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In the past few years, the prime focus of supplying electricity to the longhouse communities in the rural areas of Sarawak has been
initiated based on the utilization of a single-source microgrid configuration. The existing AC power supply-based solar photovoltaic
(PV) systems in these areas pose many problems, mainly owing to the stages of conversion, energy losses, and the quality of power
transfer. As the solar PV system is a DC source and most of the appliances in longhouse communities could be operated using DC
source, an opportunity to design a microgrid with high reliability and efficiency would be achieved by the implementation of an
optimal DC microgrid configuration. With this aim, the paper proposes a multiple-source DC microgrid configuration for the
longhouse communities in Sarawak. Initially, a framework has been developed to design simulation models for both microgrid
configurations (single and multiple sources) using MATLAB Simulink. The configuration of each system consists of a solar PV
and energy storage to form a standalone microgrid. Due to the change in system configuration of DC microgrid, in the
modeling approach, the standard power flow equations are modified to include solely the DC parameters. To validate the
proposed configuration with the associated modeling approach in terms of the power flow reliability, system efficiency, and
power-voltage curve, an experimental setup representing the Simulink model has been designed for each standalone microgrid
configuration. The configurations have been assessed in the same location with different daily weather conditions. The obtained
simulation and experimental results confirm that the proposed configuration of multiple sources is more reliable and efficient
than the existing single-source configuration.

1. Introduction

In Sarawak, the widely used renewable energy sources (RESs)
to supply the consumers in the remote areas are the solar PV
systems and small hydropower generators. It is reported in
[1] that 80% of Malaysians prefer using solar energy as the
main source of electricity, whereas 84% believe that the most
suitable source in Malaysia is solar energy. This indicates a
higher demand for solar PV systems as compared to other
types of renewable energy systems. Hence, new approaches
should be developed to maximize the usage of energy from
renewable resources [2]. This section sheds the light on the
electricity coverage in Sarawak and reviews the research work
carried out on the DC microgrids. The contribution and

paper organization with the schematic overview are also pre-
sented in this section.

1.1. Motivation. The state of Sarawak has the lowest electric-
ity coverage in the rural areas as compared to other states in
Malaysia. Due to the variable tropical climate in Sarawak,
maintaining a reliable power supply is one of the main con-
cerns in the existing AC microgrid-based PV systems.
According to the statistics provided by the Ministry of Public
Utilities, in 2010, the percentage of electrified houses in the
rural areas of Sarawak was approximately 78%. This implies
that a large number of electricity users in the remote villages
have the potential of obtaining electricity through the main
utility grid, while others can only get electricity by installing
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different types of RESs [3]. In fact, consumers living in the
rural areas of Sarawak are experiencing limited access to elec-
tricity; this is due to the geographical difficulty in installing
transmission and distribution systems to deliver electricity
from the main grid, as such systems must pass through rough
terrain and dense jungle. Additionally, the cost of installing
transmission and distribution systems does not offset with
the amount of electricity consumption. Hence, it is not eco-
nomically feasible to install transmission and distribution
systems in these rural areas. This is the main reason that the
electric utility and government are not taking any measures
in extending the electricity coverage to the rural consumers
since these areas are not densely populated and have low
electricity demand [2]. Indeed, if the state or the country
needs to improve its economic development and technologi-
cal advancement, increasing the electricity coverage towards
the rural areas is as crucial as that in the urban areas.

