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Abstract

Rural electrification remains a major challenge in South Asian countries,
where many rural settlements still lack access to reliable electricity. In line with
the 2030 Agenda, decentralized energy systems that incorporate distributed
renewable resources have become an option for improving rural energy access.
Among these systems, microgrids provide a structured way to supply rural
settlements. However, operating a microgrid can be challenging due to varia-
bility of renewable resources. This study presents a methodology for simulat-
ing and validating a grid-connected microgrid designed to improve rural elec-
trification in Sarawak, Malaysia. The proposed microgrid system comprises a
micro-hydro generator, electrical loads, and a connection to the utility grid.
The microgrid is modeled in HOMER Pro to evaluate its technical feasibility,
while its practical implementation is validated using the Lucas-Nuelle Train-
ing System with SCADA monitoring. Simulation results indicate that the mi-
cro-hydro generator consistently supplied power of 21.3 kW during normal
stream flow conditions, while the grid maintained continuous power during
low stream flow conditions. Experimental results further confirmed voltage
stability, power balance, and smooth transitions between both sources. The
findings demonstrate that the grid-connected microgrid offers a technically
reliable solution for rural electrification, supporting Malaysia’s progress to-
ward achieving Sustainable Development Goal 7.
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1. Introduction

The global power sector has shifted toward renewable-based and decentralized
energy systems to address environmental concerns and climate change [1]. In
2023, renewable energy sources contributed about 30% of global electricity gener-
ation [2]. Renewable energy technologies, particularly solar, wind, and small-scale
hydropower, play an important role in developing cleaner and more sustainable
power systems. Their effective utilization reduces dependence on fossil fuels and
supports long-term economic growth and energy security [3]. Despite these ad-
vancements, around 8% of the world’s population, mainly in rural areas of Sub-
Saharan Africa, South Asia, and Latin America, still lack access to electricity [4].
Expanding access to modern, reliable, and sustainable electricity, particularly for
rural communities, is aligned with Sustainable Development Goal 7, which aims
to ensure affordable and clean energy for all.

In Sarawak, one of Malaysia’s largest states, about 42% of the population lives
in rural areas [5]. Many of these rural settlements still rely on standalone diesel
generators, which are costly to operate and provide limited operating hours. To
accelerate rural electrification, Sarawak Energy Berhad introduced the Rural Elec-
trification Scheme and the Rural Power Supply Scheme to extend the transmission
line network to rural areas [6]. With this expanding infrastructure, grid-con-
nected microgrid systems offer a practical solution for enhancing system reliabil-
ity by integrating local renewable generation with the utility grid support [7].

Previous research on rural electrification has focused on either off-grid hybrid
systems or simulation-based feasibility studies. Off-grid hybrid system investiga-
tions, such as [8] [9], have shown that renewable energy sources can meet rural
energy demand. However, these systems operate independently with no connec-
tion to the utility grid. This limits their ability to maintain a continuous power
supply during periods of low renewable availability. Simulation-based studies, in-
cluding [10] [11], have provided valuable design insights. However, their findings
remain unvalidated through experimental implementation. This leaves uncertain-
ties regarding their practical operational behavior.

In contrast to previous studies, this work simulates and validates a grid-con-
nected microgrid system designed to enhance rural electrification in Sarawak, Ma-
laysia. The system is evaluated using HOMER Pro and validated using the Lucas-
Nuelle Training System, providing a comprehensive assessment of its operational

performance.

2. Materials and Methods

2.1. Overview

This study presents the simulation and experimental validation of a grid-con-
nected microgrid designed for rural electrification in Sri Aman, Sarawak. The
methodology consists of:

1) modeling and evaluating the microgrid performance using HOMER Pro;

2) testing its practical implementation using the Lucas-Nuelle Training System
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with SCADA.

2.2. Microgrid System Model

Figure 1 shows the proposed microgrid system for the rural settlements in Sri
Aman, Sarawak. The system integrates a micro-hydro generator as the primary
renewable energy source and the utility grid as a backup when hydro generation
becomes insufficient. The microgrid is designed to serve two rural settlements,
each with an estimated daily energy use of about 100 kWh and a peak demand of
21.07 kW.

The microgrid components are interconnected through a common AC bus.
Under normal stream flow conditions, the micro-hydro generator supplies most
of the demand, while the grid provides additional support during the months with
low rainfall, when stream flow drops below the turbine’s minimum operating re-
quirement (approximately 150 L/s). This microgrid configuration ensures stable

voltage and frequency within acceptable operating limits.

AC
Hyd10 Settlement 1

> @
-

100.00 kWh/d
21.07 kW peak

Settlement 2

> @

100.00 kWh/d
21.07 kW peak

Figure 1. The proposed microgrid system for rural Sri Aman, Sarawak.

2.3. Input Data

The simulation used two main input data: the stream flow and load profiles. These
data represent the hydro resource availability and load demand of the rural area
in Sri Aman, Sarawak.

