seen 
that the voltage levels are inversed between top and 
bottom capacitors and changes once per modulation 
period, this is according to design where the short 
vectors are selected in order to charge and discharge 
the top and bottom capacitors in opposite directions. 

 

Figure 12: Three-level converter output line voltage 

 

Figure 13: FFT analysis of three-level converter 
output voltage 
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Figure 14: DC capacitor voltages 

4.2 Full System Implementation with Two-level 
Converter on The Grid-side 

In order to simulate a realistic wind turbine system, 
the continuously changing nature of the wind must be 
considered. In [18], a turbulence simulator was 
proposed based the Von Karman’s model. This model 
is accurate for short-term approximations of the wind 
speed, which is appropriate for wind turbine systems 
as the controller must be able to handle instantaneous 
changes in wind velocity. The model utilises a shaping 
filter that transforms a white noise into a short-term 
wind turbulence. Based on this model, Figure 15 
shows the simulated turbulence for this paper. The 
mean wind velocity is set at 9m/s, it can be seen that 
based on this model, the wind variation is centred on 
the mean wind velocity. Based on this wind profile, 
the machine speed is controlled as shown in Figure 16. 
The DFIG specification used can be found at the end 
of this paper. The stator, rotor and grid power flow are 
presented in Figure 17 – 19 respectively. It must be 
noted that the model for the grid-side system as a 
generating orientation i.e. power flow to grid is 
positive. Comparing rotor power and grid power, the 
grid active power tracks the rotor active power, 
however reactive power is kept at 0. This shows power 
flow from DFIG rotor to grid is fluid. The stator 
reactive power is controlled to be 0 as well, hence the 
entire system operates at unity factor. It can also be 
noted that when the machine is starting between 0 – 
5s the stator draws power from the grid to aid the 
starting process, this is possible with the bidirectional 
converter topology. The rotor power became 
generating at t = 23s, this coincides with the machine 
speed as it goes above the synchronous speed. 

 

 

Figure 15: Von Karman’s model of wind turbulence 

 

Figure 16: Controlled rotor mechanical speed 

 

Figure 17: Stator power during wind turbulence 

 

Figure 18: Rotor power during wind turbulence 

 

Figure 19: Grid power during wind turbulence 
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Figure 20 shows the power coefficient throughout the 
duration of the simulated wind turbulence. It is kept 
constant at 0.479 which is the maximum power 
coefficient for the specific turbine model. 

 

Figure 20: Power coefficient of the wind turbine 
during turbulence 

The grid current from the converter output is filtered 
by the grid filter. It is a simple L-type filter, which is 
sufficient for the purpose of this paper. Figure 21 
below shows the grid current behaviour. It can easily 
be spotted that even after filtering by the proposed 
grid filter, there are still an abundant amount of high 
frequency harmonics. A FFT analysis on the grid 
currents for 250 cycles between t = 10s and t = 15s 
then reveals that for that period after filtering, there 
still exists 42.78% THD. This indicates the grid filter 
can be designed with more appropriate methods, 
however as mentioned previously, the purpose of this 
paper is to have a comparison between three-level 
converters and two-level converters based on their 
impact towards the DFIG wind turbine system. 

 

Figure 21: Filtered two-level converter output 
currents 

 

Figure 22: FFT analysis on the two-level converter 
grid currents 

4.3 Full System Implementation with Three-level 
converter on the grid-side 

This section will not go through all the dynamic 
responses of the system but focus more on one of the 
well-known advantages of a three-level converter 
over a two-level converter. That is the improved THD 
characteristics of a three-level converter. So the 
simulations will be conducted with exact conditions 
as previously used in section 4.2 with a three-level 
converter connected to the grid instead of its 
counterpart. The filtered grid current is studied again 
and is shown in Figure 23 below. Figure 24 shows the 
FFT analysis of the grid current, the THD is 11.74% 
using the same filter compared to the THD for the two 
level filter, 42.78%, it is much lower. This indicates 
that the three-level has less requirement on the output 
filter for the converter and thus can be more efficient 
in that regard. 

 

Figure 23: Filtered grid current for three-level 
converter 

 

Figure 24: FFT analysis on the three-level converter 
grid currents 

5. CONCLUSIONS 

This paper has fully characterised a DFIG based wind 
turbine system including control and switching 
algorithms implemented with the three-level and two-
level converters. The designed controller for both 
RSC and GSC was tested in simulation and showed 
results that consolidates the system design. The 
machine side control was able to manipulate the DFIG 
speed for Maximum Power Point Tracking, and 
regulate the stator reactive power flow. The 
controllers are more than sufficient to handle the 
torque pulsations caused by the tower shadow and 

SAUPEC 2017 845



wind shear effects on the turbine. The grid-side 
control was able to regulate the DC-link voltage as 
well as the grid reactive power flow. The controller 
also allows the DFIG to operate in unity power factor 
mode if the operator do choose so. The converter 
modulation algorithms were fully tested and verified. 
Through implementation of the three-level and two-
level converters on the DFIG based wind turbine 
system, the harmonic spectra of the converter output 
were studied for both topologies. The three-level 
converter produces much better harmonic content 
than the two-level converter under identical test 
conditions. This puts less restraints and requirement 
on the output filter design for the three-level 
converter. However, the main drawback of the three-
level converter is the complexity and computational 
requirement required to operate it appropriately. 
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ANALYSIS AND CONTROL OF A GRID-CONNECTED
THREE-PHASE PWM VOLTAGE-SOURCE CONVERTER BASED
ON LCL FILTER

MWK. Mbukani and N. Gule *

⇤ Department of Electrical & Electronic Engineering, Stellenbosch University, Private Bag X1,
Matieland 7602, South Africa, E-mail: 19080832@sun.ac.za; nathie@sun.ac.za

Abstract: In this paper, the performance of an LCL filter at lower switching frequencies (<5000 Hz)
in a grid-connected three-phase voltage-source converter is analysed. An LCL filter is designed for
a switching frequency of 2500 Hz using the conventional LCL filter design procedure. In addition, a
comparative study of the designed LCL filter and the L filter (composed of the sum of the designed
LCL filter inductances) is conducted. Dynamic models of LCL and L filters are also given. Moreover,
a control strategy using voltage-oriented PI controllers is presented and the performance of the overall
system using the designed LCL filter is investigated under dynamic operating conditions.

Key words: Voltage-source inverter , LCL filter, PI current controller.

1. INTRODUCTION

In the last few decades, there has been a rise in renewable
energy generation worldwide (fuel cells, PV generations,
wind energy generations) where the voltage-source
converters (VSCs) are mostly used. However, VSCs are
considered as the main source of harmonics since they
are composed of switching components. It is necessary
to mitigate those harmonics in order to comply with
the IEEE standard 519-2014 for grid-connection purposes
with regards to the total harmonic distortion (THD  8%).
Passive filters are the most attractive option [1]. The LCL
filter is one of the most popular passive filters due to its
advantage in terms of cost, since generally it has smaller
inductor size compared to the L filter for the same filter
performance. In [2], a step by step procedure of the design
of an LCL filter and control strategy of the grid-connected
VSC is investigated. The LCL filter design procedure is
based on the power rating of the VSC [2]. The resonant
frequency ranges ten times the line frequency and one-half
of the switching frequency [2]. The LCL filter design
using multi-objectve optimisation is discussed in [3]. The
LCL filter design procedure aiming at the minimisation
of the physical LCL filter size was discussed in [4]. The
design of LCL filter with a resonant frequency higher
than the Nyquist frequency was investigated in [5]. The
resulting LCL filters from the LCL filter design procedures
discussed in [3–5], give good performance.

In order to reduce the total inductance size, there has
been reasearch on the LCL filter in terms of the topology
whereby in [6], an LCL-LC filter topology is proposed
together with its design method. It is shown that this
proposed topology allows a better performance compared
to the traditional one with smaller filter inductance size [6].

In [7], Dhannehl et al. discussed the limitations of
the voltage-oriented PI current control in grid-connected
voltage-source converters using the LCL filters. They
focused mainly on the stability study as well as the sensor

positions for the current measurement. It is shown that the
voltage-oriented PI control can be used for grid-connect
VSC using LCL filter without passive damping. A review
of passive filters is given in [1] where it is highlighted
that most research in the LCL filter design focused on
switching frequencies from 5000 Hz to 15000 Hz [1].

However, the performance of the LCL filter designed for
switching frequencies less than 5000 Hz has not been
investigated yet. This particular investigation is important
for experimental setups using pentium systems that have
low sampling frequencies. More importantly, when the
pentium system is used in controlling several VSCs (e.g.
in back-to-back converters), the use of low switching
frequencies (< 5000 Hz) reduces the computational
burden. Hence, in this paper, an analysis of an LCL
filter performance for switching frequencies less than 5000
Hz is conducted. In addition, a control strategy of the
grid-connected VSC is presented.

The remainder of the paper is organised as follows; the
system description , the modelling of the grid-connected
VSC and an overview on the standard LCL filter design
procedure is discussed in section 2; the control strategy
of the grid-connected VSC is discussed in Section 3; the
results and discussions on the simulated system is given
in Section 4; lastly, a conclusion is drawn with regards to
findings in Section 5.

2. MODELLING OF THE GRID-CONNECTED VSC

2.1 System Description

The per-phase grid-connected VSC is depicted in Fig. 1,
where it can be seen that VSC is connected to the grid
through a filter (L filter or LCL filter) and a transformer.
The filter helps in mitigating the harmonics coming from
the switching components of the VSC. The transformer
helps in matching the grid voltage at the point of
common coupling (PCC). In this paper, the grid voltage
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Fig. 1: Per-phase grid-connected VSC schematic

is considered to be purely sinusoidal and without internal
impedance. Also, it is assumed that there is no transformer
(vg = vgs). The per-phase LCL filter is depicted in Fig. 2(a).

2.2 Modelling of the system

The LCL filter can be modelled as expressed below;
8
>>>>>><

>>>>>>:

Cf
d~v f

dt
=~ig �~ic � jwsCf~v f

Lg
d~ig
dt

=~vg �~v f � (Rg + jwsLg)~ig

Lc
d~ic
dt

=~v f �~vc � (Rc + jwsLc)~ic

, (1)

where ~v f is the filter capacitor voltage space vector; ~vg
is the grid voltage space vector; ~vc denotes the converter
voltage space vector; ~ig is the grid current space vector
and ~ic is the converter current space vector; Lc, Lg and
Cf are the converter inductance, the grid inductance and
the capacitor filter of the LCL filter, respectively; and,
ws, Rc and Rg are the synchronous angular speed, the
converter resistance and the grid resistance, respectively.
The per-phase L filter is depicted in Fig. 2(b). The
mathematical model of the L filter is given by

~vg = RT~ic +LT
d~ic
dt

+ jwsLT~ic +~vc, (2)

Rg ig Lg Lc Rc ic

vg

Cf
i f

Rd

v f vc

(a)

RT LT ic

vg vc

(b)

Fig. 2: Filter schemes: (a) Per-phase LCL filter and (b)
per-phase L filter.

where RT = Rg + Rc and LT = Lg + Lc are the total
resistance and total inductance, respectively.

On the other hand, the dynamic behaviour of the DC link
bus is given as

Cdc
dVdc

dt
= Idc � IL, (3)

where Vdc is the DC link voltage and Cdc is the DC link
capacitor; Idc is the DC link current and IL is the load
current.

