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Abstract

One of the defense schemes in power systems is Under Frequency Load Shedding (UFLS),
designed to mitigate cascading blackouts caused by frequency disturbances. UFLS op-
erates based on predetermined frequency thresholds and time delays, which inherently
characterizes it as a static protection mechanism and may cause unnecessary excessive or
insufficientload shedding. Therefore, an Adaptive Load Shedding (ALS) approach started
to gain popularity, which enables load shedding based on real-time conditions, partic-
ularly during generator outages. In this research, a comparative analysis is conducted
between the conventional UFLS method and a newly developed ALS scheme that inte-
grates the System Strength Index (SSI) to improve the system’s reliability, as evaluated
by Energy Not Served (ENS). The proposed ALS algorithm processes real-time feeder
load data, ranks the feeders by load magnitude in descending order, and optimizes the
load shedding setpoints by incorporating the SSI. The proposed method is simulated in
the Flores power system model using actual historical data for two load conditions: the
highest and the lowest. The results show that the proposed method outperforms the
conventional UFLS by 7.31% in terms of improved ENS.

Keywords: Defense Scheme, Under Frequency Load Shedding (UFLS), Adaptive Load Shedding (ALS),
System Strength Index (SSI)

1. Introduction

Frequency stability is crucial for maintaining the reliability of electric power sys-
tems. System frequency remains stable when there is a balance between power sup-
ply and demand. An imbalance between the two can lead to frequency instability,
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typically caused by the sudden loss of generation or disruption of the power supply
from the interconnected grid [1]. Moreover, the increasing energy demand and the
integration of weather-dependent renewable energy sources further contribute to
the challenges of maintaining frequency stability in power systems [2]. The defense
scheme of a power system refers to a series of strategies and protective measures de-
signed to prevent or minimize the occurrence of widespread system failure caused
by severe disturbances, power imbalances, or frequency instability. One of the de-
fense schemes in electric power systems is protection against under-frequency events.
This protection is typically implemented through Under Frequency Load Shedding
(UFLS). The decrease of inertia in power systems due to the increasing penetration of
Renewable Energy Sources (RES) affects the frequency stability of the power grid [3]
[4]. The imbalance between generated power and consumed load in power systems,
particularly in islanded microgrids, often leads to frequency instability. During sud-
den power deficits, such as disconnection from the main grid or significant drops in
generation, conventional frequency control mechanisms, like Automatic Generation
Control (AGC), are unable to prevent rapid frequency decline effectively [5].

The UFLS scheme consists of two types: manual and automatic. The manual
UFLS scheme involves the load-shedding process, which is carried out through load-
disconnection commands issued by dispatchers to the substations. [6] The automatic
UFLS scheme is classified into two categories: the first is the conventional UFLS,
which operates based on predetermined frequency thresholds and time delays, mak-
ing it inherently static; the second is the advanced UFLS, which operates based on
computational methods or even artificial intelligence. In terms of implementation
speed, conventional UFLS is easier to deploy within the system. In contrast, ad-
vanced UFLS requires consideration of factors such as load transfer, available gener-
ation sources, and other system dynamics.

With the increasing penetration of renewable energy sources, the limitations
of conventional defense schemes have become more apparent. Research [7] high-
lights that the integration of inverter-based generation, such as photovoltaic (PV)
systems, leads to a decrease in system inertia, resulting in faster frequency dynamics
that cannot be adequately addressed by conventional Under-Frequency Load Shed-
ding (UFLS) schemes. Moreover, the stabilization process under conventional de-
fense schemes tends to be delayed because load shedding is performed step-by-step,
requiring a longer duration to achieve system stability following a disturbance. Such
delays may significantly increase the risk of system collapse if the system’s response
is not sufhciently prompt [6]-[7]. In complex disturbance scenarios, it is not only
the amount of load that must be shed but also the location of the load shedding that
plays a critical role in maintaining system stability [8]. Conventional load-shedding
methods are often ineficient because they do not account for the specific conditions
of each load bus. Typically, all load buses share the power imbalance indiscriminately,
which can be impractical in complex power systems [9]. Static load shedding schemes
typically disconnect a fixed amount of load at each shedding stage. This approach
can lead to either excessive or inadequate load shedding, making it suboptimal for
maintaining system stability [10]. The phenomenon of low inertia makes the power
system more vulnerable to extreme frequency fluctuations, thereby requiring pro-
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tection systems to be more adaptive, responsive, and efficient [11].

