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Abstract— In order to reduce the overall load of households on 

the electrical utility network, a DC based microgrid home is 

proposed. This paper explores the concept, design as well as 

construction of two DC-DC converters which were used to realise 

a scalable model of this system. The selected distribution voltage 

was 48 V, selected for its ability to supply higher power appliances 

while still remaining within the range of extra low voltage. To 

interface with these appliances, a versatile socket was proposed. 

The design topology chosen for the socket was a full-bridge DC-

DC converter with adjustable PWM control. The converter 

topology was chosen due to its ability to provided isolation 

between the supply and the load while still being able to supply 

higher power applications. Another converter was designed for 

the charging of the battery bank. This converter was realised 

using a synchronous buck topology, chosen for its high efficiency 

as well as scalability. A hybrid MPPT/Multistage charging 

algorithm was designed for the efficient transfer of power 

between the PV panels and batteries. The implementation of the 

converters proved to be successful with both converters 

displaying efficiencies well above 90%.  The charging algorithm 

was able to not only charge the battery in a safe and effective way 

but was also able to maximise the output of the PV panel during 

the bulking phases of charging.   

Index Terms- Smart home; DC microgrid; variable DC-DC 

converter; MPPT charger; Converter design; DC distribution 

I. PROBLEM IDENTIFICATION AND BACKGROUND 

The quest to use more sustainable and renewable energy 
sources is a popular topic and goal of many government 
organisations. The motivation behind this quest is to preserve 
the environment and to use its resources more efficiently and 
conservatively. The creation of microgrids with localised 
generation and storage has become popular practice in many 
nations where fossil fuels are being phased-out and replaced 
with renewables [1].  

The DC microgrid topology aims to support this pursuit by 
providing a relatively simple means of localised power 
generation that can directly feed the local power users more 
efficiently. Many household appliances are in fact DC 
appliances adapted to suit the existing AC distribution of the 
national grid [2]. While this is the current norm, alternative 
solutions need to be investigated to ensure that the most 
efficient and sustainable technologies are being implemented. 

The most commonly implemented microgrid topology to 
date is the AC variant. In this topology, a source (often 
renewable, as shown in Fig. 1) is connected to a storage device 
via a charge controller. The stored power is then amplified and 
inverted into conventional mains power (AC). When a load is 

connected, it typically converts the AC power back into DC 
power before being used. This flow of power is shown in Fig. 1. 

 

Figure 1: AC Microgrid Topology 

A DC microgrid, on the other hand, takes advantage of the 
DC nature of household appliances, avoiding the excessive DC-
AC and AC-DC conversions that are necessary in an AC 
microgrid. By supplying the loads with DC power, as shown in 
Fig. 2, the overall efficiency of the system should increase as 
well as alleviating the need for inverters and rectifiers within 
the network.  

 

Figure 2: DC Microgrid Topology 

 With the growing interest in renewable energy, engineers 
are looking for optimal solutions to improve the reliability and 
capability of future power grids. Some of the advantages and 
challenges of DC distribution systems is uncovered in [3]. In an 
effort to move towards a more reliable and economical power 
grid, it is important to explore the potential of completely DC-
based grids. However, there is an inevitable transition period 
where AC and DC grids need to be interfaced, and standards 
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still need to be established for DC distribution networks. These 
standards are currently being investigated and pursued by the 
EMerge Alliance association [2], but these are not (yet) 
common practice as DC distribution microgrids are being 
installed and operated privately, without much regulation, 
unless they are exporting power to a utility’s distribution 
network. 

The benefits of a microgrid are numerous as discussed in 
[4], as well as promoting greater awareness of energy 
consumption as the system capacity needs to be designed based 
on load requirements and it needs to be continuously monitored 
once in operation. This promotes smart metering and control of 
devices, which can lead to more conservative energy 
consumption worldwide. The economical, commercial and 
environmental benefits of DC microgrids are clear. However, it 
is important to explore the challenges of DC distribution as the 
opportunity for implementing these systems is growing. 

II. METHODS 

The project presented here entails the design and 
implementation of a DC microgrid with a focus on a variable 
DC-DC power outlet or “socket” converter that is able to handle 
a varying range of DC voltages. The converter has a simple user 
interface in order to select the desired output voltage of the 
socket. Another DC-DC converter is required to perform the 
task of charging a battery bank from a solar PV array. This 
charger converter implements an MPPT charging algorithm to 
maximise the panel output power and charge the batteries 
effectively. The bus voltage for the system was selected as 48 V 
with the expectation of reducing system losses and allowing for 
more efficient operation for higher power applications [5]. 