The active power (Pg) and reactive power (Qg) are given
by 8

><

>:

Pg = ¬(~vg~̄ig) =
3
2
�
vgdigd + vgdigd

�

Qg = ¡(~vg~̄ig) =
3
2
�
vgqigd � vgdigq

� , (4)

where ~̄ig is the conjugate of the grid current space vector,
respectively; vgd and vgq are the d-axis and q-axis grid
voltages, and igd and igq are the d-axis and q-axis stator
currents, respectively.

2.3 Conventional LCL filter design

The per-phase LCL filter is depicted in Fig. 2 (a). The
conventional LCL filter design is extensively discussed in
[2]. This LCL design procedure is based on the LCL filter
having the resonance frequency ( fres) being in the range of
ten times the line frequency ( fs) and half of the switching
frequency ( fsw). The resonance frequency is given by [2]

fres =
1

2p

s
Lc +Lg

LcLgCf
. (5)

The LCL filter design procedure can be summarised as
follows;

1. Choose the value of the converter inductance (Lc)
with regards to the current ripple (Dim) and the
switching frequency ( fsw) using the expression below;

Lc =
Vdc

24 fswDim
, (6)

where Vdc is the DC link voltage. The grid inductance
(Lg) is proportional to the converter inductance (Lc).
Their relationship is explained in [2]. The relationship
of the converter and grid inductances is given by

Lg = rLc, (7)

where r is the index for the relationship of the
converter inductance and the grid inductance. It
is advised that the total inductance (LT = Lg + Lc)
should be less than LT = 0.1 pu due to the power
losses in the system.

2. Choose the reactive power to be consumed at rated
conditions by selecting (k) as coefficient of the rated
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Table 1: Designed LCL filter Parameters

Filter parameter values
Lc 0.004 H
Lg 0.003 H
Cf 9.6 µ F
Rd 5 W

Rc = Rg 0.1 W
k 0.05

fres 1240 Hz
Dim 2.796 A

reactive power in the system.

Cf = kCb, (8)

where Cf is the filter capacitor; Cb is the rated
capacitor with regards to the rated power of the VSC;

3. Choose the damping resistor (Rd) as expressed below
using series damping resistor [2];

Rd =
1

6p fresCf
. (9)

The parameters of the designed LCL filter for a switching
frequency of 2500 Hz are depicted in Table 1 where the
total inductance of the designed LCL filter (LT = 0.132
pu) is slightly beyond the recommanded maximum value
of LT = 0.1 pu. However, in LCL filter design, there is
a trade-off between the reduction power losses and the
reduction of harmonics in the system. On the other hand,
the L filter is composed of the total inductance of the
designed LCL filter, as depicted in Fig. 2(b).

2.4 Filter effectiveness factors

In order to compare the designed LCL and L filters from
an effectiveness point of view, the following performance
factors are used [2]:
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Fig. 3: Filter bode plots

1. The total harmonic distortion (THD) of the grid
current and converter current, with

T HD =

q
Â50

h=2 I2(h)

I(1)
; (10)

2. The average of the absolute value of the DC voltage
error DVdc0

3. Power factor PF =
� I(1)

I
�

cosj;

4. The largest side band current harmonics around the
switching frequency I(hsw);

5. The overall efficiency h = P0
P1

;

where I, I(h) and j are the total rms value of the current,
the rms value of the h current harmonic, the angle between
the fundamental current and voltage, respectively; and, P0
and P1 are the output and input powers, respectively.

The bode plot of the LCL filter without a damping
resistor, the L filter and the damped LCL filter depicted
in Fig. 3 was obtained using the parameters displayed
in Table 1. In addition, it can be seen that there is
an attenuation of the resonance peak when applying the
damping resistor. Moreover, at the lower frequencies the
LCL filter behaviour is similar to that of the L filter, as
shown in Fig. 3.

3. GRID-CONNECTED VSC CONTROL STRATEGY

The control strategy assumes an L approximation of the
LCL filter (~ig ⇡~ic) [2]. The aims of the gird-connected
VSC control strategy are to maintain the DC link voltage
constant and be able to guarantee unity power factor
regardless of the operating conditions. In order to achieve
these aims, the proposed control strategy uses a cascaded
structure with an outer DC link control loop and an inner
current control loop. The control algorithm uses the PI
controllers together with the anti-wind up algorithm. The
transfer function of the PI controller is given by

PI = Kp
1+ pTi

pTi
, (11)

where Kp and Ti are the proportional gain and the
integral time of the PI controller, respectively. The

a

bq

d
~vg

~ic

icdicq

ws

qv

Fig. 4: VOC scheme
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Fig. 5: VSC control scheme

control algorithm scheme is depicted in Fig. 5. Also,
the voltage-oriented control (VOC) is used. The vector
diagram for the VOC is displayed in Fig. 4 where the
dq0-reference frame is aligned along the grid voltage space
vector. The positions of the sensors of the three-phase
converter current, three-phase stator voltage and DC link
voltage are depicted in Fig. 5. The grid voltage angle
is calculated using the phase locked loop (PLL). The
measured electrical parameters are transformed into the
synchronous dq0-reference frame.

3.1 Outer DC link voltage control loop

Applying the voltage-oriented control, as depicted in Fig. 4
to the grid voltage space vector, yields

⇢
vgq = 0
|~vg|= |vgd |

, (12)

where vgq and vgd are the q-axis and d-axis grid voltages.
Substituting (12) into (13), yields

8
><

>:

Pg =
3vgd

2
icd

Qg =�
3vgd

2
icq

. (13)

In order to reduce the harmonics in the system, it is
observed that the active power drawn from the grid should
be equal to the DC link power ( 3

2 vgdicd =VdcIdc). It yields
that (3) becomes

Cdc
dVdc

dt
=

3vcdicd

2Vdc
� IL. (14)

From (14), it can be seen that this equation is non-linear. In
this way, a linearisation around the operating point (around
V ⇤

dc) can be considered. The transfer function of the DC
side is given by

DVdc

Dicd
=

1
pTc

, (15)

where Tc =
2
3

vre f
dc Cdc
vcd

is constant, DVdc and Dicd are the small
variations of the DC link voltage and the d-axis converter
current. In (15), it can be seen that the DC link voltage
depends on the d-axis converter current. The reference
d-axis converter current is obtained by processing the DC
link voltage error through a PI controller then the output
of the PI controller is summed with the feed-forward term
as shown in (16). On the other hand, in (13), it is shown
that the grid reactive power depends on the q-axis converter
current. Hence, the unity power factor is achieved by
assigning the q-axis current to zero. Therefore, the
reference q-axis converter current is assigned to zero, as
shown in (16).
8
>>><

>>>:

i⇤cd =
⇣

kpv
1+ pTiv

pTiv

⌘
(V ⇤

dc �Vdc)+
2V ⇤

dc
3vcd

IL
| {z }

feed-forward term

i⇤cq = 0

, (16)

where kpv proportional gain of the PI controller; Tiv is
the integral time of the PI controller; and, the superscript
* denotes the reference value. The outer PI controller
parameters can be tuned using Symmetrical Optimum, as
below [8]; 8

<

:
kpv =

Tc

4aTs

Tiv = 4a2Ts

, (17)

where kpv, Tiv and Ts are the proportional constant, the
integral time and the sampling time, respectively; and,
a = 2.4 is a constant [8].

3.2 Inner converter current loop

Applying the VOC to the grid voltage space vector by
substituting (12) into (2), yields

8
>>>>><

>>>>>:

vcd =�RT icd �LT
dicd

dt
+ wsLT icq + vgd| {z }

feed-forward terms

vcq =�RT icq �LT
dicq

dt
� wsLT icd| {z }

feed-forward terms

. (18)

From (18), it can be seen that the d-axis and q-axis
converter currents hold the same plant. This implies that
same PI controller parameters for both the d-axis and the
q-axis converter current loops can be used. The reference
d-axis and q-axis converter voltages are given by

8
>><

>>:

v⇤cd =�
⇣

kpi
1+ pTii

pTii

⌘
(i⇤cd � icd)+wsLT icq + vgd

v⇤cq =�
⇣

kpi
1+ pTii

pTii

⌘
(i⇤cq � icq)�wsLT icq

.

(19)
The reference converter voltages obtained from (19) are
inputted to the space vector pulse width modulation
function (SV-PWM) to provide the actuating signals to
the switching elements of the VSC. The parameters of the
inner PI controller is tuned using Modulus Optimum, are
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given by [8] 8
<

:
kpi =

Trl

3Tskpwmkrl

Tii = 15Ts

, (20)

where kpi and Tii are the proportional gain and the integral
time of the PI controller, respectively; and, Trl =

LT
RT

, krl =
1

RT
and kpwm are the filter time constant, the filter gain and

the gain of the SV-PWM function, respectively.

4. RESULTS AND DISCUSSIONS

The simulation has been conducted in
MATLAB/SIMULINK. The parameters of the
grid-connected VSC are displayed in Table 2.

4.1 Comparative study between an L filter and an LCL
from the effectiveness point of view

In this section, a comparative study is conducted
between the LCL filter designed and the L filter with
different load conditions. The comparative study is
conducted considering the performance factors discussed
in Section 2.4. The information about the THD values
of the grid currents in the grid-connected VSC based on
the L filter and the LCL filter are given in Table 3 and
Table 4, respectively. It can be seen that the lowest THD
is 8.5% for the grid-connected VSC using the LCL filter
at rated conditions for a switching frequency of 4000 Hz.
This THD of 8.5% is near the THD limit recommended in
the IEEE standard 519-2014 (THD  8%). In addition,
compared to the L filter, the LCL filter performs better
from a THD point of view at the different switching
frequencies as well as different load conditions, as shown
in Table 4 and Table 3.

On the other hand, one can notice that at switching
frequency, the presence of the filter capacitor of the LCL
filter reduces the harmonic current by roughly a third

Table 2: System parameters

parameters values
Sb 8700 VA
fsw 4000 Hz
fg 50 Hz

vag 380 V
Vdc 700 V
Cdc 500 µ F

Table 3: Grid current THD with varying load when using
an L filter

fsw [Hz] Pn
2
3 Pn

1
3 Pn

2500 14.45% 20.46% 38.25%
3000 12.02% 16.69% 35.26%
3500 10.04% 16.41% 31.32%
4000 9.02% 15.81% 30.27%

Table 4: Grid current THD with varying load when using
an LCL filter

fsw [Hz] Pn
2
3 Pn

1
3 Pn

2500 14.36% 16.81% 31.32%
3000 10.88% 18.42% 35.43%
3500 10.8% 16.64% 32.9%
4000 8.5% 12.4% 25.35%

Table 5: LCL filter versus L filter

Effectiveness factors LCL Filter L filter
Ihw(A) 0.03 0.11

PF ⇡ 1 ⇡ 1
DVdc0 [V] ⇡ 0.55 ⇡ 0.63

h 96.8 % 98.77 %

compared to the system with the L filter, as displayed in
Table 5. Further, for both filters, unity power factor is
achieved, as depicted in Table 5. In addition, it can be
seen that for both L and LCL filters, the average absolute
DC link voltage errors (DVdc0) are inferior to one, as
shown in Table 5. Moreover, when neglecting the losses
in the voltage-source converter, the overall efficiency of
the system using the L filter is slightly better than that of
the system using the LCL filter due to the presence of the
damping resistor, as shown in Table 5.