In the Muarakarang subsystem, the defense scheme’s failure was caused by feeder
and transformer load conditions that deviated from predictions, along with subopti-
mal settings of the Under-Frequency Load Shedding (UFLS) system [12]. These in-
consistencies resulted in existing defense schemes, such as Overload Shedding (OLS)
and UFLS, being unable to effectively maintain the balance between load and gener-
ation during disturbances in the 500 kV Java-Bali transmission system. The inability
of these schemes to adapt to system dynamics heightened the risk of tripping criti-
cal equipment, particularly the Interconnecting Bus Transformer (IBT), ultimately
leading to a loss of power supply and resulting in a blackout within the Muarakarang
subsystem. The issue of dynamic power transfer in the Java-Bali system was also ob-
served in the study [13]. Due to the highly dynamic nature of the transfer character-
istics, the existing Overload Shedding (OLS) system must be capable of dynamically
adjusting the loads to be disconnected in response to variations in Java-Bali power
transfer.

In response to the issue, given the uncertainties and high variability of loads and
renewable energy sources, there is a need for UFLS techniques capable of automati-
cally adjusting in real time [14]. Adaptive Defense Schemes have been introduced to
address the challenges of modern electric power systems, such as the implementation
in the Muara Karang subsystem, which effectively mitigated critical issues related to
is-landing operation failures under certain disturbance conditions that led to power
outages in the area [12]. In the study [13], the Adaptive Defense Scheme, when
combined with a MySQL (Structured Query Language) database, enables compre-
hensive testing under conditions that closely resemble the actual operating environ-
ment of the Bali subsystem. This approach enables the system to accurately identify
shedding targets with a precision rate of up to 100% while minimizing trip quota
deviations to an average of only 1.03% [15]. By integrating the kinetic energy in-
dicator (KEMI) and MLSA, this scheme can adjust load-shedding actions promptly
in response to real-time system conditions. This research confirms that the approach
based on the kinetic energy model and the kinetic energy indicator (KEMI) can en-
hance the effectiveness of the AUFLS scheme in maintaining the stability of power
systems, particularly as they become increasingly complex and diverse in terms of
energy sources. In the study [16], an accurate estimation of the Under Frequency
Load Shedding (UFLS) amount was performed on a small power system character-
ized by complex frequency dynamics, achieving a Mean Absolute Error (MAE) of
0.179 MW on the test data. Particle Swarm Optimization (PSO) enhances under-
frequency load shedding by accurately forecasting the system’s minimum frequency
after a disturbance using frequency samples without relying on precise knowledge of
system parameters or direct measurement of frequency derivatives, which are prone
to error in traditional methods [17].

