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Abstract

To reduce dependence on diesel-based power generation and
associated carbon emissions, the Government of Timor-Leste has
initiated the development of a 15 MWp on-grid solar photovoltaic (PV)
power plant within the EDTL RAEOA operational area. While this
initiative supports the national clean energy transition and rising
electricity demand, high PV penetration poses voltage and frequency
stability challenges, particularly in medium-voltage distribution
networks of small island power systems. This study presents the first
comprehensive assessment of voltage and frequency stability
resulting from the integration of a 15 MWJp on-grid PV system into the
real 20 kV EDTL RAEQOA distribution network. The analysis is
conducted under both steady-state and dynamic operating conditions
using a case-study-based simulation approach. System performance
before and after PV integration is evaluated to quantify changes in
power quality and stability. The results indicate a substantial
improvement in voltage profiles following PV integration. The
minimum voltage level increases from 92.36% under pre-integration
conditions at Bus 151 to 96.99% at Bus 212 after PV connection,
demonstrating effective voltage recovery within the distribution
network. Frequency response remains within acceptable limits under
dynamic disturbances, indicating that high PV penetration does not
adversely affect frequency stability. By simultaneously evaluating
voltage and frequency stability at the medium-voltage level, this
study provides a more comprehensive stability assessment than
most existing PV integration studies, which often focus on a single
domain or higher-voltage systems. The findings confirm the technical
feasibility of large-scale PV integration in weak and isolated
distribution networks and offer practical insights for renewable
energy deployment in small island power systems such as Timor-
Leste.
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INTRODUCTION environmental

concerns

and economic

The utilization of electrical energy plays a
fundamental role in modern society, as it directly
influences quality of life and economic productivity
[1]. However, continued reliance on fossil fuels,
particularly diesel-based generation, has led to

vulnerability due to volatile global oil prices. These
challenges have encouraged many countries,
especially developing and island nations, to
accelerate the transition toward renewable and
sustainable energy systems [2].
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The Oé-Cusse District, illustrated in Figure
1, is part of the Regido Administrativa Especial de
0Oé-Cusse Ambeno (RAEOA), an autonomous
region of Timor-Leste established to promote
accelerated socioeconomic development and
regional integration. As part of national
development strategies, RAEOA has been
prioritized for infrastructure investment, tourism
development, digital services, and industrial
activities aimed at stimulating trade, employment,
and private sector participation.

National demographic data indicate that
Timor-Leste’s population has reached
approximately 1.3—1.4 million in recent years, with
a predominantly young demographic profile, which
implies increasing demand for employment, public
services, and a reliable electricity supply [3].
Consequently, ensuring a resilient and
sustainable electricity system has become a
strategic priority for supporting economic
development and improving living standards.

Electricity supply in Timor-Leste is currently
dominated by diesel-fueled generation due to
limited alternative fuel infrastructure and network
constraints. This dependence results in high
operational costs and fiscal burdens for the
national utility, as diesel fuel must be imported.
Previous studies indicate that fuel procurement
typically represents 80—-90% of total generation
costs in diesel-dominated systems, while national
expenditures for imported fuel in the power sector
exceed US$10 million annually. With the levelized
cost of electricity from diesel generation reaching
approximately US$0.42/kWh and tariffs often
maintained below cost-recovery levels through
subsidies, continued reliance on diesel generation
raises both economic and environmental concerns
[4][5].

Sawusee

Lifau $ Pa,rre Macassar

Maqifelatl
Fatu Sinai -
Macassar

® Baqui

OECUSSE

Citrana
°
Nitibe o

WESTTIMOR
(INDONESIEN)

Bisae Sunan,
1560m

Figure 1. OECUSSE District of Timor Leste

In addition to high costs, diesel-based generation
also contributes to greenhouse gas emissions and
increased maintenance requirements, which may
affect long-term system reliability.

In response to these challenges, the
Government of Timor-Leste has initiated
renewable energy programs with support from
international partners such as the United Nations
Development Programme (UNDP) and the
Government of Japan. Initiatives including the
Pacific Green Transformation Project have
introduced solar energy systems for rural
households and public facilities, building upon
earlier policies, such as the 2008 Rural Energy
Policy that promoted small-scale photovoltaic (PV)
installations and mini-hydropower development in
several districts [6].

The integration of photovoltaic generation
has attracted significant research attention due to
its potential to reduce fossil fuel dependence and
operating costs. Nevertheless, high PV
penetration introduces technical challenges
related to voltage regulation, power quality, and
system stability [7] with numerous studies
reporting that large-scale PV integration may
cause voltage fluctuations, harmonic distortion,
and hosting capacity limitations in distribution
networks [8]. These issues are particularly critical
in weak grid environments characterized by low
inertia and limited short-circuit capacity, where
inverter-based resources may amplify voltage and
frequency instability [9]. Additional studies further
highlight the nonlinear and system-dependent
nature of PV impacts on voltage balance,
frequency response, and transient stability, which
vary according to network topology, penetration
level, and control strategies [10, 11, 12].