1.2. Literature Survey. A microgrid is a local power network
capable of supplying electricity to a specific region and
can be connected to the main grid. As the number of
microgrids is increasing, the integration of these micro-
grids with the power grid can improve the reliability and
efficiency of the power system. However, the traditional
power grid is not suited to coping with the penetration
of RESs. This makes electric utilities to put more effort
to upgrade the current power grid towards a smart inte-
grated power grid with efficient renewable energy manage-
ment systems. The worthily study in [4] provides a complete
presentation on the development of a smart energy system
capable of managing a number of energy resources and loads
in a coordinated environment. The smart energy hub-based
cloud computing as proposed in [4] is an upgraded model
that can enable energy users connected to a hybrid grid par-
ticipate in the demand side program. Additionally, this pro-
posed approach can also be implemented to a hybrid grid
which is a combination of microgrids. These microgrids
can be either AC- or DC-based different RESs and inte-
grated with each other through sensor nodes and intelligent
devices. DC microgrids were considered to be a possible and
cost-effective solution to achieve better and simpler control if
the total power is generated from a combination of RESs
[5, 6]. The cloud computing-based real-time simulation
has also been proposed in [7] for solving the optimal power
routing problems. In comparison with the study provided
by [4], the authors in [7] have considered multiple DC micro-
grids in each cluster. The main idea behind this approach is
to manage the congestion through DC lines in a meshed net-
work topology, and thus, the energy can be transmitted from
the microgrid with extra power to the microgrids suffering a
power shortage. As the scope of this paper is focused on the
optimal DC microgrid configuration, the next paragraphs
review the published works on some aspects of DC micro-
grids such as power flow modeling, voltage levels including
the power losses, and the architecture of DC microgrids.
Generally, electric power that flows within the AC or DC
microgrid system can be produced from both RESs such as
wind turbine, solar PV, and microhydro turbine system and
non-RESs such as gas turbines, steam turbines, diesel engine
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generator, and also coal turbines. The power flow manage-
ment of the energy resource with less number of conversion
stages was already discussed in numerous published articles
[8-21], mainly the performance in the DC microgrid when
using a suitable voltage level. It was found that the energy
storage control to maintain a constant DC power flow
to the DC load can easily be realized since the energy
storage control system is connected to the DC-DC converter
[8-16]. Authors in [17, 18] proposed different modeling
methods for power flow analysis. For instance, in [17], a drop
control was considered in the modeling of the power flow,
while in [18], the power flow analysis was formulated for
both AC and DC microgrids by considering the virtual
impedance and drop control in the modeling approach.
The DC power flow analysis based on the modification of
Newton-Raphson method was also introduced in [19] for
off-grid- and weak-grid-connected communities. Mean-
while, authors in [20, 21] addressed the problem of optimal
power flow in AC-DC networks. The idea here is to minimize
the cost of total electricity generation in the networks and the
cost of active power transfer in the DC microgrids.

For the deployment of low-voltage DC distribution sys-
tem, the voltage level is highly dependent on the scale of
the microgrid and can be varied according to the load
requirements. Typically, the nominal voltage level of 200V
or 380 V DC is most suitable for high power rating appliances
[22], whereas 12V or 24 V DC can be selected for appliances
with a low power rating. It is to be noted that a major amount
of power losses may occur when using a heavy load with low
voltage levels as it was investigated in [23-25]. The compar-
ison study provided in [26] presents an analysis of the power
losses at different voltage levels and conductor diameter as
well. A similar analysis was also conducted in [19]. It can
be concluded that the parameters of the DC system (voltage
level, load demand, length, and diameter of the distribution
system) should thoroughly be considered while designing
the component of DC microgrid [27]. Although DC micro-
grid systems were studied intensively in recent years, DC
microgrid design in terms of load and source configuration
still lacks common standards. Additionally, most of the pub-
lished articles are focused on the conversion side of micro-
grid, particularly in the aspects of implementing effective
control techniques.

The literature review shows that not many of the above-
mentioned studies have a specific focus on evaluating the
behavior of the system performance in different topologies
of a DC microgrid utilizing real data of solar irradiance and
temperature. On the same note, the obtained outcomes from
simulation studies in the previously published articles are
found to be valuable; however, the experimental validations
were not conducted, and therefore, the modeling may have
substantial drawbacks when applied to a dynamic system
with a wide range of RESs uncertainties. Furthermore, in
the abovementioned reviews, the reliability and efficiency
of the system may not be realized, as most of the topologies
considered in the case studies were based on single-source
configuration and the others were based on radial systems,
without modeling approach associated with experimental
validation.
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FIGURE 1: Schematic overview of the paper.
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F1Gure 2: DC microgrid connected to a single source.