4.2 Performance of the system (with LCL filter) under full
load conditions

The results in Fig. 6 were obtained by running the
grid-connected VSC under rated load conditions. It can be
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Fig. 6: Test of VSC under rated operating conditions: (a) Phase
A converter current; (b) phase A grid current; (c) phase A grid
current and voltage; and, (d) DC link voltage.
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seen from Fig. 6(a) and Fig. 6(b) that the presence of the
filter capacitor helps in the mitigation of harmonics in the
converter current. In addition, it can be seen from Fig. 6(c)
that the unity power factor is achieved since the phase A
current and voltage start at the same point. The pattern of
the DC link voltage is shown in Fig. 6(d).

4.3 Performance of the system (with LCL filter) under
change in grid voltage amplitude

The results in Fig 7 were obtained by changing the
amplitude of the grid voltage between t=0.5s and t=1s
(from 1 pu to 0.8 pu), as depicted in Fig 7(a) . It is worth
to notice that, the DC link voltage increases or decreases
depending on the active power drawn from the grid with
regard to the load. In this way, when the grid voltage
magnitude decreases at t=0.5s, it implies that the power
coming from the grid decreases while the the load remains
constant. Hence, the DC link voltage should decrease as
shown in Fig. 7(b) at t=0.5s. But, the control algorithm
increases the currents, instead, as depicted in Fig. 7(c) in
order to maintain the DC link by provinding the rest of the
power needed to maintain the DC link voltage as the load
remains constant. And when the grid voltage magnitude is
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Fig. 7: Test of VSC under change in grid voltage amplitude:
(a) Three-phase grid voltage (b) DC link voltage; and, (c)
three-phase grid current.

back to normal at t=1s, the control algorithm reduces the
grid current, as shown in Fig. 7(c).

5. CONCLUSION

In this paper, a comparative study between the L filter and
LCL filter in the grid-connected VSC was conducted. It
is found that the LCL filters perform slightly better than
the L filters for switching frequencies less than 5000 Hz
which is different in high switching frequencies where the
LCL filters outperform the L filters. The performance of
the overall system was also investigated with the discussed
control algorithm. It was shown that the presented
control algorithm gives good performance under dynamic
operating conditions.
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AN INVESTIGATION INTO DETECTION AND MITIGATION 
OPPORTUNITIES ON THE RISKS EMANATING FROM BROKEN 
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Abstract: The safety of low voltage electrical distribution networks is essentially defined by effective 
earthing and protection systems which implicitly also defines the safety of customers. In South 
Africa, a TN-CS system of earthing is prescribed by regulations and utilised by electrical utilities. A 
broken PEN conductor on an unbalanced  three-phase low voltage distribution system is undetected 
by both utility and customer protection systems yet poses grave danger to customers with a single-
phase supply due to elevated touch potentials and non-compliant phase-neutral voltages. This 
dangerous condition may potentially result in death. A multiple-earthed PEN conductor provides a 
pragmatic supply-side solution to lower touch potentials at households but is ineffective at mitigating 
out-of-limits phase-to-neutral voltages. A more complete solution would be to install a voltage 
operated device at the household distribution box to monitor the voltage between neutral and true-
earth and disconnect live and neutral supply to the house when the voltage exceeds 35 V (r.m.s.).  
 
Key words: Distribution network, PEN conductor, multiple-earth, regulation, neutral. 
 
 
 

1. INTRODUCTION  
 
Electric power utilities in South Africa, utilize the terra 
neutral combined separated (TN-CS) system of earthing 
as per regulations yet to lower the cost of installation due 
to not running a separate earth conductor as in a five-wire 
terra neutral separated (TN-S) system [1]. The TN-CS 
earthing system has three phase-conductors along with a 
combined neutral and earth (PEN). The PEN conductor is 
earthed solidly at neutral of the distribution transformer 
and splits into constituent earth and neutral conductors at 
the entrance to low voltage service installations [2]. 
 
A large amount current flows through the PEN conductor 
if a TN-CS three-phase system is unbalanced. This is 
undesirable as the cross-sectional area of a PEN 
conductor is fifty percent of that of a phase conductor [3]. 
This may increase chances of thermal failure of a PEN 
conductor. Failure of a broken PEN conductor on an 
unbalanced three-phase system having single-phase loads 
presents a dangerous condition at the service installations. 
The situation is characterized by abnormal phase-to-
neutral voltages beyond regulatory limits and dangerous 
touch potentials. Abnormally high voltages may also 
cause failure of household appliances and equipment. 
 
In the context of South African rural electrification, there 
is high probability that a rural household is likely to 
experience a broken PEN conductor condition on its low 
voltage network. One of the main disadvantages of the 
TN-CS system is that the failure of PEN conductor, 
resulting in excessive voltages at single-phase supply 
terminals and dangerous touch potentials at exposed 
conductive parts (ECPs) under certain load conditions, 
are not detectable by existing over-current and earth-fault 
protection systems on both utility and customer side [4]. 
 

Therefore, it is imperative that a detection and mitigation 
methodology of such a condition on the low voltage 
network is investigated. This work presents studies and 
analyses methods such as use of multiple earths along the 
PEN conductor.  
 

2. REVIEW ON IMPENDING RISKS DUE TO 
BROKEN PEN CONDUCTOR 

 
The condition of a broken PEN conductor is not fully 
catered for by the existing South African regulations on 
low voltage earthing practises. Numerous rural 
households are mostly informally-constructed with mud 
floors, wood and mud walls and thatch roofs which 
increase the consequences related to the dangerous 
condition that arises out of a broken PEN conductor. The 
condition is even worse if a human were to touch the 
ECPs while standing on the household floor; this may 
cause serious injury or death in some cases because of the 
flow of current though the body to ground. 
 
Terra-terra system of earthing, although being used in 
many countries e.g. Belgium, Denmark, Spain, has the 
disadvantage that the loss of the earth connection is not 
automatically detected [5, 1]. The primary advantage of 
isolated terra system is the availability of supply to the 
system during the occurrence of a single-phase fault [5]. 
However, its disadvantage is that line-to-neutral loads are 
not possible. Such a system may be found in some cases 
e.g. hospitals and continuous process plants but not in 
residential applications. In South Africa, the TN-CS 
earthing system is utilized with only the neutral point of 
the transformer solidly grounded and the rest of the 
system, including customer installations, are dependent 
on this point of earthing [1]. 
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The multi-grounded neutral system is considered 
hazardous due to the uncontrolled flow of electric current 
over the earth posing a risk to animals and humans [6]. 
Some utilities in Europe choose to earth the PEN 
conductor in more than one points along the circuit to 
prevent dangerous touch potential thereby obviating 
possibility of an electric shock to a human being should 
the person come in touch with energised parts during a 
broken neutral condition. However, it is successful in 
cases where the earth resistance is low as a result of good 
soil resistivity which is one of the most important points 
to make note of [7]. 
 
According to regulation [3], the PEN conductor splits into 
constituent neutral and protective earth conductors prior 
to the residual current device (RCD). From a protection 
perspective, over-current protection also protects against 
earth faults as phase-to-earth faults are seen as phase-to-
neutral faults [8]. The separate neutral and protective 
earth conductors makes possible the functioning of the 
RCD at the service installation [9]. However, one of the 
main disadvantages of the TN-CS system is that a neutral 
failure on the utility side could not be detected by 
existing over-current and earth fault protection systems 
on both utility and customer side [4].  
 

3. ILLUSTRATION OF TOUCH POTENTIAL 
 
Fig. 1 illustrates that a human may complete the circuit 
between ECP and true-earth. This will result in current-
flow through the human which is dependent on the touch 
potential and human body resistance. A simple 
calculation based on Ohm’s Law reveals that for a 
combined human, stove and ground resistance of 506 
ohm and a voltage of 165.2 V, a current of 326 mA is 
expected to flow through the human. For the scenario 
mentioned, the simulation produced a current of 326.4 
mA flowing through the human and returning via the 
earth at the neutral point of the transformer. The human 
resistance varies with body size (adult or a kid) and the 
resistance to ground may vary if a person is bare-footed 
or with shoes or standing on a concrete floor versus a wet 
mud floor in a rural household. A simulation with human 
and ground resistance of 806 ohm was also conducted 
and a current of 205.6 mA was obtained, again yielding 
an acute risk. 
 

 
Fig. 1: Illustration of a touch potential hazard 

 
The RCD at the household operates if there is a 
difference between live and neutral currents to disconnect 
both the live and neutral supplies to the house.  It was 
observed that the live and neutral currents were equal for 
the case in Fig. 1 where the human touches the stove 
chassis during an incidence of a broken PEN conductor 

on a three-phase system with a high degree of unbalanced 
load. Despite the dangerous current-flow through the 
human, the RCD still does not operate due to the equality 
in the neutral and live currents. 
 
The transformer neutral current and the load currents per 
phase are illustrated in Fig. 2. Of interest initially, is the 
phase-A load current which is just over 6 A; the over-
current protection at the house is provided by a 20 A 
MCB on the ready-board. The household over-current 
protection, therefore, does not operate for this dangerous 
condition as well. The utility LV protection from the 
transformer bushings to the point of common coupling at 
the customer’s installation is based on an elaborate 
philosophy that guides the selection of appropriate fuse 
and/or circuit breaker ratings at various points along the 
circuit. However, a crude interpretation of the philosophy 
is that to achieve the grading of over-current protection, 
all the upstream over-current protective devices must at 
least be greater than the 20 A MCB on the ready-board 
supplied to electrification households. 
 

 
Fig. 2: Load and transformer neutral r.m.s. currents 

 
Fig. 2 indicates that none of the phase r.m.s. currents 
exceeded 20 A, therefore, the utility over-current 
protection would not have detected this dangerous 
condition. Incidentally, the transformer neutral current 
illustrated in Fig. 2 simply confirms that the neutral 
conductor is broken as zero current returns to the 
transformer. 
 

4. SYSTEM MODEL 
 
A Matlab model was developed to represent the lumped-
loads as single loads as depicted by households H1 to H9 
in Fig. 3. Seven points of PEN conductor failure were 
also introduced on sections of the LV network that sets 
up a unique level of risk to the different households.  The 
points of failures are illustrated by the red blocks 
numbered P1-to-P7 in Fig. 3. These modifications were 
of importance and necessary to observe how each PEN 
conductor failure at the various locations manifests risks 
at the different households. It also provides a means to 
evaluate if a prospective solution totally eliminates the 
risks manifested at the households. 
 
Further Fig. 3 illustrates the PEN conductor failure points 
along the LV network where points 1 and 5 represent a 
failure on the main backbone, point 2 a failure at the 
beginning of a single phase tee-off, points 3, 6 and 7, a 

SAUPEC 2017 860



failure midway along the tee-off and point 4 a failure on 
the service cable of a single household. 

 
Fig. 3: Multiple PEN conductor failures 

 
5. SIMULATION RESULTS AND ANALYSIS 

 
The results from various studies on the simulations of 
PEN conductor failure are illustrated in the following 
sections. 
 