Despite these advances, however, most
existing studies focus on simplified benchmark
systems or transmission-level networks with
relatively few investigating real medium-voltage
distribution systems in isolated island power grids.

In Timor-Leste, renewable energy projects
remain predominantly small-scale or off-grid, and
the technical impacts of large grid-connected PV
plants on the 20 kV distribution network of the
Electricidade de Timor-Leste (EDTL) system in
RAEOA have not been comprehensively
evaluated. This gap is particularly significant given
that the planned integration of a 15 MWp solar PV
plant corresponds to approximately 87% of the
existing diesel generation capacity, representing
an extremely high penetration level for an isolated
system.
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Therefore, this study investigates the
integration of a 15 MWp grid-connected solar
photovoltaic power plant into the 20 kV distribution
network of the EDTL RAEOA system using
steady-state and dynamic simulation approaches.
The analysis evaluates both voltage and
frequency performance under normal operating
conditions and disturbance scenarios in order to
assess the technical feasibility of high-penetration
PV integration while maintaining system stability
and power quality.

The main contribution of this research lies
in its comprehensive evaluation of voltage and
frequency stability in a real medium-voltage
distribution network with very high PV penetration.
Unlike studies based on simplified models, this
work analyzes an operational 20 kV distribution
system and provides quantitative comparisons
between pre-integration and post-integration
conditions. By simultaneously examining voltage
profiles and frequency response characteristics,
the study offers a holistic assessment of
renewable integration impacts in weak island
power systems, providing valuable technical
insights for future renewable energy planning in
developing and isolated grids.

The novelty of this study lies in its
comprehensive stability assessment of high-
penetration photovoltaic (PV) integration in a real
isolated medium-voltage distribution system.
Unlike many previous studies that rely on
simplified benchmark networks or analyze voltage
and frequency stability separately, this research
simultaneously evaluates both voltage and
frequency stability in the operational 20 kV
distribution network operated by Electricidade de
Timor-Leste (EDTL) in the Regido Administrativa
Especial de Oecusse-Ambeno (RAEOA), Timor-
Leste. By analyzing the integration of a 15 MWp
grid-connected solar PV plant—representing an
exceptionally high penetration level relative to the
existing diesel generation capacity—the study
provides new insights into the stability challenges
and operational behavior of renewable-integrated
island power systems.

The 20 KV Diesel Power Network of EDTL in
RAEOA, Timor-Leste

Providing reliable electricity remains a
major challenge in many developing countries,
particularly in remote and isolated regions such as
the Regido Administrativa Especial de Oecusse-
Ambeno (RAEOA) in Timor-Leste. In the absence
of an interconnected national grid, electricity
supply in RAEOA relies primarily on diesel power
plants operated by Electricidade de Timor-Leste

dispatchability, fast start-up capability, and
operational reliability, enabling the supply of base
load, peak demand, and emergency power in
weak grids [13].

Electricity from these diesel plants is
distributed through a 20 kV medium-voltage
network, widely used in rural areas to balance
efficiency, voltage regulation, and investment
cost. Such systems include transformers, radial
feeders, and protection devices to maintain power
quality and reliability [14]. However, heavy
reliance on diesel generation creates significant
economic and environmental challenges. Fuel
import dependency exposes the sector to price
volatility and high operating costs while
simultaneously increasing greenhouse gas
emissions [15]. In many small-island systems, fuel
expenditures account for 60-80% of total
operating costs, making electricity supply highly
sensitive to fuel price fluctuations [16].

These challenges have encouraged
renewable energy integration, particularly solar
photovoltaic (PV) systems. In tropical regions
such as Timor-Leste, solar energy is a locally
available resource capable of reducing fuel
consumption and emissions. As such, hybrid
diesel-PV systems have therefore attracted
attention due to their potential to lower operating
costs and improve sustainability [17]. However,
inverter-based PV integration also introduces
technical challenges in weak networks, including
voltage regulation issues, frequency instability,
and reduced system inertia.

In response, the Government of Timor-
Leste, supported by international partners such as
the United Nations Development Programme
(UNDP), has promoted renewable deployment
through policies such as the Rural Energy Policy.
These initiatives encourage decentralized
solutions, including off-grid, mini-grid, and hybrid
systems, to enhance energy security and reduce
fuel dependency [18][19]. Within this framework,
the planned installation of a 15 MWp grid-
connected PV plant in RAEOA represents a
significant step toward hybrid diesel, PV operation
within the existing 20 kV network.