In the typical DC microgrid system, a house in the village
generally consumes about 100 - 150 W; its load mostly con-
sists of multiple DC fans, LED, or DC light bulb and a
DC-AC converter or inverter for other electrical appliances.
A low DC voltage (12 or 24) is normally used for lower power
applications [13, 14, 19, 28]. It should be noted that the loads
in the villages of Sarawak normally consist of lighting systems
and low-power apparatus. These loads are supplied from
solar PV sources connected to deep cycle lead-acid batteries;
thus, a low voltage 12V or 24 V can be the best option as the
distance from each source into each load within the long-
house communities is very short. However, the inconsistent
solar radiation, changing temperatures, high humidity, and
heavy rainfall of the tropical climate in Sarawak could be
the main obstacle to implement the usage of solar DC micro-
grid system in its current form. Hence, for better power
transfer, it is critical to identify the optimum configuration
for a ring connection of DC microgrid-based solar PV sys-
tems as proposed in this paper.

1.3. Contribution. The existing problem is how to maintain
the system reliability and efficiency in the DC microgrids
containing power sources and loads while at the same time
ensuring that the system is running with less power loss. In
comparison with the current studies, the paper introduces
an improved solar PV topology for a ring DC microgrid con-
nected to the longhouse communities. The proposed scheme
is known as a multiple-source configuration. The main con-
tributions of the paper are summarized as follows:

(i) A framework-based modeling approach associated
with experimental validation has been developed to
assess the optimum configuration of a ring DC
microgrid system. A procedure has also been imple-
mented for the input data of the experimental setup
to be cointegrated with the Simulink models

(ii) Two designs of Simulink models have been developed
using MATLAB for two configurations, namely,
known as single source and multiple sources. Each
configuration has also been modeled to include the
DC power flow parameters, considering the changes
in the solar irradiance and temperature

(iii) For each configuration, a hardware representing the

Simulink model has been structured to verify the

optimal configuration. A variety of illustrative learn-

ing processes are presented to show how the compo-
nents of hardware were systematized. One vital
finding is that, with the implementation of the pro-
posed multiple-source configuration, higher effi-
ciency can be achieved in the range of 98% when
the temperature is 26°C and solar irradiance is at
the maximum level. However, the efficiency can be
dropped into 95% when the temperature reaches

(37°C). On the other hand, when using the existing

single-source configuration with similar tempera-

tures (26°C and 37°C) as in multiple-source configu-
ration, the highest efficiency is 91 whereas the lowest

is 88

1.4. Paper Organization. This paper is organized as fol-
lows: an overview of the renewable energy usage in Sara-
wak is presented in Section 1 as well as the electricity
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coverage in the rural areas. This section also outlines the
literature survey and the main contribution of the paper.
Section 2 explains the modeling approach of the proposed
configuration with multiple sources and the existing
single-source configuration; the application of DC power
flow with the associated equations is also elaborated in this
section. The experimental setup with the procedures of
conducting real-time measurements is given in Section 3;
the location of the installed system for investigation is also
emphasized in this section. Section 4 discusses the obtained
simulation and experimental results and thoroughly validates
the main finding. Finally, Section 5 summarizes the goal of
the paper and presents the significant results; this section also
provides suggestions for future works. For the sake of more
clarification, the schematic overview of the paper is depicted
in Figure 1.