5.1 Location of PEN conductor failure versus detection 
limitations 
 
Table 1 presents the touch potentials and phase-to-neutral 
r.m.s. voltages observed at households H1 to H9 (from 
Fig. 3) for varying locations of PEN conductor failures on 
an unbalanced three-phase system.  P1 to P7 correspond 
to red blocks 1-to-7 in Fig. 3. 
 
The red cells in Table 1 highlights any phase-to-neutral 
r.m.s. voltage that exceeds the ± 10% voltage band from 
nominal voltage and also highlights r.m.s. touch 
potentials that exceeds 35 V. Cells in green are within the 
allowable ranges while cells in amber are within range 
but demonstrate that it deviates from the norm. Cells in 
blue represent a zero voltage condition. 
 
Table 1: R.M.S. voltages observed at the different 
households (Key: V_ECP_TE: R.M.S. voltage between 
exposed conductive part and true earth; V_LN: R.M.S. 
voltage between phase and neutral) 
 

 
 
It is noted that the incidence of a broken PEN conductor 
at various locations doesn’t always present itself with 
both non-compliant voltages and elevated touch 
potentials, it may be one or the other or a combination. It 

is therefore important that the detection or mitigation 
system caters for both risk conditions separately.  
 
The summary below provides further illustration: 
x Only households beyond the point of failure of the 

PEN conductor are affected by either elevated touch 
potentials or non-compliant phase-to-neutral r.m.s. 
voltages. 

x Dangerous conditions exist at households 
irrespective of the failure of the PEN conductor 
transpiring on the mainline, tee-off or service cable; 
the only variable that changes is the number of 
households affected. 

x Any detection or mitigation proposal must therefore 
cover PEN conductor failures on the mainline, tee-
off and service cable. 

x The exclusive application of over-voltage detection 
at a customer’s installation is not sufficient at 
eliminating the risk at the household as there are 
situations where the phase-to-neutral r.m.s. voltage is 
within the acceptable range of nominal or even 0 V 
yet the touch potential is grossly above 35 V (r.m.s.). 

 
5.2 Multiple-earthed PEN conductor 
 
The following discussion is a review of the effectiveness 
of multiple-earthing on the PEN conductor and its ability 
to totally eliminate the consequent risk of non-compliant 
phase-to-neutral voltages and hazardous touch potentials 
resulting from a broken or lost PEN conductor on an 
unbalanced three-phase system. 
 
The objective of earthing the PEN conductor at regular 
intervals is to clamp the neutral voltage as close as 
possible to earth potential in the event the primary 
neutral-earth-point at the transformer is lost. However, it 
is expensive to establish earth points at too many points 
along the circuit and so a trade-off of risk and cost is 
required. The pragmatic approach adopted for the 
simulation was to identify the minimum number of PEN 
conductor earth points to alleviate risk. The first point of 
multiple-earthing on the PEN conductor is at the end of 
the main backbone as it provides for maximum coverage 
of the LV network while the second PEN conductor 
earth-point is at the middle of the main LV backbone, 
these are denoted by points M1 and M2 in Fig. 3. 
 

 
Fig. 4: Multiple earths along the PEN versus phase-to-

neutral r.m.s. voltages 
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Fig. 4 illustrates the impact of a multiple-earthed PEN 
conductor to the phase-to-neutral r.m.s. voltages 
experienced on the network during an incidence of a 
broken PEN conductor at point 1 on Fig. 3; a transformer 
earth resistance of thirty ohms was used for this case. The 
bars represent the value of the PEN conductor earth 
resistance at the end and middle of the main backbone. 
The naming convention used in Fig. 4 is retained for Fig. 
5 as well. 
 
It is observed that the phase-to-neutral r.m.s. voltages are 
unaffected by the addition of multiple earths on the PEN 
conductor along the LV circuit; this is clearly 
demonstrated in Fig. 4 by the change in magnitude of the 
bars yet the phase-to-neutral r.m.s. voltages represented 
by the lines remain unchanged. This solution therefore 
does not provide any mitigation against non-compliant 
phase-to-neutral voltages at households; the risks of 
appliances failing and fires possibly igniting are still very 
prevalent. 
 
In Fig. 5, the bars represent the varying resistances of the 
PEN conductors at the middle and end of the main 
backbone while the line profiles represent the r.m.s. touch 
potentials on the three-phases of supply during an 
incidence of a broken PEN conductor at point 1 in Fig. 3 
and for a transformer earth resistance of thirty ohms. 
 
During an incidence of a broken PEN conductor on an 
unbalanced system with a solitary earth at the neutral 
point of the supply transformer, the touch potentials at 
ECPs is depicted by combination 6 in Fig. 5 which 
represents a very dangerous touch potential. The 
introduction of an additional PEN earth point at the end 
of the main backbone reduces the touch potentials to less 
than fifty volts r.m.s. for cases when the new PEN earth 
resistance is less than thirty ohms. 
 

 
Fig. 5: Multiple-earthed PEN versus neutral-to-true-earth 

r.m.s. voltages 
 
The best result achieved (with just one additional PEN 
conductor earth point) was when the end-of-line PEN 
conductor earth resistance was one ohm with 
corresponding touch potentials in the range of seven to 
nineteen volts r.m.s. on tee-offs three and one 
respectively. 
 
As a resistance of one ohm is impractical to achieve, 
higher resistances and an additional PEN conductor earth-

point is considered. When the end-of-line PEN conductor 
earth resistance is increased to five ohms, the minimum 
and maximum touch potentials are twenty-two and thirty-
four volts r.m.s. on tee-offs three and one respectively. To 
lower the touch potentials even further, a second point of 
PEN conductor earthing is introduced at the middle of the 
main low-voltage backbone. With both the PEN 
conductor end-of-line and middle-of-line earth-resistance 
at five ohms, the maximum and minimum touch 
potentials are twenty-one and ten volts r.m.s. on tee-offs 
one and three respectively. There is a reduction of 
approximately ten volts in the touch potentials from the 
addition of the second point of earthing. 
 
Combinations seven to seventeen in Fig. 5 illustrate the 
results of simulating varying magnitudes of resistance at 
the two PEN conductor earth points. The results advocate 
that with a transformer earth resistance of thirty ohms, 
both the PEN conductor earth points are required to be 
five ohms or lower to achieve safe touch potentials at 
household installations during an incidence of a broken 
PEN conductor failure on the network close to the utility 
supply-transformer. The addition of more PEN conductor 
earth-points will lower the touch potentials further but 
were not simulated as the intention was to merely review 
the effectiveness of the solution. The effect of varying the 
transformer earth resistance is however considered in the 
discussion that follows. 
 

 
Fig. 6: The impact of transformer earth resistance on 

touch potentials 
 
Fig. 6 illustrates that as the transformer earth resistance is 
increased to the upper bound of seventy ohms, the touch 
potentials at households reduce for a given set of PEN 
earth resistances at the end and middle of the main LV 
backbone. The key observation is that there exists a 
relationship between the transformer earth resistance and 
the PEN conductor multiple earth resistances which may 
be exploited to provide a cost effective solution to 
alleviate dangerous touch potentials at households during 
an incidence of a lost or broken PEN conductor along the 
main LV backbone. 
 
Another observation is that multiple earthing of the PEN 
conductor along the main backbone only provides a 
possible solution for incidence of broken PEN conductors 
on the main backbone; failures of the PEN on tee-offs are 
not covered by this solution and may require additional 
PEN earth points along the tee-offs. This therefore 
becomes an expensive venture as there are generally 
many tee-offs along the mainline. An alternate means of 
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mitigation may need to be considered for failures along 
the tee-off. 
 

6. EFFECTIVENESS OF DETECTION AND 
MITIGATION PROPOSALS 

 
Table 2 presents an overview of some of the popular 
proposals as found from literature review and new 
proposals derived from this undertaking. Each proposal is 
briefly discussed in terms of its capability to detect or 
mitigate against phase-to-neutral over-voltages and 
elevated touch potentials, its effectiveness for all possible 
locations of a PEN conductor failure and whether it is 
able to detect the unsafe condition immediately. 
 
Table 2: Review of effectiveness of various detection/ 
mitigation proposals (Red: No capability; Gold: Some 
capability; Green: Full capability) 
 

 
 
6.1 Multiple-earthed PEN conductor 
 
The multiple-earthed PEN was observed to be effective at 
lowering touch potentials at service installations although 
it depends on the number of earth points and the 
resistances of the transformer earth. It is however unable 
to mitigate against phase-to-neutral over voltage 
conditions experienced at installations. It also tends to be 
expensive when applied as mitigation for PEN conductor 
failures on single-phase tee-offs. 
 
6.2 Phase-neutral voltage sensing 
 
Over-voltage detection whether at the service-installation 
or on the utility side remains an effective means to detect 
phase-to-neutral over-voltages as a primary event, i.e. it 
does not depend on a secondary event, for example a 
human touching an ECP; it is however ineffective at 
totally alleviating elevated touch potentials as detailed in 
Table 1 where it is demonstrated that during the incidence 
of a broken PEN conductor on a single-phase tee-off, the 
phase-to-neutral voltages are within regulatory limits but 
the touch potentials attain dangerously high values. 
 
6.3 Monitoring transformer earth-return current 
 
The next possible solution is to monitor the transformer 
earth-return current and disconnect both live and neutral 
conductors at a certain current threshold, most likely 30 

mA as in the case of a house earth leakage device. This 
study observed that the current flow through a human to 
earth at an installation returns to the transformer via the 
earth connection to neutral. Although this solution 
provides the best economy of scale for the detection of 
the condition as a single RCD at the transformer provides 
protection for all customer installations supplied from 
that transformer. It is however subject to a few 
disadvantages: it does not have a primary detection 
capability and therefore relies on a secondary event of a 
human making contact with an ECP to activate 
protection. Once activated it may be effective at 
disconnecting a hazardous condition but further study is 
required to fully review its effectiveness. It is also prone 
to nuisance tripping due to harmonics and the possibility 
of a prevailing earth-return current (which may vary with 
load and climatic conditions) even during a safe 
condition. 
 
6.4 Joining PEN conductor of adjacent tee-offs 
 
Joining the PEN conductor of adjacent tee-offs or spurs 
was simulated and it was observed that it provides 
effective risk mitigation for the condition of a broken 
PEN conductor anywhere along the same tee-off. It is 
however ineffective if the PEN conductor fails on the 
service cable entrance to the house (point 4 in Fig. 3). It 
may also be ineffective if the PEN conductor fails at 
specific points along the mainline. It may prove to be a 
cumbersome solution as tee-offs don’t generally run in 
the same direction, it also has the disadvantage that the 
looped connection to the adjacent spur is not self-
monitoring. 
 
6.5 Use of RCD 
 
Another alternative is to introduce a RCD on the pole-top 
box prior to it entering the customer’s premises – this was 
simulated by measuring the difference between the 
neutral and live currents on the utility-side prior to 
entering the service installation distribution board. The 
neutral and live currents at this point present a residual 
difference when a human touches an ECP with an 
elevated voltage. The key to detection is that the RCD 
must be connected prior to the neutral and earth 
separation in a TN-CS system. Some utilities split the 
neutral before entering the customer’s premises; in these 
instances, the RCD must be installed further back just 
prior to the split. One major drawback of this proposal is 
that it does not have primary detection capabilities as it 
relies on a human subjected to a hazardous condition to 
activate the protection. Further limitations of this 
recommendation and other implicit risks were not 
evaluated. 
 