Previous studies show that high PV
penetration can significantly affect the operation of
weak or isolated systems, emphasizing the need
for load flow, short-circuit, and dynamic stability
analyses to evaluate interactions between diesel
generators and inverter-based PV resources.
Without proper control, high PV penetration may
cause voltage rise, power fluctuations, and
reduced system inertia. Consequently, modern
hybrid systems rely on energy management

(EDTL). Diesel-based generation continues to systems (EMS) and grid-supporting inverters
dominate isolated systems due to its
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capable of providing reactive power support,
voltage regulation, and frequency response [20].

For RAEOA, transitioning to a hybrid
diesel-PV system can improve resilience, reduce
fuel dependency, and alleviate fiscal pressure on
EDTL while supporting sustainable development.
Although diesel generation will remain dominant in
the near term, the existing 20 kV infrastructure
provides a practical platform for gradual
renewable integration, making RAEOA a
representative case for isolated power systems in
Timor-Leste and similar regions.

System Stability

System stability is a fundamental attribute
of power system performance, reflecting the
system’s ability to maintain a state of operating
equilibrium under normal conditions and to regain
an acceptable steady-state following a
disturbance. Such disturbances may include
transient faults, abrupt load variations, or the
sudden tripping of generation units. A stable
power system must be capable of preserving
synchronism among all interconnected machines,
sustaining voltage magnitudes within permissible
limits, and maintaining system frequency close to
its nominal value during both steady-state and
dynamic operating conditions. In technical terms,
system stability encompasses the dynamic
response of generators, network elements, and
control systems to disturbances [21][22]. The
power system stability classification is shown in
Figure 2.

Voltage Stability

Voltage stability is a critical requirement for
reliable power system operation, particularly in
networks with high penetration of renewable
energy sources such as photovoltaic (PV)
generation. It refers to the ability of a power
system to maintain acceptable voltage levels at all
buses under normal operating conditions and
following disturbances such as load changes,
generator outages, or fluctuations in renewable
generation [23][24].

Rotor Angle Frequency Voltage
Stbility Stability

I_I_l

Small-Disurbance
Voltage Stability

Transient Large-Disturbance
Stability Voltage Stability

Short-Term

Figure 2. Power system stability classification

Small-Disturbance
Angle Stability

Voltage instability generally occurs when
the system is unable to supply the reactive power
required by the load. This condition is commonly
observed in weak transmission or distribution
networks, especially at the ends of long feeders
where reactive power support is limited. An
imbalance between reactive power demand and
supply may lead to progressive voltage reduction
and eventually voltage collapse, a condition in
which bus voltages decline uncontrollably and
may result in widespread system outages [25].

The mechanism of voltage instability can be
explained using the power transfer relationship in
a simple two-bus system. The active and reactive
power transferred between buses depend on the
bus voltages and the line reactance:

P:VSV’ sind @)
X
Q —E(V cos(0)-V)) (2)
- X S r

where (P) and (Q) denote active and reactive
power, (Vs) and (V;) represent the sending and
receiving end voltages, (X) is the line reactance,
and (0) is the power angle. These relationships
indicate that a reduction in receiving-end voltage
(V/) increases reactive power demand, which may
exceed the network’s reactive power capability.

Rotor Angle Stability

Rotor angle stability refers to the ability of
synchronous generators in a power system to
maintain synchronism following a disturbance,
such that relative rotor angles remain bounded
and do not diverge uncontrollably. In isolated and
weak power systems such as the RAEOA
distribution network, where system inertia is
primarily provided by diesel-driven synchronous
generators, rotor angle stability becomes a critical
dynamic performance criterion, especially under
increasing  penetration  of  inverter-based
renewable energy sources [26][27].

In synchronous machines, electrical power
transfer is inherently linked to the torque (power)
angle, denoted by &, which represents the angular
displacement between the rotor magnetic field and
the stator rotating magnetic field. Under steady-
state operating conditions, the mechanical input
power (Pn) supplied by the prime mover is equal
to the electrical output power (Ps) delivered to the
network, and the rotor rotates at synchronous
speed:

2
P, =P = d_;? =0 (3)
dt

However, when a disturbance occurs, such
as a short circuit, sudden load change, or
generator tripping, this power balance is
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temporarily disrupted. The resulting mismatch
between mechanical and electrical power
produces an accelerating or decelerating torque
on the rotor, causing its angular position to change
dynamically. The dynamic  behavior of
synchronous machines under disturbances is
governed by the swing equation, which relates
rotor acceleration to the mismatch between
mechanical input power and electrical output
power,
2

M _, "
w, dt*
where:
H is the inertia constant of the synchronous
generator (s), ws = 2nfis the synchronous angular
speed (rad/s), dis the rotor angle (rad), Pn is the
mechanical input power (p.u), Pe is the electrical
output power (p.u).

The difference Ps = Py - Pe is commonly
referred to as the accelerating power. A positive
accelerating power causes rotor acceleration,
increasing 6, while a negative accelerating power
results in rotor deceleration.