2. System Modeling

2.1. Test System and Data Collection. In this work, two con-
figurations have been assumed: in the first, the microgrid
connected to a single source while the second to multiple
sources as depicted in Figures 2 and 3, respectively. Both con-
figurations consist of a solar charge controller, energy storage,
three loads, and two solar panels but in different arrange-
ments. The voltage level considered to compare the perfor-
mance of each configuration is 12V DC [15, 19]. In each
low-voltage DC microgrid configuration, the solar PV array
is the source of power and connected to the energy storage
(lead-acid batteries) through a solar power regulator, which
is used to control the charging level of the energy storage.
The needed input variables to evaluate system perfor-
mance using both software and hardware are the solar irradi-
ation (W/m?) and temperature (°C). These variables have
been measured on an hourly basis using a solar power meter
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(Tenmars Electronics Co., TM-206), while the temperature
utilizing the noncontact infrared thermometer (Extech
Instruments 42509). Note that the collected data during day-
light (from 9.00 a.m. to 4.00 p.m.) as shown in Figure 4 was
used as an input data during the experimental works. The
same data was also imported into the MATLAB Simulink
models of the single and multiple sources.

2.2. DC Microgrid Analysis. Since the DC microgrid will
be proposed in the rural areas of Sarawak, an accurate
model that reflects the behavior of a real system can give
a better understanding of the practical DC microgrid opera-
tion. The detailed modeling of the standard power flow
analysis is well documented in [17-21, 29, 30], and hence
not presented in this section. Note that DC microgrid
configuration-based solar PV system is addressed in this
paper with the flow of power from the solar PV source into
the DC load. The solar PV array with the maximum power
point tracking algorithm and the power conversion modeling
are out of the scope. Neglecting the reactive power and the
phase angle between the load and source in the power flow
analysis, the simplified power flow equation given in (1)
can be applied to the circuit diagrams of the DC microgrids
shown in Figures 2 and 3.

Pdc,i Z‘VdCIHVdC]HYdCI]} (1)
j=1

where Y;
V; are the voltages between the line connecting nodes i
and j. In the DC microgrid, the Jacobian matrix [J] in the
Newton-Raphson method gives the linear relationship of
the change in the voltage AV with the variation in the active
power AP. Hence, the general form for obtaining the residual
power at ith nod after kth iteration is found as follows:

is the admittance between the nodes and V; are

[Apd“} =[] [AVdC,] (2)

Referring to Figures 2 and 3, a dynamic system has been
modeled for each configuration using the MATLAB Simu-
link as shown in Figures 5 and 6. In these models, the total
balance between the generated power from the solar PV
“Ppy(#)” at time ¢ (including the discharging power from
the battery “Pi(¢)”) and the consumed load “P4(t)”
(including the charging power by the battery “Pg(¢)” with
power losses “P;((t)”) can be written as follows:

D Pov(D)+ Y PRE(1) = Y Pra()+ ) PR ()+) Pis(t)- (3)

3. Experimental Setup

3.1. Hardware Structure. The preparation stage started with
the assembling of all components on the source side such as
the solar kits which consist of the PV panels, charge control-
lers, batteries, and their respective cables and connectors. As
for the DC loads, the three light bulbs in each configuration
were connected to their own rheostat through a terminal
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FIGURE 5: MATLAB Simulink model of the single-source configuration.

connector strip. The experimental work has been in the Fac-
ulty of Engineering, Universiti Malaysia Sarawak [31], near
the Renewable Energy Laboratory as seen in Figure 7. During
the conduction of the experimental research for both config-
urations, the solar panels were installed directly under the
sunshine in an open area. Figures 8 and 9 show the hardware
structure with the associated components of the single and
multiple sources, respectively. The solar panels of the
single-source configuration were placed as close as possible
to each other and connected in parallel with the solar charger
located at bus 1 as seen in Figure 8. In the multiple-source
configuration, the solar panels were placed at a distance of
3 meters from each other and connected to different solar
chargers on buses 1 and 2 as shown in Figure 9.

3.2. Experimental Procedures. Before the commencement of
experimental studies, routine tests for the components of
the DC microgrid have been conducted to ensure that they
are properly functioning.

(i) Solar panels were tested under bright sunlight condi-
tion and their voltages, currents, and power outputs
were recorded under open-circuit voltage and short
circuit current tests

(ii) The flow of power through the charge controller was
measured at the battery and load sides

(iii) The voltage with the current of each battery was
tested when the load was connected to the DC bus
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FIGURE 7: Location of the experimental work at UNIMAS as
highlighted in green.