6.6 Monitoring transformer neutral current 
 
Monitoring the transformer neutral current is a novel 
solution or proposal that did not feature in the literature 
review. From the study conducted, it was observed that 
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the loss of a PEN conductor close to the utility 
transformer with an unbalanced load subjects all 
households supplied from that transformer to the 
hazardous condition. It was further observed that the loss 
of the PEN conductor results in zero current flow through 
it. If the phase currents and the neutral current are 
monitored at the transformer, it is possible to detect the 
broken PEN conductor as the phase currents will be 
greater than zero yet the neutral current is zero. 
Intelligent assimilation of these parameters may provide a 
cost effective means of detection. The limitation is that 
this solution will not be successful for all locations of 
PEN conductor failures. 
 
6.7 Monitoring of voltage at ECPs 
 
It was observed that monitoring the touch potential at a 
house, i.e. measuring the voltage between neutral and true 
earth is the most effective way of addressing both the 
risks of phase-to-neutral over-voltages and elevated touch 
potentials. It is also relevant irrespective where on the 
network the PEN conductor fails. The proposed device 
should ideally monitor the touch potential and operate or 
disconnect the live and neutral supply to the house if the 
voltage exceeds a threshold, for example, thirty-five 
volts. It may not be the most cost effective solution as 
households all over the country will need to incorporate 
this device into the distribution board but it will definitely 
save lives. Further limitations of this recommendation 
and other implicit risks were not evaluated. 
 

7. CONCLUSION 
 
The location of a PEN conductor failure on an 
unbalanced three-phase system creates a hazardous 
condition at single-phase installations causing phase-to-
neutral voltages beyond regulatory limits and elevated 
touch potentials that may result in electrocution of a 
person. The risk to each household depends on the 
location of the PEN conductor failure and may present 
itself as either non-compliant phase-to-neutral voltages or 
elevated touch potentials or both. 
 
An effective detection or mitigation system must, 
therefore, be able to cater for all locations of PEN 
conductor failures and also have the ability to detect or 
mitigate independently a phase-to-neutral over-voltage 
condition or an elevated touch potential. It should ideally 
also have primary detection capability to respond to the 
risk elements as soon as it is presented to the system 
rather than depending on a secondary event stimulating or 
activating its operation. A secondary event in this case 
may be viewed as a human touching an ECP with an 
elevated touch potential resulting in current flow through 
the human which then activates the protection.  A 
multiple-earthed PEN conductor was observed to be an 

effective mitigation option to lower touch potentials at 
service installations during an incidence of a broken PEN 
conductor. The solution however needs further study to 
specify the appropriate multiple earth resistances in 
relation to the transformer earth resistance and the 
consequential ground-potential rise at each earth point. 
The advantage is that it offers a supply-side solution that 
improves the safety at many households without 
interventions at each specific household. The 
disadvantage is that it is unable to mitigate against non-
compliant phase-to-neutral voltages and so the risk of 
appliance failures and fires remain. Other mitigation and 
detection proposals were also reviewed for effectiveness 
with respect to the aforementioned capabilities. Of all the 
options reviewed, a protection system based on 
monitoring the voltage between neutral and true-earth at a 
service installation appeared to be most effective but an 
in-depth analysis was not conducted to consider other 
weaknesses, limitations and inherent risks of the 
proposed solution. There is therefore an opportunity for 
future work into each of the proposed solutions such that 
industry may be guided towards a robust and pragmatic 
solution for this very real and probable risk especially in 
the context of a rural homestead. 
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Abstract: The operation of a generator may easily be affected by faults within the machine itself as 
opposed to external disturbances occurring on the network to which it is connected. Generator 
protection must therefore be designed to react efficiently in both conditions. This paper presents 
research based modelling, simulation and testing of generator excitation system control and 
protection. Real time digital simulator is employed in the simulation studies conducted as well as a 
commercial generator protection relay for hardware in-loop testing. The generator model used allows 
the user to model an excitation system separately for testing of internal faults; this enables excitation 
system limiters to be embedded in the automatic voltage regulator system model. Over-excitation 
limiters have been modelled and tested under different case studies conducted to study the system 
behaviour and to ensure proper coordination with protection relays. These case studies were done 
using a software generator relay and the results are verified through hardware in-loop testing. 
  
Key words: Commercial relay, excitation limiters, protection, RTDS, hardware in-loop 
 
 

1. INTRODUCTION 
 

Power system networks including generators are 
susceptible to disturbances occurring internally and 
externally. Severe range of damages may result due to 
misoperation in control and protective functions. The idea 
is to ensure that each power system equipment failure 
does not affect other neighbouring equipment. A part of 
ensuring the network’s safety and reliability is by 
ensuring that the protection of the system is adequate [1]. 
With appropriate operation of power system controls such 
as circuit breakers, generator excitation controls; the 
power system networks can be protected from damages.  
Generator protection services employed in utilities allow 
sufficient sensitivity and timely tripping of the faulted 
portions of the network and discrimination and grading 
for backup functions during fault conditions [1, 2].  
 
The protection functions are not only limited to the above 
mentioned but also include generator capability control. 
Within the scope of generator excitation control and 
protection, it is very important that these two be 
coordinated adequately to provide full protection [1, 2, 3, 
4]. Detailed real-time models are developed to carry out 
hardware-in-loop studies for particular generator 
protection elements related to the studies conducted. The 
phase-domain synchronous machine model is utilized for 
the simulation studies. The validity of testing a 
commercial generator protection relay using the phase-
domain synchronous machine model is established. The 
focus is mainly on coordination of generator protective 
functions with respect to excitation limiters in the over 
excitation region. These coordination studies particularly 
help to provide generators with excitation control; 
capability limits control, primary and backup protection 
enhancing the stability of the power system. 
 
Section 2 illustrates over excitation limiters while section 
shows the system that is considered for the current study. 
SEL-300G relay is described in section 4 including 

hardware-in-loop configuration and section 5 discusses 
simulation results and depicts the analyses for various 
case studies. Section 6 shows the conclusion.  
 

2. OVER EXCITATION LIMITERS 
 

Excitation limiters play a vital role in limiting generator 
parameters within allowable capabilities. These limiters 
include over excitation/maximum excitation limiters 
(OEL/MXL) and V/Hz limiters [2, 3, 4]. 
 
2.1 Over excitation/Maximum excitation limiters 
 
The purpose of the over excitation limiter is to protect the 
generator from overheating due to prolonged field 
overcurrent. To ensure that full Var capability of the 
generator is available the limiter settings are coordinated 
with generator capability in the over excitation region 
allowing the exciter to respond during field forcing [5, 6]. 
The limiter setting must also allow the short time field 
current capability usage. The OEL takes over AVR 
control to limit field current above rated values. A 
constant field resistance is assumed in simulation studies 
whereas other parameters like field voltages and currents 
are taken as a percentage of their rated values. 
 
2.2 V/Hz limiters 
 
These limiters control the voltage to frequency ratio on 
generators by controlling flux. Excessive overheating can 
result due to sustained high values of flux during low 
frequency or overvoltage conditions. The effect of poor 
control of over excitation conditions can affect unit 
transformers as well. Therefore, V/Hz limiting and 
protection requirements are determined by the 
transformer limitation. In cases where the generator and 
transformer voltage ratings are similar, the limitation of 
the generator becomes restrictive [3, 7]. V/Hz limiter has 
the ability to limit the generator voltage to frequency ratio 
through generator voltage monitoring. The ±5% steady 
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state operation limit permit short time excursions when 
there are transient voltage conditions [2, 8]. 
 

3. SYSTEM UNDER STUDY 
 

The system modelled on RTDS is a well-known power 
system network adapted from [3]. The system has been 
selected based on being a popular and ideal model to 
carry out power system stability and control studies, as 
well as the advantage of having practical information of a 
system before modelling. The system model is illustrated 
in figure 1 as a single-line diagram where capacity of the 
generating plant is 555 MVA with a terminal voltage of 
24 kV which is stepped up to 400 kV for connection to 
the HV bus feeding two transmission lines. The two 
transmission lines are connected to a remote system 
which is represented as an infinite bus. 
 

 
Figure 1: System under study 

 
4. SEL 300G RELAY 

 
The SEL-300G relay is a multifunctional digital 
microprocessor-based relay used to protect large 
generators found in power stations. This relay contains 
different protective functions that are implemented to 
protect the generator from various types of fault and 
system contingencies [9]. For purpose of configuring and 
setting the relay for each protection element tested, 
AcSELerator QuickSet software is used. It is an easy-to-
use yet powerful tool with template design capabilities 
for easy, consistent settings and applications to help a 
user get the most out of the SEL device. 
 
4.1 HIL connection of the generator protection relays 
 
Figure 2 illustrates the physical hardware in-loop 
connection on RTDS using SEL 300G commercial relay. 
The system is simulated on RSCAD software installed on 
the PC. The relay input is connected to the RTDS 
analogue /digital output and the RTDS analogue/digital 
output is connected to the power amplifier. The 
analogue/digital output of the relay is then connected 
with the analogue digital input of RTDS. The signal level 
analogue output voltages sent from the rack in real time 
must be converted to correctly-scaled currents and 
voltages for input to amplifier. In this way, the real time 
simulation can be used to drive the relay with the same 
power level currents and voltages it would experience in 
the field [9].The relay receives current and voltage 
signals from the secondary side of instrument 
transformers of the system simulated on the host PC 
through digital to analogue conversion and necessary 
amplification stages. 
 

 
Figure 2: HIL connection 

 
5.   SIMULATION RESULTS AND ANALYSIS 

 
Coordination of over excitation limiters and protection 
elements were tested in the over-excitation operating 
region and implemented using the hardware relay to 
verify if the relay operation could be coordinated with 
generator excitation limiters. Hardware relay sensitivity 
was taken into consideration when implementing the 
studies, because any incorrect procedures may lead into 
great damages of the relay.  
 
5.1 V/Hz limiter  
 
The limiter controls the voltage to frequency ratio 
through field voltage control. This is done to ensure that 
the ratio does not exceed a pre-set value. Figure 3 shows 
the voltage to frequency over excitation limiter model. 
The limiter output is utilised at the voltage regulator 
summing point. When the ratio exceeds the pre-set 
limiting value, a strong negative signal output from the 
controller drives the excitation down. The limit is set 
typically below the over excitation trip level of 110%. 
 

 
Figure 3: V/Hz limiter 

 
 5.1.1 V/Hz limiter and over excitation (24) coordination 
 

 
Figure 4: System parameters under normal operating 

conditions 
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The relay is tested to ensure correct settings and 
operations and thereafter the system is tested for stability. 
When both conditions are met, it is then that any fault 
study is implemented. Figure 4 illustrates the machine 
parameters under system healthy conditions and figure 5 
is an illustration of the voltage to frequency ratio and the 
V/Hz limiter output. 
 

 
     Figure 5: V/Hz Limiter not in operation 

 
When the limiter was not in operation as illustrated in 
figure 5, the output to from the limiter to the AVR 
summing is zero, when there is change in the reference in 
the AVR; the limiter becomes more positive to drive 
down the excitation levels. The V/Hz limiter was 
coordinated with over excitation (24) element. Same 
cases tested using software relay were verified using 
hardware.  
 