In the study [18], an approach based on Empirical Mode Decomposition (EMD)
and synchrophasor measurement was proposed to enhance the sensitivity of the UFLS
scheme to rapid and complex frequency variations. This technique enables load shed-
ding to be executed more selectively and in a more timely manner. This approach
was further enhanced using adaptive methods based on Artificial Neural Networks
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(ANN), which can determine the required amount of load to be shed simultaneously
and more rapidly than conventional methods, with algorithm computation times of
less than 10 seconds [19]. Furthermore, the spinning reserve in power system op-
erations significantly influences the load-shedding quota, which is directly related
to overall system stability [12]. In implementing Adaptive Under Frequency Load
Shedding (AUFLS), it is essential to consider the emerging characteristics of mod-
ern power systems, which are increasingly dominated by renewable energy sources
and energy storage systems. These components significantly affect system frequency
dynamics [20]. This study employs a simple and effective adaptive load-shedding
method that is feasible for actual implementation in power systems. Through this
study, an evaluation of system performance in responding to disturbances is con-
ducted by applying two types of protection schemes Under Frequency Load Shed-
ding (UFLS) and Adaptive Load Shedding (ALS). The analysis aims to assess the
effectiveness of each scheme in maintaining frequency stability and overall system
reliability. Furthermore, this study quantifies the Energy Not Served (ENS) pro-
duced by each scheme as a quantitative indicator of protection performance, while
also evaluating the extent to which implementing ALS based on the System Strength
Index (SSI) can enhance the reliability of the Flores power system compared to the
conventional UFLS scheme.

2. Flores System and The Existing Defense Scheme

One of the developing power systems in Indonesia is the Flores Power System. This
system is managed by PLN UIW NTT, with the highest peak load (PL) recorded
in 2023 at 90.01 MW and a total available capacity (TAC) of 105.50 MW. The Flo-
res System consists of five subsystems: Labuan Bajo, Ruteng-Ulumbu-Borong, Ba-
jawa—Aesesa, Ropa—Ende, and Maumere-Wairita. These subsystems are intercon-
nected through 150 kV and 70 kV high voltage overhead transmission lines. Flo-
res Island is one of the tourist destinations, including Labuan Bajo, which has been
designated as one of Indonesia’s super-priority tourism development zones. Labuan
Bajo has hosted several international events, such as the 42nd ASEAN Summit, G20
side events, and the 2023 Asia—Australia Road Conference. With more international
activities expected to take place in Labuan Bajo, the reliability of the Flores power
system is crucial.

Figure 1. Flores System Grid
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This research utilizes the daily load profile data of the Flores power system for
the year 2023, as shown in Figure 2. The data are categorized into two time zones
for analysis, with 10:00 CIT (Central Indonesian Time) corresponding to a total load
of 43.94 MW, representing the lowest system load, and 19:00 CIT with a total load
of 84.77 MW, representing the system’s peak load. The Flores system is already in-
terconnected through distributed substations. Communication between these sub-
stations is facilitated via Optical Ground Wire (OPGW). This communication in-
frastructure is utilized by the Supervisory Control and Data Acquisition (SCADA)
system for monitoring, operation, and coordination, as well as for system protection
through a telecommunication channel. For the implementation of the Adaptive Load
Shedding (ALS) system, the same communication channel used for system protection
will also be utilized.
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Figure 2. Flores System Load Profile 2023

Figure 3. Flores System Overview

The existing UFLS target settings, as presented in Figure 4, have already been
implemented in the Flores system based on previous simulations and studies that con-
sider the inertia capability of the distributed generation units. The Under Frequency
Load Shedding (UFLS) mechanism is divided into five distinct stages, each activated
by a specific frequency threshold and implemented with a uniform delay time of 0.3
seconds to ensure a fast and coordinated response. If the system frequency continues
to decline beyond these UFLS stages, the network transitions into Island Operation
mode. This operation mode is designed to isolate and stabilize individual subsystems,
preventing a complete system collapse. Two stages of Island Operation are defined
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to manage this condition. These settings have been implemented to consider the
inertia characteristics of distributed generation within the system, aiming to opti-
mize frequency response and ensure power supply continuity in critical scenarios.
The existing defense scheme is designed to respond to loss of generation and load
transfer events. Loss of generation refers to the sudden and unplanned disconnection
of generation units from the power system, resulting in an immediate reduction of
available generation capacity. This phenomenon can be triggered by various factors,
including mechanical or electrical failures in generation equipment, the activation of
protection systems in response to transient disturbances, disruptions in the primary
energy supply (such as fuel shortages or variability in renewable energy sources), or
external events like extreme weather conditions.
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Figure 4. Flores Frequency Settings

The implementation of the existing defense scheme has been designed and adapted
to align with the actual conditions of the power system, thereby enhancing system
resilience and reliability in accordance with the operational requirements stipulated
in the Grid Code issued by the Ministry of Energy and Mineral Resources (ESDM).
Compliance with these provisions is reflected in the parameters and settings presented
in Table 1.