(iv) The rheostats (used as variable DC loads) connected
to constant DC loads were tested in each bus by
measuring the absorbed value of the active power

(v) The constant DC load (light bulb) at each bus was
tested using a low-voltage DC source, which can be
obtained by regulating the rheostats

The configurations of DC microgrid-based solar PV sys-
tems were designed to analytically and experimentally detect
and characterize the best operational performance, by mea-
suring their relevant parameters (such as the flow of power
and the voltage in each bus). Referring to Figures 5 and 6,
the developed MATLAB models for simulating the two DC
configurations have helped in knowing the likely results of
the real-time testing using the designed hardware of each
configuration. The practical work of building the experimen-
tal setup mounting took some days, and the experiment of
each configuration has been repeated five times on different
sunny days. As seen from Figures 8 and 9, the connections

of the experimental apparatus utilized for the measure-
ments were designed to properly identify the information
of each parameter and in each specific location. The elec-
trical characteristics data gathered from a number of appa-
ratus (Fluke 15B+ digital multimeter and Fluke 317 clamp
meter) including the observed measurements of solar irradi-
ance and temperature (see Figure 4) was used to analyze the
performances of the two configurations which are graphically
shown and also tabulated as discussed in the next section.

4. Results and Discussion

This section presents the results obtained through the simu-
lation and experimental studies that aim at vindicating the
importance of selecting the optimal multiple-source configu-
ration for the DC microgrid compared to the existing config-
uration which is mainly single source. The results of the
simulation for analyzing the power flow reliability, efficiency,
and P-V curves were compared with the experimental results
as depicted in Figures 10-17. The MATLAB results of the
absorbed power as a function of solar irradiance are shown
in Figures 10(a) and 10(b) for both single and multiple
sources. On the other hand, the results of the absorbed power
as a function of temperature with the increment in the solar
irradiance are depicted in Figures 11(a) and 11(b) for the
two configurations.

The power curves of the single source in Figure 10(a) indi-
cate that bus 1 has the highest power absorption as the solar
PV source connected to this bus. However, in the configura-
tion of multiple sources, the absorbed power in each bus is
notably changed with the increment of solar irradiance (see
Figure 10(b)). Compared to the single-source configuration,
it is seen from this figure that the system is operating at high
power absorption even at the time of low solar irradiance.
Referring to Figure 11, the absorbed power of each bus in
the single-source shows a linear change with the increment
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of temperature (see Figure 11(a)), while Figure 11(b) shows
remarkable variations of the absorbed power in each bus with
the change of temperatures. It is also observed that the peak
power absorption occurs when the temperature reaches
53°C in the configuration of multiple sources.

Figures 12-15 depict the distributed power in each con-
figuration for the Simulink models and hardware experi-
ments. Although there are some changes in the values of

power in the simulation and the experimental results, the
variations in the power of each configuration at each bus
for the simulation models are similar to the results obtained
from the experimental works. Additionally, it is revealed
from the simulation and experimental studies that the change
in the values of power distribution occurs at the hours of
the variations in solar irradiance and temperature as well.
The obtained results of both the simulation model and
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hardware based-experiment (see Figures 12-15) indicated
that the increase in power losses only occurs in the
single-source configuration. It is seen from Figure 13 that
the system loss in the configuration of multiple sources is
the lowest with efficient power distribution compared to the
single-source configuration as shown in Figure 12. Similarly,
in Figure 14, the experimental results also show that the
single-source configuration has the higher power losses,
while the system loss is lower in the multiple-source con-
figuration as seen in Figure 15. The increase in system loss
is due to the fact that in the single-source configuration,
double capacity (100W) of the power generated from
two solar PV panels (each has 50 W) flows through one
charge controller. However, in the multiple-source configu-
ration, the power flow is shared between two buses and each
has a charge controller.