The project is a system of multiple components, in which 
each aspect of each component needs to be designed and 
reviewed in order to achieve the optimal solution. There is a lot 
of literature pertaining to each aspect of the project, as well as 
the system as a whole. The focus of this review was converter 
topologies and components. It was necessary to determine the 
optimum methods of design and construction of these devices.  

I. Converter Design 

Two DC-DC converters were required to realise the system. 
The converters were designed from first principles, including 
the magnetic design of the high-frequency inductors and the 
isolation transformer. Semiconductor devices were also sized 

according to calculated ratings, including a safety factor. An 
initial design decision was made to implement a switching 
frequency of 50 kHz for both converters. It was desirable and 
economical to specify as many similar components as possible 
for both converter designs. The mathematical calculations were 
performed with software so that they could be easily updated 
once specific components were procured. The theoretical 
calculations were then simulated using PSIM to gain insight 
into the actual operation of the converters. 

Alternative topologies were compared and the full-bridge 
topology was selected for the socket converter, due to high 
power capability (for future work) as well as for the isolation it 
provides between the source and the load. The circuit schematic 
is shown in Fig. 3. The detailed procedure of calculations is 
excluded from this summary, but the calculated design 
parameters for components are shown in Table 1. The full-
bridge topology is suitable for applications requiring power 
greater than 10 kW, however, in this proof of concept design, 
the power capacity was set to 250 W, which can be increased in 
future work without changing the type of topology. 

Table 1: Socket converter component design 

Parameter/ 

Component 
Result 

Rating used (with safety 

factor 

Lout 154 µH 200 µH (built) 

Cout 8.68 µF 47 µF 

Vco 60-72 V 100 V 

Cin 492 µF 470 µF 

Vci 75-90 V 100 V 

Isw,rms 19.7 A 29.55 - 39.4 A 

Vsw 56.98 V 85.46 – 113.95 V 

ID,rms 11.46 A 17.18 - 22.91 A 

VD 137.9 V 206.86 – 275.81 V 

An important specification was that of the switching 
semiconductor devices. After reviewing literature, it was 
determined that a MOSFET would be the ideal type of switch 
for the application. Selecting the right MOSFET was based on 
the voltage and current requirements recorded in Table 1, but 
ultimately it was desirable to find the MOSFET with the lowest 
drain-to-source resistance, RDS(on), value, which assists in 
reducing the heat loss of the device, thus improving its 
efficiency. The specification of the rectifying diode was similar 
in that finding the lowest forward voltage, VF, was required.

 

 

Figure 3: Socket converter full-bridge topology 
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 The most suitable MOSFET and diode sourced for the 
project were: 

 MOSFET: IRFB4321PbF (RDS(on) = 12 - 15 mΩ) [6] 

 Diode: STPS80170C (VF,max = 0.74 V) [7] 

A magnetic design procedure was also conducted for the 
inductor and transformer specification. The complete design 
procedure is omitted from this summary, but the inductor of 
200 µH and a transformer large enough to handle the power 
requirements were constructed. 

A simpler synchronous buck topology was selected for the 
charger converter as it was deemed suitable to handle rated 
power of the available solar PV panels. A synchronous buck 
was chosen over a non-synchronous type, due to the higher 
efficiency expectations. Figure 4 below shows the topology of 
the converter. Calculations, not shown here, were completed to 
obtain component values, based on a maximum desired output 
power of 400 W.  
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Figure 4: Charger converter synchronous buck topology 

A summary of some important component parameters is 
shown in Table 2 below. 

Table 2: Charger converter component design 

Parameter/ 

Component 

Result Rating used (with 

safety factor) 

Lout 784 µH 770 µH (built) 

Cout 11.16 µF  22 µF 

Vco 72.5-87 V 100 V 

Cin 72.57 µF 100 µF 

Vci 105-126 V 160 V 

Isw,rms 8.19 A 12.28-16.38 A 

Vsw 84.13 V 126.19-168.25 V 

 

Based on the calculations summarised above, it was 
determined that the same MOSFET specified for the socket 
converter could be used for the charger as well, although it 
provided a safety factor of only 1.78 rather than greater than 
2.0. The inductor design for the charger converter was also 
completed, but the constructed device fell slightly short of the 
calculated value, despite adjusting the airgap, due to 
mechanical tolerances. Both converters were simulated in 
PSIM to check the calculations and gain insight into the 
dynamic operation of the converter, before being assembled on 
PCB board. Component placement and trace lengths were 
important considerations and every effort was made to optimise 
the distance and shape of the trace between critical components, 
which reduced unnecessary heat loss. EMI concerns were also 
carefully considered with reference to [8], although most 
signals were below 50 kHz, frequency doubling at the output of 

the socket converter resulted in 100 kHz also being present on 
the board. 