Table 1. Operating frequency range limits [21].

Frequency Range Operation Time Range
51,5Hz<f <52,0Hz Operates for at least 15 minutes
51,0Hz<f <51,5Hz  Operates for at least 90 minutes

49,0 Hz < f<51,0Hz Operating continuously
47,5Hz <f<49,0 Hz Operates for at least 90 minutes
47,0 Hz <f < 47,5 Hz Operates for at least 6 seconds

1. Grid Frequency.

3. Adaptive Load Shedding Mechanism

3.1 Load Shedding Scheme

Load shedding is a defense scheme used when there is an under-frequency cause of
disturbance or loss of power generation or load transfer. There are two methods for
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implementing load shedding: manual load shedding, which operators or dispatchers
execute, and automatic load shedding, which is executed by an Under Frequency
Relay (UFR). The Under Frequency Load Shedding (UFLS) mechanism can respond
rapidly to restore the system frequency to within permissible limits [22]-[23]. UFLS
is typically used to release the load when the frequency exceeds its set value, along
with the specified time delay. The System Frequency Response (SFR) model is a
fundamental tool used to analyze the dynamic behavior of power systems in response
to disturbances [24].

The procedure for simulating Adaptive Load Shedding (ALS) is based on the
System Strength Index through several stages. First, system strength index data were
collected, with the Flores Grid serving as the research object. The next step involved
compiling UnderFrequency Load Shedding (UFLS) data obtained from the existing
power system. Subsequently, a simulation model of the Flores power system was
developed using DIgSILENT PowerFactory to accurately represent actual operating
conditions. Following this, simulations were conducted, and performance data from
the existing UFLS scheme were collected across nine disturbance scenarios at two
different operational times.

The process continued with examining the operational principles of Adaptive
Load Shedding, which was implemented using VBA Macro programming. As a basis
for determining load-shedding targets, outgoing feeder load data were recorded at
the two aforementioned time intervals. This data was then used to simulate the load
sorting process based on a descending order method using VBA Macro. Addition-
ally, simulations were conducted to exclude specific load-shedding targets, particu-
larly for outgoing feeders in the Labuan Bajo Subsystem and other prioritized feeders,
using VBA Macro configurations. Upon completing the configuration stages, simu-
lations of the ALS scheme were executed, and performance data were gathered across
the nine disturbance scenarios at the designated time intervals. Finally, a compara-
tive analysis was performed to evaluate the performance between the existing UFLS
scheme and the newly developed ALS scheme based on the System Strength Index.

3.2 System Strength Index

The System Strength Index (SSI) is a quantitative measure derived from historical
data, reflecting the system’s response to variations in conditions that affect loss gener-
ation, supply, or load transfers, particularly concerning frequency nadir decline. This
index serves as an indicator of the operational reliability of the power system over a
specific period. The SSI is formulated based on the existing operating conditions of
the power system, which include the configuration and settings of the Under Fre-
quency Load Shedding (UFLS) scheme implemented within the system. According
to the 2023 Flores System Strength Index dataset, the relationship between load vari-
ations and frequency decline exhibits a linear trend, which can be expressed through
a linear regression model, as shown in Equation (1).