1) Stream flow data: Monthly rainfall data for Sri Aman are obtained from
[12], which provides historical precipitation statistics for Sarawak. These rainfall
patterns are used to construct the stream flow profile applied in Homer Pro. As
shown in Figure 2, the stream flow increases significantly during the months of
heavy rainfall (October-June), providing sufficient water for continuous hydro
generation. During the months of low rainfall (July-September), water availability
decreases. This leads to a reduction in hydro output. In this case, grid support

becomes necessary to maintain an uninterrupted power supply.
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2) Load data: The daily load profile is based on estimated appliance usage in a
typical longhouse settlement in Sri Aman (refer to Table 1). Each settlement of 40
households has a total daily energy demand of 95.6 kWh/day, which was rounded
to 100 kWh/day for modeling in HOMER Pro. The corresponding daily load pro-

file used in the simulation is presented in Figure 3.

Table 1. Average household electrical appliance usage in rural areas.

Energy per  Total energy per
Power Average usage &Y P &yp

Appliances  Units W) (hours/day) unit house
(kWh/day) (kWh/day)
Fluorescent 3 ” 5 011 0.33
bulb ’ ’
Refrigerator 1 120 8 0.96 0.96
Television 1 70 5 0.35 0.35
Fan 1 50 6 0.30 0.30
Water pump 1 150 3 0.45 0.45
Total 7 412 - 2.17 2.39
Stream Flow Daily Profile
Jan Feb Mar Apr
388.27 - 388.27 388.27 388.27
338.27 4 33827 338.27 338.27
288.27 | 288.27 288.27 288.27
238.27 - 23827 238.27 23827
188.27 188.27 188.27 - 188.27
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Figure 2. Daily stream flow profile for every month.
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Figure 3. Daily load profile for every month.

2.4. Simulation Setup

HOMER Pro is used to simulate and evaluate the operational performance of the
proposed grid-connected microgrid system. The simulation examines power bal-
ance, power dispatch, and system reliability under varying stream flow conditions
representative of rural Sri Aman, Sarawak. A load-following dispatch strategy is
applied, in which the micro-hydro generator supplies the base load while the util-
ity grid provides support during periods of low stream flow. This approach pro-
motes efficient use of renewable energy and a continuous power supply to the
connected settlements. With a 20 m head, a design flow of 100 L/s, and an effi-
ciency of 85%, the nominal turbine capacity is 16.7 kW. During high-flow periods,
HOMER Pro allows up to 150% of the design flow, resulting in peak outputs of up
to 21.3 kW.

The main simulation parameters are as follows:

1) Hydro turbine nominal capacity: 16.7 kW.

2) Design flow rate: 100 L/s (minimum or maximum flow ratio: 50% or 150%).

3) Available head: 20 m (pipe head losses: 15%).

4) Grid connection: 415 V, 50 Hz.

5) Hydro turbine efficiency: 85 %.

6) Simulation time step: 1 hour.

In addition to technical parameters, HOMER Pro requires economic parame-
ters for a complete system model. A project lifetime of 25 years and a discount
rate of 8% are applied to reflect typical financing conditions for rural electrifica-
tion projects in Malaysia. Although economic assessment is not the primary focus
of this study, these input parameters help ensure a realistic representation of the

long-term system performance.

2.5. Experimental Setup

To validate the simulation model, an experimental setup is implemented using the

Lucas-Nuelle Training System integrated with SCADA monitoring. The setup
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Synchronization unit
Utility grid

Standalone generator

Control unit

replicates the grid-connected microgrid configuration modeled in HOMER Pro,
allowing controlled testing under both hydro-dominant and grid-support operat-
ing modes. The experimental setup consists of a 1 kW standalone generator,
which emulates a micro-hydro generator. This scaled-down generator is used to
validate the control logic and power sharing behavior rather than to reproduce
the full power performance of the actual microgrid system. A synchronization
unit, a control unit for automatic synchronization, and a utility grid supply are
connected via a 150 km equivalent transmission line. Power quality meters are
installed at measurement points to record voltage, current, active/reactive power,
power factor, and frequency. Two settlement loads represented by resistive and
RLC (resistive, inductive, and capacitive) loads are connected to the common AC
bus to simulate typical rural load demand. The SCADA interface continuously
records real-time electrical parameters, including voltage, current, and power.
The complete experimental setup is shown in Figure 4.

Two test conditions are performed:

1) Hydro-dominant operation.

2) Grid-support operation.

Data are captured via SCADA at one-second intervals for analysis in Chapter 3.

Busbar Power quality RLC

Resistive  150km equivalent
SCADA loads transmission line
Power quality
meter

Figure 4. Experimental setup using Lucas-Nuelle Training System.