In order to achieve well-functioning system, it was 
important to focus on each component that contributed to the 
system. Some important design choices and component 
specifications are discussed below. 

1) MOSFET driver circuitry 

The MOSFET was selected for its low drain-source 
resistance and quick rise and fall times. A suitable driver to 
complement this MOSFET was required. The HCPL3120 was 
chosen as the right driver for the application. It provided 
isolation between the microcontroller and MOSFET gate, while 
keeping delay time to a minimum. The delay time of the driver 
was not as short as the MOSFET but this was consistent as each 
switch had its own driver. Component operating tolerances 
always have an effect, but using good quality components 
ensured that these were kept to a minimum. The driver circuit 
implemented in both converters is shown in Fig. 5. It is 
important to note that separate power supplies were used for 
each of the high-side switches and another for the low-side 
switches, where applicable. This is one way to avoid short-
circuits, but not necessarily the most economical. Other 
methods were considered with reference to [9], but the simplest 
solution was selected for this prototype. 
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Figure 5: MOSFET driver circuit 

2) Microcontroller and sensors 

The control circuitry and components were just as important 
as the power circuitry. The converter operation is dependent on 
PWM control and feedback via voltage and current sensors. A 
dsPIC33F microcontroller was selected to control the 
converters of this project. It was designed for PWM control and 
has an on-board ADC for sensors. This allowed for simple 
coding to achieve rudimentary PID control of the PWM signal, 
by manipulating the dead-time between the two (pairs of) 
switches. A single PCB was designed to accommodate the 
dsPIC, voltage sensors as well as auxiliary supplies for the 
HCPL3120 drivers. This single board kept the overall system 
compact and made testing and troubleshooting easier. The 
voltage sensors were also kept far away from PWM switching 
noise and high power traces, interfacing to the power circuitry 
via two jumper leads. The current sensors were packaged on a 
breakout board and thus needed to connect in line with power 
traces, but they were well isolated. The sensors were calibrated 
in-circuit to ensure that accurate ADC readings could be 
obtained. 



 

III. RESULTS 

The converters were successfully designed and built 
according to the theoretical calculations. The testing of both 
converters was conducted to check that all specifications were 
met. The power rating of the socket converter was achieved, as 
shown in the two oscilloscope images, Fig.6 and Fig.7, which 
show the input and output voltage and current waveforms, 
respectively. The recorded efficiency at this operating power 
was 82.4 %, but other tests at lower power revealed efficiencies 
above 90 %. 

 

Figure 6: Socket converter input voltage and current for Pin = 295 W 

 

Figure 7: Socket converter output voltage and current for 
Pout = 243 W 

The output power rating of the charger converter was tested 
up to 345 W, often showing efficiencies greater than 90 %, 
although the waveforms of lower tests are shown in Fig. 8 and 
Fig. 9 below. Note that only the output voltage was displayed 
during the test with a voltage probe that had a DC offset. Thus, 
all voltage measurements were verified with a multimeter that 
has a 100 kHz bandwidth to calculate a more accurate power 
value. The efficiency of the converter in this test was 97 %. The 
converter could withstand the higher power tests safely, without 
overheating or failing. The voltage spikes seen in Fig. 7 
occurred as expected, based on the switching frequency of 
50 kHz. This frequency is effectively doubled at the output due 
to the rectification stage using a centre-tapped transformer. The 
voltage spikes are shown to be about 50 % of the mean value, 
which is certainly more than desired. Snubber circuits were 
investigated to combat this [10], which reduced overshoots in 
some cases, but seemed to increase them at other settings. The 
snubber circuits were ultimately removed, but this could be 
investigated further and improved upon in future work.  

 

Figure 8: Charger converter output voltage and input current for 
Pin = 180 W 

 

Figure 9: Charger converter output voltage and output current for 
Pout = 175 W 

The control algorithm used for the MPPT charge controller 
was developed in a robust and simple manner, which prioritised 
the health of the battery. The compromise with this approach 
was that the maximum power would not be drawn from the PV 
panel at all times. Therefore, the control algorithm was rather a 
hybrid between MPPT and multistage charging. A basic 
overview of the algorithm is shown in Fig. 10.  