7 =5,89y =5,8965x +2,7813 (1)

In this Equation, y denotes the System Strength Index (SSI), which quantifies the
system’s ability to maintain operational stability in the face of disturbances. The vari-
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able x represents an independent system parameter that reflects disturbance-related
characteristics, such as the ratio of lost active power to total generation capacity or lost
load transfer in each subsystem. The regression coefficient of 5.8965 indicates that
for every one-unit increase in x, the SSI increases by approximately 5.8965 units.
Meanwhile, the constant term (intercept) of 2.7813 represents the baseline strength
index when x=0, which may be interpreted as the minimum inherent system strength
under no significant disturbance conditions. In the SSI formulation, the minimum
threshold used is set at x = 0, as the focus of this study is on load shedding in re-
sponse to generation loss or load transfer loss. This Equation was derived through
linear regression analysis using historical or simulated disturbance data from the Flo-
res power system. Integrating this model into the adaptive load-shedding mechanism
allows the system to dynamically assess the appropriate load-shedding quantity based
on real-time SSI values. This enables a more responsive and accurate defense strategy
tailored to the system’s condition during events such as generator trips or network
disruptions.

40.00
35.00 ®
30.00 y = 5.8965x+2.7813
25.00

20.00

Load (MW)

15.00
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Figure 5. Flores System Strength Index 2023

The SSI approach was selected because it provides a correlated measure of the
impact of generation loss or load transfer on the frequency nadir, thus serving as a
predictive reference for estimating the potential impact of future contingencies. The
Short Circuit Ratio (SCR) was not employed in this study, as it correlates short-
circuit events with the response capacity of equipment or generators, which does
not adequately capture the dynamic frequency response required for this analysis.

3.3 Adaptive Load Shedding working scheme

This study’s Adaptive Load Shedding (ALS) mechanism calculates the load-shedding
targets for each contingency case that occurs within the system. The ALS function
is implemented using a research-based software tool [25] that employs the Microsoft
Visual Basic for Applications (VBA) platform, as shown in Figure 6. VBA Macro is a
programming language developed for Microsoft Office Excel, enabling the automa-
tion and dynamic execution of tasks within Excel.



552 Dwitiya Bagus Widyantara et al.

INTRANET & IP
PUBLIC (DOMAIN)

[

ORACLE
CONNECTOR
DATABASE SCADA

WEBSERVER

READY & EVENT HARDWARE

MW FEEDER & LINE s | SPS(MINI PC+ DIGITAL
—

INPUT + GOOSE
TRIGGER)

ENABLE FEEDER
ROUTER FIREWALL

MW FEEDER & LINE

Data Acquitition

LOGIC ENABLE FEEDER

Data Excecution

MACRO VBA

Data Process

Figure 6. Macro VBA working scheme [25]

Real-time metering data, including feeder loads, generation output, and load
transfer information sourced from Remote Terminal Units (RTUs) or Substation Au-
tomation Systems (SAS), are stored in a centralized MySQL database, which is then
integrated with the VBA Macro using Open Database Connectivity (ODBC). The
detection of contingency conditions and execution of load-shedding commands are
facilitated through the IEC 61850 GOOSE (Generic Object Oriented Substation
Event) messaging protocol, which allows for high-speed data exchange with execu-
tion times as fast as 100 milliseconds [12]. The data sorting method was also applied in
the study [13], where Java-Bali load transfer data and load shedding target data were
stored in a MySQL database. Subsequently, the load-shedding targets were sequen-
tially sorted based on load magnitude and priority scale within the ADS optimization
system and then utilized to generate arming signals for the required load-shedding
targets according to the Java load transfer conditions. The study has not yet incorpo-
rated the calculation of the system strength index within the Bali subsystem, which
is essential for improving the reliability of Energy Not Served (ENS) performance.