Figure 16 shows the system efficiency with various tem-
perature levels and change in solar irradiation for the consid-
ered cases in this study. Generally, it is known that the high
temperature may increase the loss and thus, decreasing the
efficiency of the PV panels. Nevertheless, with the highest
generated power from the PV panels at the time when the
solar radiation is higher, the operating temperature of the cell
can also be at that higher region. Therefore, the outcomes as
shown in Figures 16(a) and 16(b) prove this fact and also
point out that the efficiency at the top level is achieved when
the temperature is low. Another fact is that the remarkable
efficiency droop at various periods of time and at different
temperature levels was caused by the decrease in solar irradi-
ance at the respective times. Likewise, the improvement in
the efliciency at the highest level of temperature is due to
the increase in solar radiation. Whatever the difference in
the results of Figure 16 is, the configuration of multiple
sources performs well as this was proven by the simulation
and experimental results. It is also found that the system effi-
ciency approaches the lower value if the solar irradiance
tends to decrease and the temperature goes up, this is directly
related to the multiple-source configuration shown in
Figure 16(b) particularly at a temperature of 53°C.

The performance of each configuration was also exam-
ined with constant levels of solar irradiance and tempera-
ture for predicting the power-voltage (P-V) characteristic
curves. The simulation results and experimental measure-
ments are shown in Figures 17(a) and 17(b). As seen from
the single-source curves, there is a linear relationship
between the power output and the voltage. The variation of
some parameters and the position of the PV panels were
found to be the main reason for the change in the power
output of the PV panels [32]. As seen from the obtained
simulation and experimental results of the multiple-source
configuration, the peak power points are reached when the
voltage is 16.5 V. Though the power is enhanced by the volt-
age increase in the configuration of multiple sources as seen
in Figure 17(a), the P-V curves in Figure 17(b) clearly indi-
cate that the configuration of multiple sources has less
impact on the P-V characteristic. It can be concluded from
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the results shown in Figure 17(a) that the multiple-source
configuration can bring better voltage retention when the
microgrid is subjected to an increase in the load demand,
as this may lead to decreasing the nominal voltage in the
loaded bus. Alternatively, the results of the P-V curves in
Figure 17(c) show that the solar PV output may deviate from
the amount of PV module power output at standard test
conditions. In this figure, it is observed that when
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FiGure 15: Distributed power in the experimental verification of
multiple-source configuration.

reswitching the batteries and loads with the variations in
the values of solar irradiance and temperature, the maxi-
mum points on the P-V characteristic curves are not
stabilized.

Further, the effectiveness of the proposed configuration
with multiple sources can be observed from the demonstrated
results in Tables 1-5. As seen from Table 1, the DC distribu-
tion voltage at each bus in the multiple-source configuration
shows better voltage profile in different solar radiations and
temperatures compared to the results of the single-source
configuration as illustrated in Table 2. As seen from the
results of the existing configuration, buses 2 and 3 are hav-
ing the lowest voltage as the power is not equally balanced
in this system. This proves the importance of using the
proposed approach.

As the main objective of this paper is to improve the sys-
tem efficiency by proposing an optimal configuration, the
distribution losses are further investigated. As seen from
Table 3, the branch losses are notably decreased when using
the proposed configuration as compared to the results of
the existing approach given in Table 4. The reason for
increasing the losses in the single-source configuration, par-
ticularly in the lines connecting buses 1 with 3, is that the
reduction in the injection of power from the other buses
causes a higher flow of power from the solar PV, mostly when
heavy loads are connected to the buses. This is another indi-
cation that the use of the proposed schematic approach will
definitely lead to significant economic benefits as the total
loss in the proposed configuration is lower than the existing
single-source configuration.

The system efficiency as demonstrated in Table 5 shows
how the power is consumed in the system with the similar
change of loads in both configurations. These tabulated results
clearly showed that when using the proposed approach, the
DC microgrid can operate with high efficiency compared with
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its operation with the existing single-source configuration.
This is another fact from the outcome of Table 5 that the
developed framework with the proposed configuration pro-
vides huge savings for the DC microgrid owner, especially
when the loads are supplied from the energy storage, causing
less discharge power from the batteries.