The results using this algorithm were satisfactory, with the 
various charging phases being demonstrated clearly. The 
charger not only effectively charged the battery, but also 
stopped the battery from overcharging. The algorithm also 
created a safeguard for the battery preventing the battery from 
entering an excessive gassing phase. A challenging aspect was 
determining the state of charge (SOC) of the battery, however, 
it was found that measuring the terminal voltage provided a 
good estimation of the initial SOC as long as the battery had 
been at rest for some time between tests (± 30minutes). 
Measurements during operation were also negatively affected 
by voltage spikes in the converter output. This required some 
adjustments to the ADC sampling code to ensure that these 
spikes did not cause an incorrect change in the charging phase.  



 

 

Figure 10: Charge Algorithm Flow Diagram 

The efficiency of both converters exceeded expectations, as 
both were capable of operating at efficiencies above 85 %, 
although the power consumption of the auxiliary supplies was 
not included in efficiency calculations. 

PV panel and battery sizing for the system was also 
conducted successfully, but only available equipment was used 
for testing purposes. 

Photos of the two completed converters (prior to boxing) are 
shown below. The PIC and sensor boards were sized correctly 
so that they could be stacked neatly above the power circuitry. 

 

Figure 11: Completed charger converter 

 

Figure 12: Completed socket converter 

IV. DISCUSSION AND CONCLUSION 

This project presented a first attempt at designing, 
constructing and testing DC-DC converters. A few iterations 
were required to achieve acceptable results, but eventually, 
successful results were achieved. The testing protocols allowed 
for individual components or sub-circuits to be tested before 
completing system tests. This was a safe and systematic 
approach to realise the final system.  

The calculated parameters and component specifications 
performed well in practice. It was clear that certain aspects 
required an iterative design process as components were 
integrated into systems. Selecting the right component for an 
application was found to be a critical stage of the process to 
reduce system inefficiencies and ensure safe operation. For 
example, the very low drain-to-source resistance of the 
MOSFET reduced heat loss and therefore improved the 
efficiency of the system. 

The testing of the converters revealed surprising results 
regarding efficiency. The measurement probes in the laboratory 
were not perfect and discrepancies between measurements were 
expected. However, the results showed very promising 
operating efficiencies of both converters.  

A good PCB layout was another important contributing 
factor to system efficiency. Component placement was 
carefully considered in order to reduce trace losses and control 
signal latency, as well as EMI in some cases. The control and 
sensor board layout was designed to improve noise rejection. 

The PWM control of the socket converter functioned well, 
but it could certainly be improved with a better user interface. 
The control algorithm can also be tuned further to achieve better 
set point tracking and reduce steady state error, especially with 
a varying load. The control was a challenging aspect of the 
design; although perfecting the hardware was an extensive 
challenge, the device could not operate if it could not be 
controlled. The coding of the control algorithms was not always 
successful and the debugging process was time-consuming. 

The chosen bus voltage of the system proved to be 
advantageous in achieving higher power output from the 
converters. It was difficult to test such low resistance loads to 
achieve desired power ratings at lower voltages. The 48 V bus 
was suitable in terms of safety and efficiency in laboratory 
testing conditions.  
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Although the project involved a complete microgrid system, 
the design and development of DC-DC converters was a central 
focus. The design required great attention to detail for the many 
intricate components. All converter specifications were 
calculated and appropriate components were specified, 
allowing for necessary safety factors. The converter circuitry 
was designed and implemented on PCB. Control of the 
circuitry, including MOSFET switching, and voltage and 
current sensing, was achieved using a dsPIC coded in C 
programming language. Converter hardware performed well to 
meet the specifications and in fact exceeded expectations in 
terms of efficiency. A hybrid form of a MPPT/charging control 
algorithm was implemented successfully although the method 
for detecting the battery SOC needs to be improved. The socket 
converter was able to maintain a set point output voltage with 
reasonable accuracy, using a basic form of PID control to adjust 
the dead time of PWM signals. As a whole, the system proved 
to be viable. With some further integration between the 
components and better energy management features, this would 
certainly be effective for setting up a small DC microgrid in 
which devices with varying voltage requirements could be 
operated successfully. This can certainly be developed further 
with more advanced converters, allowing focus to shift more 
towards designing, operating and managing the microgrid as a 
whole, rather than only controlling the converters. In line with 
the current trend of IoT devices and systems, this DC microgrid 
could provide a feasible power solution in both rural and city 
households. With intelligent power outlets communicating with 
intelligent battery chargers, the system can be managed very 
safely and efficiently. This communication naturally extends to 
neighbourhoods for larger microgrids as well. 
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