Figure 6 and 7 illustrates the operation of the limiter 
when the machine was overexcited slightly above normal 
operation at 108%. It can be seen from 7 that the limiter 
took action in reducing the excitation level. 
 

 
Figure 6: System parameters at 108% excitation level 

 
Based on the relay settings, at 110% excitation level the 
relay should operate. However, with the limiter in 
operation the AVR system control is able to adjust the 
over excitation condition to values within the machine’s 
capability. Stepwise over excitation testing method limits 
the level of over excitation before it even reaches the 
maximum input by the user. This is shown in figure 8 and 
9. The machine was excited by 112% above the normal 
operation, but the limiter prevented the machine 
excitation level increase. As illustrated, the maximum 
value reached is about 108.3% terminal voltage and 

thereafter was reduced to 105% which is within the 
machine capability. 
 

 
Figure 7: V/Hz limiter operation at 108% excitation level 

 
Figure 8: System parameters at 110% excitation level 

 

 
Figure 9: V/Hz limiter operation at 110% excitation level 
 
To test whether the relay operates; the machine was over 
excited by 120%, the limiter could only prevent this 
condition up to about 112% exceeding the limiter time of 
operation and hence the relay operated. Figure 11 and 12 
illustrates the system parameters when the relay operated. 
Figure 12 shows the voltage to frequency ratio when the 
system was excited by 120% as well as the limiter 
operation and the breaker and trip signals are shown in 
figure 10. 
 

 
Figure 10: Breaker operation 
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Figure 11: System parameters at 120% excitation level 

 

 
Figure 12: V/Hz limiter operation at 120% excitation 

level 
 

Table 1: V/Hz limiter operation at different excitation 
levels 

 
 

The operation of the V/Hz limiter has been simulated 
under different excitation levels. Table 1 illustrates the 
system parameters measured at different excitation levels. 
The limiter model and parameters allow normal operation 
from 100% excitation (system healthy) to 105%. Back up 
protection settings are coordinated with the limiter 
settings during modelling to allow the limiter operation. 
Should the limiter fails to reduce excitation to allowable 
operation withing a minimum set delay, the relay 
protection operates as seen at 120% excitation level. 
 
5.2 Over excitation limiter (OEL) 
 
The operation of over excitation limiters is similar; the 
only difference is how they are modelled. OEL limits the 
excitation system from supplying excess field. The 
modelling of the over excitation limiter considers field 
current as inputs to the limiter, the field current of the 
machine is measured and compared with the limiter 
setting thresholds. When not in operation, the limiter 

output is zero, as excitation levels changes the output of 
the limiter changes continuously. Depending on the 
excitation levels, the limiter will operate and drive the 
excitation down to acceptable levels. Figure 13 illustrates 
the OEL limiter, field current is used as an input 
parameter in modelling the limiter. 

 
Figure 13: OEL model 

 
5.2.1 OEL and over excitation (24 and 59) coordination 
 
A 2-stage overvoltage protection element, configured as 
either phase to phase or phase to neutral measuring is 
provided to back up the automatic voltage regulator. 
Stage 1 may be selected as backup protection for voltage 
levels above 110% and coordinated with level 2 over 
excitation (24) relay which operates at 110% and above.  
The overvoltage relay and over excitation are coordinated 
in such a way that the OEL operates before they take 
over. This coordination is achieved through both 
magnitude and time delay settings for the relays as well 
as the limiter. The system is run and tested for stability 
before the test was implemented as illustrated in figure 
14.  
 
The system is run and tested under three different over 
excitation levels and results are presented. With this 
OEL, the excitation is always reduced to 105.8%. Similar 
cases were observed when the conditions were tested 
using the software relay. Figure 15 and 16 illustrates the 
system  parameters when the machine was excited by 
109% , this condition is below the trip setting for both 
relays and was tested to ensure the limiter was operating 
properly. 
 

 
Figure 14: Limiter operation and machine parameters 

 
Figure 17 and 18 is an illustration of the limiter and 
machine parameters when the system was over excited by 
120%. The OEL model operation is similar to the V/Hz, 
except that it allowed the over excitation level up to 
130% before trip. This is because of the strong 
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counteraction in the AVR by the OEL signal at the 
summing junction. Irrespective of how much the machine 
is excited externally by the user, the limiter will always 
act upon the changes to ensure the machine operates 
within acceptable thermal limits. 
 

 
Figure 15: Machine parameters at 109% excitation 

 
Figure 16: Limiter operation and machine parameters in 

runtime at 109% 

 
Figure 17: System parameters at 120 % excitation 

 
Figure 18: Limiter operation at 120% over excitation 

 
Figure 19 shows the machine parameters at 130% 
excitation levels, it can be seen that the limiter operates to 
limit the field current and hence the rest of the system 

parameters. In runtime, the limiter output signal, field 
current and terminal voltage is monitored as the 
excitation changes. In figure 20, the first peak in the 
machine parameters is a result of 120% excitation level, 
few minutes later the limiter reduced the excitation level 
back to 105.8%. Following the operation of the limiter, 
the system was then overexcited by 130% and it can be 
seen that the limiter action prevented the increase in the 
excitation and later settled back at 105.8%. 
 

 
Figure 19: System parameters at 130% over excitation 

 

 
Figure 20: Limiter operation at 130% excitation 

 
Based on how the stepwise tests were conducted, the 
limiter will counteract the changes in the AVR and bring 
the machine back to its capability. In order to test if the 
relay operates as backup protection, a rapid test was 
conducted. This means that the machine is overexcited 
rapidly rather than stepwise, in this case 150% over 
excitation was randomly applied to the system. The OEL 
tried to counteract the increase but the voltage level went 
above the relay magnitude and time settings and hence 
the relay operated, detecting both over voltage and over 
excitation conditions. Figure 21 illustrated the field 
current and machine terminal voltage when the relay 
operated. 
 

 
Figure 21: System parameters during relay operation 

 
Figure 22 shows the relay operation. The settings for both 
overvoltage and over excitation were similar and hence 
both conditions were detected and trip signals issued at 
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the same time. Trip24 is the trip signal from over 
excitation and trip59 is from overvoltage. 
 

 
Figure 22: Relay operation 

 
Table 2: OEL parameters at different excitation levels 

 
 
Table 2 illustrates the system parameters measured at 
different excitation levels when the over excitation limiter 
was in operation. The limiter action counteracts the 
increase in excitation levels beyond allowable operation. 
Under system healthy, the excitation limiter output is 
zero, any change in the excitation of the system results in 
an increase of the excitation limiter output, thus 
maintaining the machine parameters as required. In an 
even where the excitation increases rapidly, the limiter 
action at a certain time will saturate allowing back up 
protection and hence the system trips. 
 
Table 3 indicates the system parameter comparison 
between the V/Hz limiter and over excitation limiter 
(OEL). The limiter settings were both set not to allow 
operation above 105% excitation level. This implies that 
the excitation limiter should start operating above. Both 
limiter operations indicate that for a short delay in 
operation, each limiter is able to reduce excitation level 
from any excitation level above allowable operation to 
105% for V/Hz and 105.8% for OEL. 

 
Table 3: Comparison between V/Hz limiter and OEL 

 
 

6. CONCLUSION 
 
Generator excitation control and excitation limiters 
mainly require specific techniques to enable control and 

protection studies.  In this paper, a phase domain 
synchronous machine model has been utilized, this type 
of a generator model enables modelling of external 
excitation control systems which makes it easier to 
conduct excitation system control studies and protection 
coordination. The motive behind these studies is that 
normally the operation of generators is easily affected by 
internal faults as opposed to external disturbances and 
therefore require adequate control and protection schemes 
to ensure that the machine operates within its capability 
and if not; protection takes over to prevent damages. 
Most literatures based on excitation system control and 
protection studies have shown that excitation limiters 
may be modelled differently, based on the capacity of the 
machine being used as well as studies conducted by 
different users. However, it has also been concluded that 
irrespective of different modelling of the excitation 
limiters, the operation remains the same. 
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Abstract: This paper presents simulation and testing of the generator excitation system control, 
operation and protection systems in the under excited region. Real time digital simulator is employed 
in the simulation studies conducted as well as a SEL-300G commercial generator protection relay for 
hardware in-loop testing. The generator model developed and utilised allows the user to model an 
excitation system separately for testing of internal faults; this enables excitation system limiters to be 
embedded in the automatic voltage regulator system model. Under excitation limiter have been 
modelled and tested under different case studies to study the system behaviour and coordination with 
protection relays.   
  
Key words: Commercial relay, excitation control, protection, RTDS, HIL 
 
 
 

1. INTRODUCTION 
 

Power systems protection is an important aspect in power 
generation, transmission and distribution. The protection 
of generators is vital because the generators are very large 
and expensive machines that produce very high voltages 
and are linked with other equipment such as prime 
movers, excitation systems, voltage regulators and they 
are also the single most important equipment required for 
electrical energy [1, 2]. Therefore it is also important to 
consider such equipment when designing protection 
systems such as relays. The objective of protection relays 
is to isolate the faulted section of the power system 
within the shortest time possible [3]. Excitation system 
control plays a vital role in protection studies. This 
involves the functioning of excitation limiters with 
automatic voltage regulators (AVR).  
 
Many excitation systems are now equipped with such 
control functions and they have shown better overall 
protection when coordinated with protection relays [4, 5]. 
In the past, some power system networks were equipped 
with manual voltage regulators which made it difficult for 
utilities to use excitation limiters [6]. However; in 
modern power systems, AVR mode of operation is 
employed and this has made it relatively easy to employ 
excitation limiters in power system networks. The 
limiters have shown the ability to ensure that generators 
operate within their capability limits during deviation in 
system parameters. The idea behind coordination of 
controls with protection is to allow time between 
operation of excitation limiters and protection. Excitation 
limiters are modelled and set to operate prior the 
generator relay during any disturbance [6]. Should the 
limiters fail to operate, it is then that the relay will start 
operating and isolate the system under fault. 
 
Detailed real-time model is developed to carry out 
hardware-in-loop studies for field failure and under 

voltage generator protection elements. The phase-domain 
synchronous machine model is utilized for the simulation 
studies. The validity of testing a commercial generator 
protection relay using the phase-domain synchronous 
machine model is established. The focus is mainly on 
coordination of generator protective functions with 
respect to under excitation limiter. Section 2 illustrates 
under excitation limiter while section 3 shows the system 
considered for the current study. SEL-300G relay are 
described in section 4 including hardware-in-loop 
configuration and section 5 discusses simulation results 
and depicts the analyses for various case studies. Section 
6 shows the conclusion.  
 