Figure 7 presents the detailed procedural flow of the server ALS algorithm, high-
lighting how it computes and selects appropriate load-shedding targets. The load-
shedding execution is carried out using a Direct Transfer Trip (DTT) mechanism
from the server to the Intelligent Electronic Device (IED) Input/Output (I/O) mod-
ule. Furthermore, Figure 8 illustrates the overall architecture of the proposed Adap-
tive Load Shedding system, outlining the flow from the designated load-shedding
targets to the server, which functions as the central processing unit. The server ac-
quires metering data from substations or generators identified as part of the con-
tingency case via the IEC 104 protocol. It then transmits an arming signal to ini-
tiate standby mode for load-shedding execution, following a decision-making pro-
cess based on load prioritization and system requirements. Subsequently, the circuit
breaker (CB) status from each IED 1/O is exchanged using the GOOSE protocol
according to the predefined logic under the supervision of the monitoring server.
When a contingency condition is detected, the IED I/Os communicate with each
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other via a Direct Transfer Trip (DTT) to activate the load-shedding mechanism.
The IED I/O shown in Figure 910 functions as the platform for implementing con-
tingency logic based on circuit breaker (CB) status readings in accordance with the
predetermined load-shedding targets. Upon initialization, the server transmits an
arming signal via DTT to the IED I/O, instructing the device to enter a standby
state. While in this state, the IED continuously monitors the system to determine
whether the specified contingency case has occurred.
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Figure 7. Adaptive Load Shedding Server Flowchart

4, Results and Discussions

Based on the Flores Grid configuration illustrated in Figure 3, this research evaluates
nine disturbance study cases under lowest and peak load conditions. The study cases
are defined as follows:

. Trip of Diesel and Gas Power Plants (PLTMG) Maumere Units #2 and #3;

. Trip of Steam Power Plant (PLTU) Ropa Unit #1;

. Trip of Diesel and Gas Power Plants (PLTMG) Rangko Units #1 and #3;

. Trip of Geothermal Power Plant (PLTP) Ulumbu Units #1, #3, and #4;

. Trip of Diesel and Gas Power Plants (PLTMG) Rangko Units #1 and #3 together

with Geothermal Power Plant (PLTP) Ulumbu Units #1, #3, and #4;

6. Trip of Steam Power Plant (PLTU) Ropa Unit #1 and Geothermal Power Plant
(PLTP) Sokoria Units #1 and #2;

7. Trip of Overhead Lines (OHL) Ropa-Bajawa and Ropa-Aesesa, metering at the
Ropa Substation side;

8. Trip of Overhead Line (OHL) Maumere-Wiairita, metering at the Wairita Sub-

station side; and

U1 K~ LW N~
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acer Flar Gateways of 103

Figure 8. Adaptive Load Shedding Schematic System

9. Trip of Overhead Line (OHL) Maumere-Ropa, metering at the Maumere Sub-
station side.

The generator trip study cases consider the system’s operational reserve margin
against N-1 contingencies, while the study cases involving the tripping of High Volt-
age Overhead Transmission Lines (OHL) are treated as N-2 contingencies. The
causes of generator trips are attributed to transient disturbance responses that acti-
vate protection systems, as well as potential internal generator issues. In contrast,
the tripping of two OHL lines results from protection system responses to faults, as
the OHL network in this system remains radial in configuration. These study cases
are designed to represent a diverse range of contingencies, including generation unit
outages and transmission line failures, to comprehensively evaluate the proposed sys-
tem’s performance under varying operational conditions. Figure 9 shows study case
1 through 6 reflect various disturbance that did not lead to system islanding, with
power transfer values ranging from 5.05 MW to 18.93 MW. Study case 7, 8, and
9 resulted in the separation of the system into two island regions, namely the west-
ern and eastern systems, with power transfer values ranging from 6.40 MW to 31.60
MW. The power transfer refers to the process of delivering electrical power from one
part of the power system to another, either between generation units and loads or
across interconnected areas of the system. The magnitude of power transfer typically
represents the amount of active power (measured in MW) transmitted through spe-
cific transmission lines or interconnections. In study case 7, the system will divided
into two electrical islands. The western island includes the Labuan Bajo, Ruteng,
Borong, Bajawa, and Aesesa subsystems, while the eastern island comprises the Ropa,
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Ende, Maumere, and Wairita subsystems. In study case 8, the system will divided into
two islands where the western island consists of the Labuan Bajo, Ruteng, Borong,
Bajawa, Aesesa, Ropa, Ende, and Maumere subsystems, and the eastern island is lim-
ited to the Wairita subsystem. In study case 9, the system will be divided into two
islands. The western island contains the Labuan Bajo, Ruteng, Borong, Bajawa, Ae-
sesa, Ropa, and Ende subsystems, while the eastern island consists of the Maumere
and Wairita subsystems.