5. Conclusion

A framework has been developed in this paper to investigate
the proposed optimum configuration of a ring DC microgrid
for the longhouse communities in Sarawak. The selected con-
figurations for evaluation consist of three buses with three



International Journal of Photoenergy

TasLe 1: DC distribution voltage of the proposed multiple-source

configuration.

Temperature ("C)

Solar radiation

DC bus voltage (V)

(W/m?) Bus1 Bus2 Bus3
48 - 50 600 — 700 1274 128 1258
32 - 34 140 - 180 123 1233 1212
26 - 28 300 - 400 1246 125 1228
36 - 38 100 - 150 1231 1235 1211

TaBLe 2: DC distribution voltage of the existing single-source

configuration.

Temperature (°C)

Solar radiation

DC bus voltage (V)

(W/m?) Busl Bus2 Bus3
48 - 50 600 — 700 1257 1245 1228
32 - 34 140 - 180 1197 1148  11.33
26 - 28 300 - 400 1223 114 1125
36 - 38 100 - 150 1224 1144  11.29

TaBLE 3: Distribution losses of multiple-sources configuration.

Temperature ra(SI(i)i?irO i Distribution system losses (W)
(°C) (W/m?) Buses 1-2 Buses 1-3 Buses 2-3
42 — 42 262 - 295 0.021 0.065 0.192
46 - 49 456 - 479 0.0063 0.2701 0.208
64 - 54 750 — 731 0.0024 0.1849 0.268
36 - 38 298 - 292 0.009 0.114 0.1431

TaBLE 4: Distribution losses of the single-source configuration.

Temperature raz?;':iro i Distribution system losses (W)
(°C) (W/m?) Buses 1-2 Buses 1-3 Buses 2-3
42 - 44 280 - 350 0.2881 0.3776 0.0048
53 -55 450 - 500 0.1632 0.34 0.0136
54 - 58 800 - 900 0.23 0.4816 0.008
48 - 50 300 - 400 0.2236 0.3192 0.0014

TaBLE 5: System efficiency of the proposed and existing

configurations.

Efficiency of DC microgrid (%)
Configuration with Configuration with
multiple sources single source

Temperature (°C)

56 - 58 77 62
48 - 50 86 64
40 - 42 93 86
35-37 95 88
25-27 98 91

loads and two solar PV units connected to different arrange-
ments. In this study, each configuration has been critically
analyzed with different input variables of solar irradiance
and temperature. The concept of DC power flow was used
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to determine the distributed power in each bus and the power
loss of the system. Additionally, each configuration has
experimentally been validated to assess the optimal perfor-
mance of the proposed configuration with multiple sources.
The results of the simulation and the experiment have vindi-
cated the effectiveness of using the configuration of multiple
sources in terms of system reliability and power flow effi-
ciency. The significant findings in this paper when using
the proposed configuration are that the system efficiency
increased from 91% to 98% when the testing temperature
of both configurations (proposed and existing) was 26°C.
Furthermore, the system loss during the operation with nor-
mal load and weather condition has decreased from 23% to
9% when using the proposed configuration. It is also found
that when using the proposed configuration, the voltage does
not go below 12 V, which means that the nominal voltage can
be maintained even if the system is heavily loaded. These
noteworthy outcomes clearly indicate the importance of the
proposed multiple-source configuration to be implemented
for the DC microgrid in the longhouse communities of Sara-
wak. It is to be noticed that the internal and external condi-
tions of the experiment may affect the performance of each
component in the system. Thus, these could be the reason
for the slight difference in the simulation results compared
to the experimental results. In overall, both results affirm
the operational performance of the proposed configuration
with multiple sources. Finally, as the scope of this paper does
not include the control of DC microgrid, the future studies
will focus on developing an approach to intelligently control
power sharing in the multiple-source configuration, where
the hardware validation will also be considered.
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