The electrical output power of a
synchronous generator connected to a network
can be approximated by the power—angle
relationship:

P, =P, . sinod (5)

where Pmax is the maximum transmittable
electrical power, determined by generator internal
voltage, system voltage, and transfer reactance.
This nonlinear relationship implies that as o
increases, the electrical power output increases
up to a stability limit. If 5 exceeds a critical value,
the generator may lose synchronism.

In the context of the RAEOA power system,
rotor angle stability is influenced by the total
available synchronous inertia. The integration of
large-scale solar PV generation reduces the
loading and dispatch of diesel generators, thereby
decreasing the number of online synchronous
machines and the effective inertia of the system.
Although PV systems do not directly participate in
rotor angle dynamics, their displacement of
synchronous generation increases the sensitivity
of rotor angles to disturbances by amplifying the
acceleration term in the swing equation.
Therefore, ensuring rotor angle stability in high-PV
penetration scenarios requires careful evaluation
of system inertia, disturbance severity, and post-
fault power recovery [28][29]. This theoretical
framework provides the basis for the quantitative
rotor angle stability assessment conducted in the
subsequent analysis section, where pre- and post-

PV integration scenarios are evaluated under
realistic disturbance conditions.

Frequency Stability

Frequency stability is a fundamental aspect
of power system performance, defined as the
ability to maintain stable frequency following
disturbances that create imbalances between
generation and load. While voltage stability is
governed by reactive power, frequency stability
depends on the balance of active power. In
conventional systems, frequency regulation is
supported by the rotational inertia of synchronous
generators, which store kinetic energy and buffer
sudden imbalances. Following disturbances such
as generator outages or load changes, the system
response is determined by inertia and control
mechanisms such as governors and automatic
generation control (AGC) [30].

The increasing penetration of inverter-
based renewable energy sources (IBRES), such
as solar PV and wind, has significantly reduced
system inertia [31][32]. Unlike synchronous
machines, inverter-based resources do not
inherently provide kinetic energy, leading to faster
frequency deviations and higher Rate of Change
of Frequency (RoCoF) after disturbances [33].
Since RoCofF is inversely proportional to system
inertia, lower inertia results in more rapid
frequency variations [34].

This issue is particularly critical in weak or
isolated grids such as the 20 kV network operated
by Electricidade de Timor-Leste (EDTL) in the
Regido Administrativa Especial de Oecusse-
Ambeno (RAEOA), Timor-Leste, where renewable
penetration can be high. Sudden reductions in
solar output, due to irradiance fluctuations or
inverter tripping, may produce large RoCoF
values, increasing the risk of under-frequency load
shedding (UFLS) and system instability [35].

The RoCoF quantifies the initial dynamic
response of the system frequency immediately
following a disturbance. It is defined as the time
derivative of system frequency and can be
expressed as:

_df
RoCoF = 7 (Hz/s) (6)

The classical swing equation (per machine or
aggregated) in mechanical/angular form is,

2H do _

P -P  (p. 7
o ar im L (p-w) @)
do_o, U 8)
dt dt

Substitution to (1),
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af _ fo
dt 2H
Then (1) becomes,

RoCoF = a = f—o AP
dt 2H
where, AP = Pp, - P
With a system in MVA base Spase and a power
imbalance AP, then,

RoCoF = I = —fo AP
dt 2H syssbase

where, fp is the nominal frequency; o is the rotor
angle speed (rad/s); ws = 2nf is the synchronous
angular speed; Hsys is the aggregated system
inertia constant, (S); Skase is the system base
apparent power (MVA); AP is the active power
imbalance (MW) following the disturbance; P, is
the mechanical input (pu); and Pe is the electrical
output (pu).

If the inverter control provides an active
power contribution of the form, then

af

Psyn (t) = E
with K in units MW-s/Hz (a proportional constant
representing how much power the converter
supplies per unit RoCoF). This control action is
equivalent to adding an inertia term Hnv to the
aggregated inertia such that:

K
1242%
2Sbase
Therefore, the effective inertia used in (11)

becomes,
Hef = Hsys + Hinv

(P, -F) 9)

(10)

(11)

(12)

(13)

(14)

N
ZHiSi
and, Hg, = LilS' (15)
base
This formulation is useful for estimating how much
synthetic inertia (or fast BESS injection

characterized by K) is required to limit RoCoF to
acceptable levels in RAEOA.

In the 20-kV of EDTL RAEOA network in
Timor-Leste, the challenge becomes even more
critical because such systems may be relatively
isolated and lack large synchronous generation
reserves. The loss of a diesel generator or cloud
cover affecting PV output can induce frequency
fluctuations if not properly managed.

METHOD

This study evaluates the technical impacts
of integrating a 15 MWp grid-connected solar
photovoltaic (PV) power plant into the existing 20

kV distribution network operated by EDTL in
RAEOA, Timor-Leste. The analysis combines
steady-state and dynamic simulations to assess
voltage and frequency stability under different
operating conditions.