2. UNDEREXCITATION LIMITERS  
 

Excitation limiters play a vital role in power system 
voltage studies and protection. The limiters are embedded 
in the AVR to limit or to ensure that the generator 
operates within its thermal capability limits. The action of 
the limiter in the AVR system takes priority whenever 
there is a disturbance in the system parameters [4, 5]. 
Excitation limiters and protection takes into account 
parameter and time settings for adequate operation. 
Coordination is mainly achieved through proper 
magnitude and time delay settings [6, 7]. In this paper, 
the straight-line characteristic model is utilized for 
simulation studies. The testing of the under excitation 
limiter (UEL) in the under excitation region involves a 
number of stages. Initially, the limiter is modelled and 
tested using parameter estimation method. This is done 
mainly because the operation or modelling of the limiter 
differs depending on the system being used, the rating of 
the machine etc. The idea is to estimate the limiter 
parameters that will ensure initial stable operating 
condition of the machine. 
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3. SYSTEM UNDER STUDY 
 
The system modelled on RTDS is a well-known power 
system network adapted from [5]. The system has been 
selected based on being a popular and ideal model to 
carry out power system stability and control studies, as 
well as the advantage of having practical information of a 
system before modelling. The system model is illustrated 
in figure 1 as a single-line diagram where capacity of the 
generating plant is 555 MVA with a terminal voltage of 
24 kV which is stepped up to 400 kV for connection to 
the HV bus feeding two transmission lines. The two 
transmission lines are connected to a remote system 
which is represented as an infinite bus.  

 

 
Figure 1: System under study 

 
4. HIL CONNECTION OF THE GENERATOR 

PROTECTION RELAYS 
 
Figure 2 illustrates the physical hardware in-loop 
connection on RTDS using SEL 300G commercial 
relay.  

 

 
Figure 2: Hardware in-loop connection 

 
The system is simulated on RSCAD software installed on 
the PC. The relay input is connected to the RTDS 
analogue/digital output and the RTDS analogue/digital 
output is connected to the power amplifier. The 
analogue/digital output of the relay is then connected 
with the analogue digital input of RTDS. The signal level 
analogue output voltages sent from the rack in real time 
must be converted to correctly-scaled currents and 
voltages for input to amplifier. In this way, the real time 
simulation can be used to drive the relay with the same 
power level currents and voltages it would experience in 
the field [9]. 
 
 
 

4.1. SEL-300G RELAY 
 

The SEL-300G relay is a multifunctional digital 
microprocessor based relay used to protect the large 
generators found in power stations. This relay contains 
different protective functions that are implemented to 
protect the generator from various types of fault and 
system contingencies [8]. The relay offers a variety of 
protection functions, including but not limited to 
overcurrent, over and under voltage, field failure, loss of 
prime mover figure 3 illustrates the relay protective 
functions. 
 

 
Figure 3: SEL-300G relay protective functions [8] 

 
5. SIMULATION RESULTS AND ANALYSIS 
 
5.1 Under excitation limiter testing 
 
The system is initially run at full load to test conditions 
before implementing under excitation. Since this is under 
excitation operation, the system is run to operate in the 
under excited region, absorbing reactive power. This is 
illustrated in figure 4. The initial parameters under this 
condition differ; the machine is now operated at -0.006pu 
reactive power with a terminal voltage of 0.93pu. 
 

 
Figure 4: System parameters in the under excited region 

 
To validate the model and its parameters, the system is 
operated at different reduced excitation levels and the 
temporal changes of the limiter output and the AVR 
output, Vuel, Verror and Q are recorded and illustrated in 
figure 5, 6, 7 and 8.  
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Figure 5: Limiter operation at 90% 

The limiter output and Verror signals from the 
limiter model are compared with the output signal at 
the AVR summing junction, the highest value takes 
control of the AVR and brings the limiter into 
operation. Once the limiter operates the error signals 
from the limiter model and the AVR transits and the 
change of signs verifies the operation of the limiter, 
specifically the limiting characteristic. 
 

 
Figure 6: System operation at 70% excitation level 

 

 
Figure 7: System parameters at 50% excitation 

 

 
Figure 8: System parameters at 30% excitation 

 
Table 2 shows the results obtained when the under 
excitation limiter was tested under different 
excitation level. The excitation is reduced stepwise to 
observe the limiter action and reactive power. While 
the limiter is tested, it is ensured that before 
excitation decreases; the system is running in the 

under excited region, drawing reactive power. It can 
be observed that as the excitation reduces, the limiter 
and AVR output gets more positive to prevent the 
machine from operating outside its capability limit. 
The same technique of different excitation levels is 
utilised to estimate the under excitation limiter 
parameters during modelling. 
 

Table 1: Under excitation limiter testing 

 
 

The limiting characteristic of the machine is also plotted 
in the P-Q plane to verify the straight-line characteristic 
UEL model as illustrated in figure 9. 

 
Figure 9: UEL limiting characteristic 

 
5.2 Limiter operation and coordination with field failure 
and under voltage software relays 
 
The field failure and the under voltage relays are used as 
backup protection in the under excitation operation 
region. The idea is to verify the operation of UEL when 
coordinated with generator protection. Initially the same 
procedure of running the generator in an under excited 
region absorbing reactive power is employed as 
illustrated in figure 4. The relay is set to allow the field 
failure operation before under voltage element. For 
coordination studies, three levels of under excitation were 
investigated. The MHO characteristic for each level 
tested is illustrated in figure 10, 11 and 12 for 70%, 50% 
and 30% excitation levels respectively. 
 

 
Figure 10: System parameters at 70% excitation level  

 

 
Figure 11: MHO characteristic at 70% excitation 
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Figure 12: System Parameters at 50% excitation  

 

 
Figure 13: MHO characteristic at 50% 

 
As the excitation level reduces, the impedance locus 
measured gets closer to the MHO circles and eventually 
enters zone 2 where field failure is detected by the relay 
(figure 14). Due to field failure, the system trips and 
voltage reduces, when this happens undervoltage relay 
operates.  
 

 
Figure 14: Field failure detection 

 
5.3 Limiter operation and coordination with field failure 
and under voltage hardware relays 
 
Figure 15, 16 and 17 illustrates the system parameters 
when the machine was initially run in the under excited 
region. The limiter under this state remains negative as it 
is not operating. 
 

 

Figure 15: Limiter operation in the under excited region 
 

 
Figure 16: Limiter operation in the under excited region 

 

 
Figure 17: System parameters in the under-excited region 

 
Two cases are conducted in testing the under excitation 
operation. Case 1 involves testing the functionality of the 
limiter when coordinated with protection elements. 
Figure 18, 19, 20 and 21 illustrates the limiter operation 
when the machine was under excited by 70% and 50% 
respectively.  The operation of the limiter is the same as 
when the same tests were done using the software relay. 
The MHO characteristic at different excitation levels is 
shown in both figures. With the limiter operation, the 
system remains stable because the limiter is able to 
counteract the changes in the AVR system and boost 
excitation. 
 

 
Figure 18: Limiter operation at 70% excitation 
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Figure 19: MHO relay operation at 70% excitation 

 

 
Figure 20: Limiter operation at 50% excitation 

 

 
Figure 21: Limiter operation at 50% excitation 

 
Figure 22 shows other system parameters when the 
machine was excited by 50%. Although excitation had 
been reduced, the limiter was able to ensure that the 
system remains in stable operation. 
 

 
Figure 22: System parameters at 50% excitation 

 

Case 2 involves testing coordination between field failure 
and undervoltage protection. Based on the settings in the 
relay, the field failure relay should always operate during 
underexcitation condition and the undervoltage is 
dependent on field failure. Figure 23 illustrates the field 
failure relay operation through MHO characteristic. Both 
zones are detected when the limiter could not operate to 
boost the system excitation 
 

 
Figure 23: MHO relay operation 

 
Figure 24 illustrates the limiter action at low excitation 
levels; this condition is practically showing the limiter 
failing to operate allowing system backup protection 
operation.   
 

 
Figure 24: Limiter operation during field failure 

Table 2 illustrates the simulation results obtained during 
software and hardware relay simulation and testing. The 
system behavior for both relays is similar, same case 
studies are simulated and the hardware relay is observed 
to have higher sensitivity. The choice of different 
excitation levels simulated is user defined, the basic idea 
is to ensure that the system is tested in an underexcited 
region and the underexcitatio limiter is able to keep the 
machine withing its capability.  

 
Table 2: software and hardware simulation results 

comparison 

 
 

Figure 25 shows the relay operation case study when both 
field failure and undervoltage conditions were detected 
simultaneously. This is achieved through relay operation 
settings and external control to simulate cases where both 
field failure and undervoltage relays operate at the same 
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time and when field failure backups first before under 
voltage as shown in figure 26. The undervoltage detection 
in figure 26 is primarily due to field failure. When the 
field excitation reduces, the machine terminal voltage 
reduces due to the loss of field and the under voltage 
relay operates. 
 

 
Figure 25: Field failure and under voltage operating 

simultaneously 
 

 
Figure 26: Field failure operation before under voltage 

 
Figure 27 shows the hardware relay signals confirming 
which elements have operated. Under voltage is element 
27 and 40 is for loss of field excitation. Both LED’s show 
red light indication when the relay operated as indicated 
in figure 27. 
 

 
Figure 27: Relay trip signals 

 
6. CONCLUSION 

 
The case studies conducted ensure adequate generator 
system protection during fault conditions. The sensitivity 
of the hardware relay is taken into consideration when 
conducting all the tests. The under excitation limiter 
modelled allows the machine  to operate within its 
capability all the time, in cases where the capability limits 
are exceeded, the backup protection system takes control 
by tripping the generator breaker isolating the system to 
prevent damages. From the set of results obtained from 
both software and hardware, it has been shown that 
excitation limiters do not trip the machine but are 
employed to prevent the generator from operating in 
zones that are thermally dangerous to the machine. 
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Abstract: In recent times, distribution networks have had to keep up with ever changing consumer and 
industrial demand. This has necessitated increased modernization of distribution networks in order to 
meet required power stability, quality and availability. Now, these smart distribution grids can actively 
monitor and control their networks utilizing technologies such as Supervisory Control and Data 
Acquisition (SCADA), Phasor Measurement Units (PMUs), Smart Meters and State Estimation (SE). 
These technologies allow for real-time monitoring and control of distribution networks and distribution 
substations. However, the joint application of these technologies on a single platform is limited due to 
factors like cost or complexity. This paper presents an investigation of SE by means of Artificial Neural 
Networks (ANN), and a design and implementation of a low cost SCADA in JAVA with an embedded 
ANN state estimator.  
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Networks, JAVA 

1. INTRODUCTION 

The delivery of electric power to customers has been 
significantly affected by the modernization of distribution 
networks. This modernization has been accelerated by a 
need to improve operational efficiency, reduce carbon 
emissions and meet governmental legislation for increased 
distributed generation (DG) using renewable sources (like 
solar and wind) in the power network. Distribution 
networks now have to adapt to bi-directional power flows 
while maintaining ‘smartness’ in monitoring and 
controlling a constantly increasing consumer demand and 
complex networks [1]. 
 
Although, the integration of PMUs, SCADA and smart 
meters into a distribution network can provide for the 
acquisition of precise data on real-time network 
conditions, their implementation is cost-intensive [2]. As 
such, Distribution System Operators (DSOs) might not be 
able to afford the associated cost of replacing ‘traditional’ 
load forecasting systems and Remote Terminal Unit 
(RTU) monitoring devices with these technologies [3].  
 
Substations are valuable assets to DSOs both from a 
financial and operational standpoint, as they support a 
large number of customers. Therefore, the installation of 
monitoring and control systems using technologies like 
SCADA combined with traditional measurement devices 
like Current Transformers (CTs) and Voltage 
Transformers (VTs) is paramount for DSOs [4]. In mini-
substations or remote DG fed substations, the cost may not 
be justified due to the limited size and easier predictability 
of loads supplied from that substation.  
 