Figure 9. SLD Interpretation of the Simulation Study Case

In study case 7, the metering readings are located at the Ropa substation, and the
CB status acquisitions are at the Ropa, Bajawa, and Aesesa Substation. As a result,
the load flow calculated by the Western system during islanding reflects the load
transferred towards the Bajawa and Aesesa substations. However, if the direction of
load transfer is towards the Ropa substation, the Automatic Load Shedding (ALS)
triggered by the circuit breaker (CB) at Ropa, Bajawa, and Aesesa Substation does
not account for the ALS scheme. This is because the ALS load magnitude falls under
the operational domain of metering readings on the Aesesa and Bajawa substations,
which is not included in this study case.

In study case 8, the metering readings are located at the Wairita substation, and
the CB status acquisitions are at both the Wairita and Maumere Substations. Conse-
quently, the load flow calculated by the Western system during islanding reflects the
load being transferred towards the Maumere substation. However, suppose the direc-
tion of load transfer is towards the Wairita substation. In that case, the ALS triggered
by the CB at GI Wairita and Maumere does not account for the ALS scheme since
the corresponding ALS load falls under the operational scope of metering readings
on the Maumere Substation, which is not considered in this study case.

In study case 9, the metering readings are located on the Maumere substation.
Therefore, the load flow calculated by the Western system during islanding represents
the load transferred towards the Ropa substation. However, suppose the direction of
load transfer is towards the Maumere substation. In that case, the ALS triggered by
the CB at Maumere and Ropa substation does not account for the ALS scheme, as
the relevant ALS load belongs to the operational domain of metering readings on
the Ropa substation, which is not included in this study case. The effectiveness of
the adaptive load-shedding strategy has been demonstrated in post-islanding system
configurations, significantly reducing ENS in both regions of the power system.
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4.1 Study case simulation at lowest load

The results of the simulation are illustrated in Figure 10. In cases 2, 4, 5, and 6, the
ENS under the ALS scheme is observed to be higher than that of the existing UFLS
scheme. This is primarily due to the ALS scheme’s consideration of real time load
transfer or supply conditions, which are adjusted based on the ratio between the Sys-
tem Stability Index (SSI) and the nominal frequency. In study case 2, the ENS under
the ALS scheme is 1.51 MWh higher than that of the UFLS scheme. However, based
on the system frequency response shown in Figure 12, the ALS scheme demonstrates
an improved frequency decline profile, with the lowest frequency reaching 49.74 Hz,
compared to 49.27 Hz in the existing UFLS scheme.

Similarly, in study case 4, the simulation results align with those of study case 2
due to comparable generation supply loads at lowest load, approximately 5.95 MW.
As shown in Figure 14, study case 4 also exhibits a less steep frequency decline under
the ALS scheme, with a minimum frequency of 49.83 Hz, whereas the UFLS scheme
yields a minimum of 49.31 Hz. In study case 5, which represents the condition with
the highest generation supply load of 16.99 MW, the ENS under the ALS scheme is
0.14 MWh higher than the existing UFLS scheme. Nevertheless, as shown in Figure
15, the ALS scheme achieves a notable improvement in frequency response, with
a minimum of 49.18 Hz, compared to 48.41 Hz in the UFLS scheme. For study
case 6, the ALS scheme results in an ENS of 0.34 MWh higher than that of the
UFLS scheme. However, as illustrated in Figure 16, the ALS scheme still delivers
a smoother frequency drop, with a minimum frequency of 49.58 Hz, whereas the
UFLS scheme drops to 49.03 Hz.
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Figure 10. ENS results in each study case based on UFLS and ALS at lowest load.