Step 1: A detailed electrical model of the RAEOA
20 kV system is developed using network data,
including generator  ratings, transformer
parameters, feeder impedances, and load
characteristics obtained from technical reports
and operational records. Typical daily load profiles
are applied to represent peak and off-peak
conditions. Where detailed manufacturer data are
unavailable, standard synchronous generator
parameters are adopted based on |IEEE
recommendations. The baseline configuration
represents the existing diesel-based generation
system (PLTD) supplying the network.

Step 2. A PV integration scenario is then
introduced by connecting a 15 MWp solar power
plant (PLTS) to the 20 kV network. Two operating
scenarios are considered: (1) pre-integration,
representing the diesel-only system, and (2) post-
integration, representing the hybrid diesel-PV
configuration.

Step 3: Steady-state load flow analysis is
conducted to evaluate bus voltage profiles and
power flow distribution for both scenarios. Voltage
stability is assessed using the Fast Voltage
Stability Index (FVSI) to identify buses that are
most vulnerable to instability.

Step 4: Dynamic simulations are performed to
analyze system frequency response under
disturbance conditions. The analysis includes
evaluation of equivalent system inertia (Heq) and
the Rate of Change of Frequency (RoCoF)
following generation or load disturbances,
providing indicators of frequency stability
performance.

Step 5: Results from pre- and post-integration
scenarios are compared to quantify the impact of
PV penetration on voltage profiles, stability
margins, and frequency dynamics of the RAEOA
distribution network.

System Description and Modeling

The test system considered in this study is
the medium-voltage 20 kV distribution network
operated by EDTL in the RAEOA, Timor-Leste.
EDTL is responsible for electricity generation,
transmission, distribution, and retail services
nationwide. The single-line diagram of the RAEOA
system is shown in Figure 3.

The system is modeled using a positive-
sequence representation of the 20 kV network.
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Figure 3. The single-line diagram of the EDTL RAEOA system

Diesel generators are represented by sixth-order
synchronous machine models equipped with
automatic voltage regulators (AVR) and governor
systems to capture dynamic behavior.

Loads are modeled as a combination of
constant power and constant impedance
components, while the network includes feeders,
transformers, and interconnecting buses.

A 15 MWp grid-connected photovoltaic (PV)
power plant is integrated into the model to
evaluate its impact on system performance. The
modeling incorporates key parameters including:
(1) PV inverter characteristics (control mode,
reactive power capability, and grid-support
functions), (2) load characteristics (peak demand,
load factor, and power factor), and (3) network
parameters (line impedances and transformer
specifications). Detailed parameter values are
provided in Table 1, Table 2 and Table 3.

Studied Scenarios and Disturbances
Several operating scenarios are evaluated
to assess the stability performance of the RAEOA
power system under different conditions:
1. Base case scenario: existing diesel-based
system without PV integration.
2. PV integration scenario: hybrid diesel-PV
system with a 15 MWp grid-connected solar
power plant.

3. Load disturbance scenario: sudden load
increase or load shedding events.
4. Generation disturbance scenario: diesel

generator tripping or short-circuit faults within
the network.
These scenarios allow evaluation of both normal
operating conditions and dynamic disturbances
that may affect system stability.

Table 1. PV Inverter Specifications (15 MWp On-Grid)

Parameter

Value / Description

PV installed capacity
Inverter rated AC capacity
DC/AC ratio

Inverter type

Control mode

Reactive power capability
Power factor range
Voltage support
Frequency support

Grid code compliance

15 MWp

12 - 15 MW (utility scaled)
1.1-1.25

Grid following (PLL-based)

Active power control (P-V), Reactive power
control (Q-V)

+ 0.33 p.u (based on inverter rating)
0.95 (lagging) — 0.95 (leading)
Enable (Q-V droop)

No synthetic inertia (baseline case)
IEEE 1547 / |[EC 61727 (assumed)
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Table 2. Load Characteristics of RAEOA 20-kV Distribution Network

Parameter

Value

PV installed capacity
Peak load demand
Minimum load

Load factor

Load model

Average power factor
Load distribution
Daily load profile

15 MWp

12 - 14 MW

5-6 MW

0.60 — 0.65

Constant P-Q

0.85 (lagging)

Radial, spread across 20-kV buses
Typical island grid (evening peak)

Table 3. Network and Equipment Parameters

Component

Specification

PV installed capacity
Nominal voltage
Network topology

Line resistance (R)

Line reactance (X)
Transformer ratings
Transformer impedance
Frequency

Grid type

15 MWp

20 kV

Radial distribution feeder
0.3 -0.6 Q/km

0.4 — 0.8 Q/km

20/0.4 kV, 250 — 1000 kVA
4-6%

50 Hz

Weak / isolated system

Stability Analysis Methods

Both steady-state and dynamic stability
analyses are performed. Steady-state load flow
analysis is used to evaluate bus voltage profiles
and power flow distribution across the network.
Voltage stability is assessed using the Fast
Voltage Stability Index (FVSI) to identify buses
that are most vulnerable to voltage instability [36].