In the absence of a direct measurement in a distribution 
network or substation, SE can be performed to predict the 
present levels at a certain portion or component of a 

network or substation. SE methods have evolved from 
statistical modelling of load flows to methods like 
Weighted Least Squares (WLS), and now machine 
learning techniques such as ANN [5].  
 
In this paper, the effectiveness of ANN in performing SE 
within a substation and the design of a low cost SCADA 
platform (with an ANN SE embedded in the SCADA) is 
presented. The remainder of the paper is outlined as 
follows: Brief discussions on PMUs, SE, and SCADA are 
presented in sections 2, 3 and 4 respectively. Section 5 
describes the outline of the practical work done. Results 
and corresponding discussions are presented in section 6, 
and relevant conclusions are drawn in section 7. 

2. PMUs 
 
These devices are able to sample 50 or 60 Hz AC voltage 
and current waveforms at a rate of 10-50 samples per 
second. These samples are then time and geo tagged via a 
GPS system which ensures the exactness of the data 
recording [6]. A PMU has a multitude of applications for 
a DSO due to the processes it undertakes in sampling a 
signal. It can determine frequency harmonics, harmonic 
distortion, and accurate power measurements (voltage, 
current, real and apparent power) which can be utilized by 
the DSO to improve operations and SE [7].  
 

3. STATE ESTIMATION 

State Estimation is an advanced real-time forecasting 
method used to determine a specific state in a distribution 
network or substation based on real data being received 
from a different portion or component of the distribution 
network/substation [2, 8]. The WLS method has proved to 
be reliable and accurate in its estimations which has made 
it a popular choice in industry applications [9]. It is a 
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statistical algorithm that is recursively calculated to 
minimize the output error to an acceptable level of 1-2% 
[10]. However, ANN based methods have successfully 
performed up to 50% better in terms of accuracy over WLS 
methods in yielding output errors of 0.5-1% [11]. ANNs 
can also be extended further than the SE process. They can 
be used in a pre-filtering process on the training and 
estimation input data to filter out bad or inconsistent data 
with a 99.97 % success rate [12]. This data filtering 
process can have substantial impacts on the performance 
of the ANN in training and in estimation. 
 

4. SCADA 
 
This is the mainstream and established form of monitoring 
and control in industrial settings all over the world. 
Nonetheless, there are a few DSOs which do not make use 
of SCADA systems at some point in the network and 
certainly in all their large substations [13]. The modern day 
SCADA, particularly with reference to DSOs, is mainly 
active at the two lowest levels of the industrial control 
hierarchy - physical process level, direct process level and 
often also the supervisory level [14]. 
 
SCADA systems generally comprise of a multitude of 
different specialised components such as a Control Server, 
SCADA Master, RTUs, Programmable Logic Controllers 
(PLCs), Intelligent Electronic Devices (IEDs), Human 
Machine Interface (HMI), Data Historian and I/O server. 
Additionally, there are multiple types of communications 
devices like modems, Remote Access Points, Fieldbus and 
firewalls [13]. With the advancement of computing, the 
integration of these devices into a single platform is 
becoming more feasible [15]. 
 

5. OUTLINE OF PRACTICAL WORK DONE 
 
Much of the work undertaken in this paper was practical 
work in the form of engineering design, programming and 
simulations. The workflow was broken up into three 
sections, with the purpose being to develop a low cost 
substation SCADA solution, and to investigate and 
simulate the effectiveness of ANN based state estimators. 
Simulations and tests for SE were done in MATLAB and 
the code for the substation SCADA was written in JAVA 
(NetBeans 8.0.2 IDE). All code was tested on a simulated 
platform using both Windows 7 and Ubuntu 16.04 with an 
Intel core i3 2100 3.1 GHz processor. Code was also 
written to simulate and test the SCADA as the intended 
operating platform was a Raspberry Pi 3B. The substation 
layout shown in Figure 1 below was used in the practical 
component for testing and simulation. 
 

5.1 Concept 
 
The first process in the design was that of developing a 
concept for the SCADA and outlining the desired 
outcomes. The design process utilized the V-model to 
define specific design sections, with iterative design taking 
place in each section. The core specifications defined 

were: low cost, scalability, open source/standards and 24/7 
operation. A functional analysis yielded the system 
structure shown in Figure 2. 
 

 
 

Figure 1: Test layout for substation 

 

Figure 2: Conceptual design block diagram 

From the block diagram above, separate design concepts 
were drawn up and compared through a weighting system. 
The core function of the main SCADA software was also 
defined as shown in Figure 3. 
 
Each block within the concept design phase was elaborated 
on in the embodiment phase to define the functioning and 
requirements of each subsystem through a divide-and 
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conquer algorithm. This included the functioning of the 
measurement devices, the database entity relationship 
diagram and SCADA master with HMI. 
 

 

Figure 3: Concept software flow 

5.2 Hardware 
 
A smart measurement device was designed for the 
SCADA to perform measurements of the substation’s state 
variables – current and voltage. A low cost design that 
provided for measurement accuracy and robustness was 
undertaken to allow for easy integration of many of these 
devices into a substation or a distribution network. 
 
An iterative approach toward the hardware design started 
off with the development of a current measurement device 
and then a voltage measurement device. The principles 
learnt in this process set the bar for the final design of a 
smart measurement device shown in Figure 4. 
 
This electronic device made use of the STPMS1 and 
STPMC1 energy management chips to measure three 
phase voltage and current (phase 1, phase 2, phase 3, 
optional neutral phase). Compensation and filtering are 
performed on the input signals to the STPMS1 chips; this 
allows the measurement device to connect up to any 
standardised VT or CT output. The device is operated by 
the STM32F0C6T6 micro-controller which in conjunction 
with the Microchip ENC28J60 allows for Ethernet based 
communications. FreeRTOS was used as an IP stack to 
implement layer 3 transport control protocols (TCP). The 
cost of components for this device was roughly R400. 
 

5.3 Software 
 
A flow chart detailing the software operations of the Smart 
measurement device is shown in Figure 5. Essentially, the 
system performs component initializations and a test to 
check whether the measurement components are 

functioning. It then performs an interrupt every 20 ms (or 
any determined rate) to measure parameters. Because the 
physical measurement is continuously taking place on the 
STPMS1/C1 chips, the Nyquist criterion is not relevant 
and the 20 ms interrupt is to retrieve the measured values 
at that time instance. 

Many of the core SCADA components highlighted in 
section 4 were integrated into a single unified program - 
the SCADA master. Its role was managing all monitoring 
and control operations for the SCADA and providing  extra 
utilities viz. a server for multiple field devices which 
implemented multi-threaded processes, a historian, a 
control system and a HMI. An abstracted UML diagram of 
the SCADA master is shown in Figure 6. 
 
The event driven and object oriented nature of the SCADA 
master’s operation made JAVA ideal for its 
implementation. Also, JAVA is open source. The program 
responds to one of two types of events. The first is a data 
event whereby the master receives a data message from a 
field device. This data is processed and checked for 
warnings before updates to the HMI and recording to files 
and the database are made. The second event is through 
human interaction - manual control action or change of the 
parameters of the substation configuration in the SCADA.  

A Back-propagation neural network was coded using the 
multi-layer perceptron model to act as a SE for the 
SCADA. This allows an operator to have data on 
components or portions of the network where 
measurement devices were not installed. The ANN can be 
trained through historic data from the substation or from 
similarly loaded substations, or from load flow processes. 

Two testing programs were coded to verify the operations 
of the SCADA master. The first program allowed for any 
user desired operating levels for each component within 
the substation which may allow for unrealistic and 
unbalanced data to be sent to the master. The second 
program allowed the user to enter a desired loading for 4 
feeders and generated realistic and accurate data for real 
and reactive power, primary and secondary voltage of the 
transformer. Random noise was added to the signals to 
introduce variation in the data for improved testing. 

 

Figure 4: Smart measurement device 
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Figure 5: Smart measurement device software flowchart 

 

Figure 6: SCADA Master class structure 
 

6. RESULTS AND DISCUSSION 
 
The data from the SCADA master was recorded to perform 
SE on it with varying sizes of data and varying sizes of 
hidden layer in the ANN. Preliminary  tests were carried 
out to ascertain that the SE was working effectively. This 
entailed mapping the current magnitudes on three feeders 
and real power on the supplying transformer to the output 
state – current magnitude on a fourth feeder.  
 
 
 
 
 

6.1 Early ANN training 
 
The MATLAB ANN toolbox was used as an experimental 
platform to determine the best network configuration for 
the ANN state estimator in the SCADA implemented in 
JAVA. Hidden layer sizes of 5, 10 and 20 neurons were 
used with the Levenburg Marquardt training algorithm in 
MATLAB. The 10 neuron hidden layer produced the best 
training performance depicted in Figures 7 and 8. The tests 
performed were on a data set of 200 points with an average 
output error of 0.87 % between the actual and estimated 
current magnitude on feeder 4. Corresponding results are 
shown in Figures 9 and 10. 
 

 

Figure 7: MSE of training process 

 

Figure 8: Training process regression plots 

6.2 Further ANN training 
 
The initial tests showed strong promise and thus a larger 
data set was recorded. In the next test, the input fields into 
the SE were reduced to 2 fields (exhibiting a non-linear 
relationship) - the Voltage magnitude and phase at the 
primary side of the supplying transformer. These were 
used to estimate the real and reactive power of the 
transformer.  
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The new data set contained over 1000 data points (5 times 
the amount used in the early ANN testing) for further 
training and testing. The training performance depicted in 
Figures 11 and 12 vis-à-vis Figures 7 and 8 showed 
improved results with more uniformity due to the larger 
data set. A comparison between actual and estimated real 
power is shown in Figure 13. Figure 14 shows the 
corresponding percentage error at different time points. 
The results from this training iteration was greatly 

improved with an average error of 0.36 % and a maximum 
error of 1%. 

The SE performance and ANN techniques  from these tests 
were applied to the embedded ANN state estimator in the 
SCADA implemented in JAVA which produced results 
with an average percentage error of 4.54%. This is by no 
means an exceptional performance compared with the 
MATLAB ANN which produced results with  0.36% error. 
However, with some optimization and further testing this 
could be greatly improved to around 1% or less.

 

   

Figure 9 (left): Actual and estimated output of current Magnitude; Figure 10 (right): Percentage error in current 
magnitude estimation. 

    
 

Figure 11 (left): MSE training performance; Figure 12 (right): Training process regression analysis 
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Figure 13 (above): Actual and estimated real power; Figure 14 (below): Percentage error in real power estimation 

7. CONCLUSIONS 

 
The design of a low cost substation SCADA system that 
can be easily implemented on low power single board 
computers like a Raspberry Pi 3B with minimal network 
infrastructure and low cost measuring devices has been 
presented in this paper. 
 
State estimation simulations and tests using ANN proved 
highly successful. ANN can be very easily adapted to 
perform state estimation on any desired state in a 
distribution substation or network given that there is some 
form of training data available to it.  
 
The state estimation by means of ANN in MATLAB 
produced output errors of less than 0.5% which is above 
current standards for state estimation accuracy. The ANN 
SE coded in JAVA can be further optimized to improve its 
accuracy. 
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