3. Results and Discussion
3.1. Simulation Results Using HOMER Pro

Figure 5 shows that during months with sufficient rainfall (January-June and Oc-
tober-December), the hydro generator supplied a steady output of 21.3 kW, meet-
ing most of the load. The utility grid supplied the remaining portion of the de-
mand. During the months of low rainfall (July-September), stream flow fall below

the turbine’s minimum operating requirements (approximately 150 L/s). This
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causes the hydro generator output to drop to zero. As shown in Figure 6, the sys-

tem automatically shifted to the utility grid, which supplied up to 25 kW during

peak hours to maintain power balance and ensure an uninterrupted power supply

to the two settlements. Overall, the simulation confirms that the grid effectively

supports the micro-hydro system during low rainfall periods, ensuring reliable

power delivery throughout the year.

Hydro Power Output Daily Profile
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15.00 - 15.00 15.00 - 15.00 -
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Figure 5. Daily hydro generator output for every month.
Grid Purchases Daily Profile
Jan Feb Mar Apr
35.00 - 35.00 35.00 35.00
30.00 - 30.00 - 30.00 - 30.00 -
25.00 25.00 25.00 - 25.00
20.00 20.00 20.00 - 20.00
15.00 - 15.00 15.00 - 15.00
10.00 10.00 10.00 10.00 -
5.00 5.00 5.00 5.00 1
| D \\ e /RN
0.00 —tN 0.00 v 0.00 ~ L\ 0.00 T
0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18
May Jun Jul Aug
o 35.00 4 35.00 35.00 35.00
é 30.00 - 30.00 - 30.00 - 30.00-
2 25.00 - 25.00 - 25.00 - 25.00
£ 20,00 20.00 - 20.00 20.00-
g 15.00 4 15.00 - 15.00 15.00-
5 10.00 - 10.00 - 10.00 10.00
§ 5.00 5.00 - 5.00 5.00-
0.00 ———4 > 00—~ 000 0.00
0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18
Sep Oct Nov Dec
35.00 35.00 35.00 35.00
30.00 - 30.00 | 30.00 30.00 -
25.00 25.00 25.00 25.00 -
20.00 20.00 | 20.00 20.00 -
15.00 - 15.00 - 15.00 - 15.00 -
10.00 - 10.00 - 10.00 - 10.00
5.00 /\ 5.00 5.00 5.00 -
0.00 +— — - - 0.00 /\7/_\7“& 0.00 7/\7/\4\k 0.00 7LAA
0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18

Figure 6. Daily grid supply for every month.
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3.2. Experimental Validation Using Lucas Nuelle Training System

The Lucas-Nuelle Training System is used to replicate the microgrid operation
under both hydro-dominant (normal stream flow) and grid-support (low stream
flow) conditions. As shown in Figure 7, under normal stream flow conditions, the
standalone generator supplied both settlement loads (235 W and 216 W), scaled
from the simulation data to the microgrid model in HOMER Pro. The generator
current increased proportionally with the load, while the utility grid delivered no
active power. Throughout the test, the system voltage remained stable, and the
power factor was close to 1.0, indicating efficient power delivery with minimal
reactive power involvement.

Under low stream flow conditions, illustrated in Figure 8, the generator output
decreased while the utility grid increased its active power contribution to maintain
a constant supply to the settlement loads. During this automatic power redispatch,
the generator current dropped while the grid current rose, demonstrating effective
power-sharing coordination between the two sources. The transition between hy-
dro and grid supply occurred smoothly, with voltage remaining stable, and the
power factor decreasing slightly to 0.85 - 0.90. This reduction in power factor in-
dicates an increase in reactive power demand, which in real-world deployment
would require appropriate reactive compensation, such as capacitor banks, to
maintain voltage stability and minimize distribution losses. This behavior is con-
sistent with grid-support operation in microgrid environments.

These experimental results validate the control strategy of the Lucas-Nuelle
Training System and confirm the load-following behavior observed in the
HOMER Pro. Overall, the grid functions as a reliable backup source during peri-
ods of insufficient hydro generation, ensuring continuous service and operational

stability for rural electrification.

I Voltage (V)
Power Factor

“1 ] # T ‘Stand-alone generator
/ 14 | | |active power(W) supplied
; ' 0 T T -Current (A)

"Settlement 1 (W)
Settlement 2 (W)

ive Power (VAr)

Utility Grid
active power(W) supplied

i ) 3 % % » %

Figure 7. SCADA logger during hydro-dominant operation.
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Current (A)
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Figure 8. SCADA logger during grid-support operation.

4. Conclusion

This study presents the simulation and experimental validation of a grid-con-
nected microgrid system for rural electrification in Sri Aman, Sarawak. The results
show that the proposed system can operate under varying resource conditions,
with the micro-hydro generator supplying the base load power and the utility grid
maintaining continuous power during periods of low stream flow. Experimental
testing further validates the load-following behavior observed in the simulation,
confirming stable voltage, effective power dispatch, and smooth transitions be-
tween hydro and grid operation. Overall, the study provides a validated approach
for implementing grid-connected microgrids in rural Malaysia, supporting na-
tional energy sustainability initiatives and contributing toward the achievement
of Sustainable Development Goal 7. Future work will extend this analysis to in-
clude additional renewable energy technologies, such as solar PV and battery stor-
age, to support the development of larger and more resilient rural microgrid sys-

tems.
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