Dynamic simulations are conducted by
solving the swing equation of synchronous
generators under various disturbance conditions
and key dynamic variables such as rotor angle
deviation, system frequency response, and bus
voltage variations are monitored to evaluate
system stability. The analysis also considers
equivalent system inertia and the Rate of Change
of Frequency (RoCoF) as indicators of frequency
stability performance.

Performance Indices and Evaluation Criteria

The performance of the system is evaluated
using several quantitative indicators: (1) maximum
rotor angle deviation, (2) frequency nadir and Rate
of Change of Frequency (RoCoF), (3) bus voltage
deviation and voltage recovery characteristics,
and (4) Fast Voltage Stability Index (FVSI). The
flow-chart of the system study is indicated in
Figure 4. The system is considered stable if all
variables remain within acceptable operational
limits defined by international power system
operational standards.

START

Literature Review

Design SLD of
The System

Input Data
Generator,
Transformer,
Line, Loads

vesen ||

N
Voltage Bus within
the limits
Y

Run Dynamic System

Run Loadflow ‘ ’ Capacitor Banks
N

Record for RoCoF
& FVSI

Print Results

STOP

Figure 4. Flowchart of the system study

Simulation Tools and Validation Approach

All  simulations are conducted using
industry-standard  power system  analysis
software. Model validation is performed by
comparing steady-state results with actual
operating data from the RAEOA system to ensure
consistency and reliability.
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Simulation Results

As explained in previous section, there are
four scenarios applied to analyze the system
performance, a base-case (no PV), moderate PV
integration, high penetration PV, and disturbance
of release the PV system. The voltage profile with
and without PV integration is shown in Figure 5.

Based on the existing system of EDTL
RAEOA without integration of PLTS as a base
case, the system consists of one main bus of 20-
kV and five feeders with 120 buses. The voltage
profiles of the buses in the feeders without PLTS
integration are shown in Figures 5, 6, 7, 8, and 9,
respectively. It can be seen from the simulation
results that the worst and the highest voltage
profiles of the system are 92.36% at Bus 151 and
100% at Bus 9, respectively, before the integration
of PLTS.

When the PLTS is integrated into the
system, the voltage profiles of each bus are
increased, and the voltage at Bus 151 increased
to 95.1% or increased 2.74% while the highest
voltage of 100% is at Bus 3, Bus 8, and Bus 9.
Overall, the bus voltages are increased above
95% and this indicates the impact of PLTS
integration to improve the voltage profiles.

From Figure 5, it can be seen that the bus
voltage profiles at feeder 1 are still within
acceptable limits with and without PLTS
integration.

Bus Voltage Profiles at Feeder 1
® Voltage without PLTS ~ W Voltage with PLTS
99,5

9
98,5
3
975
.
96,5
6
95,5
95
81 8 3 85

Bus Number

Voltage (%)
© ©

<

©

Bus Voltage Profiles at Feeder 2
Voltage without PLTS = Voltage with PLTS

100
99
98

S o7
P
EXS
S 9
s 9
94
3]
)
91

Figure 5. Bus voltage profiles at Feeder 1 with
and without PLTS integration
2 26 57 58 63 86 87 88 89 91
Bus Number

Figure 6. Bus voltage profiles at Feeder 2 with
and without PLTS integration

As shown in Figure 6, the voltage profiles at
feeder 2 before and after PLTS integration. Three
buses experienced undervoltage levels, such as
Bus 26, Bus 86, Bus 87, Bus 88, and Bus 89,
before the PLTS integration and were increased to
acceptable limits after integration of PLTS. The
bus voltage profiles at feeder 3 are shown in
Figure 7. A few buses indicated undervoltage
levels before PLTS integration and increased to
acceptable levels with the PLTS integration. It can
also be seen from Figures 7, 8, and 9 that the bus
voltage profiles at feeders 3, 4, and 5 are
increased significantly above 97%. This condition
shows that the impact of integration of PLTS
contributes to voltage stability of the whole
system, reduces distribution losses, and increases
the system efficiency.

Bus Voltage Profiles at Feeder 3
m Voltage without PLTS ~ ® Voltage with PLTS

1 32 93 94 95 96 97 98 99 100 101
Bus Number

Figure 7. Bus voltage profiles at Feeder 3 with
and without PLTS integration
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Figure 8. Bus voltage profiles at Feeder 4 with
Bus Voltage Profiles at Feeder 5
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and without PLTS integration
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Figure 9. Bus voltage profiles at Feeder 5 with
and without PLTS integration
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Investigation into the frequency impact of
the system with and without integration of the PV
in moderate, high penetration, and disturbance
event is described below.

When the PV of 7.5 MWp and 15 MWp
integrated to the main grid, the system frequency
experienced oscillation with decline of the
frequency value, as shown in Figure 10 and Figure
11, respectively.

When the PV system was released, the
frequency experienced large oscillation compared
to the previous event, as shown in Figure 12.

Frequency profiles before & after integration of PV 7.5 MWp

—— before PV integration

after PV integration

Frequency (%)

Figure 10. Frequency profiles with and without
PV integration of 7.5 MWp

Frequency profiles before & after integration PV 15.MWp

Figure 11. Frequency profiles with and without
PV integration of 15 MWp

Frequency profiles before and after PV 15 MWp released

- —— before released PV —— after released PV
100,005

100,004

S 100,002

Figure 12. Frequency profiles when releasing the
PV of 15 MWp from the grid

RESULTS AND DISCUSSION

A Steady-state Voltage Profile Analysis
Common System Parameters of RAEOA Data
Nominal frequency, fo = 50 Hz.

Diesel installed capacity, Ppies = 17.2 MW
System Power Base, Svase = 17.2 MVA

Diesel Inertia constant, H=4.5s

Representative disturbance for RoCoF, AP = 1
MW

fo AP

2Heq Sbase
The Voltage Stability Index Formulation (FVSI),
477%Q. —
FVSIz%; Z; =\|R; + X
V.

Y Y
[}

RoCoF =

1. Base-Case: Operation without Renewable
Penetration (Diesel-Only)
Equivalent Inertia,

RoCoF = _fo__, AP
oH

eq base
Frequency deviation (initial),

Af(t) ~ RoCoF x ¢
Att=0.5s, Af ~0.32x0.5~0.16 Hz
This condition indicates strong inertia response,
slow frequency decline, and is well within
operation limits.

=0.32Hz/s

2. Case-1: Operation with Renewable
Penetration of PV = 7.5 MWp
PV penetration level:

75
PVoen * 173

Equivalent Inertia
At moderate PV penetration, most diesel units
remain online, Heq = 3.8 s.

RoCoF = 50 XL=0.38 Hz/s
2x3.8

17.2
Frequency deviation at 0.5 s,

Af(t) * RoCoF xt ~0.38x0.5~0.19 Hz/ s

This interpretation shows that the voltage profile
improves locally near PV buses, frequency
stability remains strong, and diesel inertia is still
dominant, with the system in a safe operation
region.

x100% ~ 43.6%

The Voltage Stability Index

Reactive Power Condition

PV operates near unity PF with inverter VAR
support, Q; = 3.0 MVAr
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FVSI calculation,
2
ST = 4(0.38)7(3.0) B 1.73 _

- = ~0.40
1.0)%(0.35)  0.35

Voltage profile
Vj ~0.98-1.01 p.u

This condition indicates a strong voltage margin,
that PV improves local voltage support, and the
system is in stable operation.

3. Case-2: PV Increased to 15 MWp
PV Penetration Level:
15

PV = 15 <100% = 87%

Reduced Equivalent Inertia
Assuming partial diesel unloading, Heq = 2.8 s,

RoCoF=—22 1 _059Hz/s
2x2.8

17.2
Frequency deviation at t = 0.5 s,

Af(t) ~ RoCoF xt ~0.52x0.5~0.26 Hz / s

This indicates that significant voltage support from
PV results in faster frequency decline, and
reduced stability margin. The system s
acceptable but critical.

The Voltage Stability Index

Reactive Power Condition

Increased inverter VAR exchange and reverse
power flow, Q; = 4.5 MVAR

FVSI calculation,

oF - 4(0.38)%(4.4) 260 _
(1.0)%(0.35)  0.35

0.74

Voltage profile
V;~1.02-1.05p.u

This condition indicates voltage rise begins to
dominate with reduced stability margin and the
system in marginal condition but acceptable.

4. Case-3: Release / Loss of 15 MWp PV

This represents cloud transient, inverter trip, or PV
plant disconnection.

Sudden Power Imbalance, AP = -15 MWp
Equivalent Inertia

Diesel units remain online but initially overloaded,
Heq=28s

RoCoF = 50 15

x——="7.7T9Hz/s
2x2.8

17.2
Frequency Drop (0.2 s),
A ~7.79%x0.2~1.56 Hz /s

f~48.44 Hz

This condition indicates that very high RoCoF has
high risk of under-frequency protection, and diesel
governors alone are insufficient. This is
unacceptable without fast mitigation.

The Voltage Stability Index

Reactive Power Condition
Loss of inverter VAR support — diesel absorbs
reactive demand, Q; = 7.0 MVAR

FVSI calculation,

4(0.38)*(7.0)  4.04 _
(1.0)%(0.35) 0.35
Voltage profile: V; ~0.92-0.95p.u

This condition indicates sharp voltage drop, near-
collapse condition, and high voltage instability risk.
The comparative summary results of the scenario
of the RDTL RAEOA system are shown in Table 4
and Table 5.

Previous studies on PV integration have
largely focused on large interconnected
transmission systems. For example, studies on
the 150 kV Bali system [11] and the 500 kV Java—
Bali system with the integration of the Cirata
Floating PV plant mainly evaluated the impacts of
PV penetration on frequency response, voltage
stability, and system inertia [12]. The results
showed that increasing inverter-based generation
tends to reduce system inertia and affect
frequency stability, although the overall system
performance remained within acceptable limits
due to the strong interconnection and large
generation reserves available in these networks.

In contrast, the EDTL RAEOA system
represents a weak and isolated 20 kV distribution
network with a PV penetration level approaching
87% of the installed diesel generation capacity.
Under such conditions, the impacts of PV
integration on both voltage and frequency stability

FVSI = 0.91

become more pronounced than in large
interconnected  systems.  While  previous
renewable-dominated system studies have

highlighted the challenges of low inertia, increased
RoCoF, and voltage regulation in inverter-based
grids, they generally focus on conceptual analyses
or large-scale systems rather than real medium-
voltage island networks.

Therefore, the present study extends
existing research by simultaneously evaluating
FVSI-based voltage stability and inertia- and
RoCoF-based frequency stability in a real isolated
distribution system, providing practical insights
into the operational impacts of high PV penetration
in diesel-dominated island grids.
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Table 4. Rate of Change of Frequency (RoCoF) Summary

PV
PV . RoCoF
Case (MWp) Pen?:/::;ltlon (Hzls) Frequency Impact
Base case (diesel only) 0 0 0.78 Stable (well within protection limits)
Moderate PV integration 7.5 43.6 2.26 1.38 Stable-Marginal (acceptable but reduced
High PV integration inertia)
PV tri (sudden loss) 15.0 87.72 0.51 2.15 Critical (high RoCoF, protection risk)
-15.0 -87.72 >3.0 Unstable (likely frequency collapse or
load shedding)
Table 5. Voltage Stability Index (FVSI) Summary
PV PV Penetration Voltage Range
Case (MWp) (%) (p.u) FVSI System Impact
Base case (diesel only) 0 0 0.92-0.95 0.65 Weak-Stable
Moderate PV integration 7.5 43.6 0.98 -1.01 0.49 Stable
High PV integration
PV trip (sudden loss) 15.0 87.72 1.01 -1.05 0.30 Strong
-15.0 -87.72 0.88 — 0.91 0.88 Near Critical
CONCLUSION Finally, periodic review of frequency protection

This study evaluated the steady-state and
dynamic performance of the EDTL RAEOA 20 kV
distribution network following the integration of a
15 MWp grid-connected photovoltaic (PV) system
using detailed ETAP simulations. The results
demonstrate a significant improvement in voltage
profile, where the minimum bus voltage increased
from 0.9236 p.u. (Bus 151, pre-integration) to
0.9699 p.u. (Bus 212, post-integration). Dynamic
frequency analysis indicates a maximum
frequency overshoot of 100.015% (50.0075 Hz)
with a settling time of approximately 3—4 seconds,
while the calculated Rate of Change of Frequency
(RoCoF) remains low at = 0.038 Hz/s, confirming
stable dynamic behavior under the studied
disturbance. From a standards compliance
perspective, all post-integration  operating
conditions satisfy commonly adopted distribution
grid requirements.

Bus voltages remain within the £5%
statutory limits (0.95-1.05 p.u.), and frequency
deviations are well below under- and over-
frequency protection thresholds (49-51 Hz).
Furthermore, the observed RoCoF values are
substantially lower than typical protection relay
settings for small or isolated systems (0.5-1.0
Hz/s), indicating that the PV integration does not
compromise system protection coordination or
operational security. Based on these findings,
several operational recommendations can be
proposed for EDTL RAEOA.

First, continued deployment of utility-scale
PV systems up to comparable penetration levels
can be accommodated without requiring major
reinforcement of the existing 20 kV network.

Second, the implementation of coordinated
Volt—VAR control at PV inverters is recommended
to further enhance voltage regulation during high
irradiance and low load conditions.

settings is advised to ensure compatibility with
increasing inverter-based resource penetration
while maintaining adequate system security.
Despite these positive outcomes, this study
has several limitations. The analysis is based on a
deterministic simulation model and does not
explicity account for short-term PV output
variability caused by fast-moving cloud events. In
addition, load models are assumed to be static,
and detailed inverter control dynamics, such as
synthetic inertia or fast frequency response, are
not fully represented. Consequently, the results
primarily reflect average operating conditions
rather than extreme or stochastic scenarios.
Future research should therefore focus on
(1) incorporating high-resolution irradiance and
load variability data to assess voltage and
frequency performance wunder rapid PV
fluctuations, and (2) evaluating the impact of
advanced inverter-based control strategies,
including synthetic inertia and adaptive droop
control, on frequency stability and protection
coordination in the EDTL RAEOA network.
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