Although the ALS scheme in study cases 2, 4, 5, and 6 resulted in a higher ENS
compared to the existing UFLS scheme, the overall performance of the ALS scheme
across all nine study cases yielded a total ENS of 34.08 MWh. In contrast, the total
ENS under the existing UFLS scheme was 34.29 MWh. This indicates a reliabil-
ity improvement of 0.61% in favor of the ALS scheme. The most significant ENS
reliability improvement using the ALS scheme was observed in study case 1, with a
reduction of 2.2 MWh, equivalent to an enhancement of 34.94% compared to the ex-
isting UFLS scheme. In study case 9, the power flow is directed toward the Maumere
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49.74

5 10 15 20 25 30 35 40 45 50 55 60
Time (s)

===UJFLS Response ALS Response
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557



558

Dwitiya Bagus Widyantara et al.

56
54
§ 49.83
7% % .
c
g
A~
= \
48
4931
46
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
== JFLS Response  ====ALS Response
Figure 14. Frequency response on study case 4 at lowest load.
56
=
e
g
c
61)
3
g
[
15 20 25 30 35 40 45 50 55 60
Time (s)
=== UFLS Response ALS Response
Figure 15. Frequency response on study case 5 at lowest load.
56
54
=)
ES
= 22 49.58
c
g
z 50 —#
GJ
i
48
49.03
46
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
=== UFLS Response ALS Response

Figure 16. Frequency response on study case 6 at lowest load.
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Substation, resulting in a negative metering load reading on the Ropa-Maumere
overhead line (OHL) at the Maumere Substation. Consequently, during the con-
tingency event in study case 9, the defense scheme did not trigger the activation of
the Adaptive Load Shedding (ALS) mechanism.

This improvement in ALS reliability also positively impacts the steady state fre-
quency condition of the system following disturbances. Nonetheless, based on Fig-
ures 11-19, the frequency steady state responses observed across study cases 1 to 9
remain within the permissible operational limits as defined by the prevailing grid
code regulations, and ALS can enhance the damping of frequency nadirs.

4.2 Study case simulation at peak load

At peak load simulations were conducted using the same nine study cases as in the
previous scenario. The results of ENS for both the ALS and the existing UFLS)
schemes are presented in Figure 20. In several cases, specifically study cases 2, 3, 4,
and 6, the ALS scheme yielded higher ENS values than the existing UFLS scheme.
In the remaining study cases, the ALS scheme demonstrated superior performance
by producing lower ENS values.
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Figure 20. ENS results in each study case based on UFLS and ALS at peak load

In study case 2, the system experienced a generation loss of 6.94 MW. The ALS
scheme resulted in an ENS value of 1.09 MWh, which is greater than the existing
UFLS scheme. Nevertheless, as illustrated in Figure 22, the ALS scheme improved
the rate of frequency decline, with the lowest frequency recorded at 49.83 Hz, com-
pared to 49.32 Hz under the existing UFLS scheme.In study case 3, a generation loss
of 13.88 MW occurred, and the ALS scheme produced an ENS 0.7 MWh higher
than that of the UFLS scheme. However, as shown in Figure 23, the ALS scheme
effectively mitigated the frequency drop, with a minimum frequency of 49.81 Hz,
whereas the existing UFLS scheme reached a lower value of 49.07 Hz. In study case
4, the system lost 5.05 MW of generation capacity. The ALS scheme resulted in an
ENS value of 2.15 MWh higher than that of the UFLS scheme. Nevertheless, Fig-
ure 24 shows that the ALS scheme significantly improved the frequency response,
achieving a minimum frequency of 49.96 Hz, compared to 49.63 Hz for the existing
UFLS. Notably, in this case, the UFLS scheme did not operate because the remaining
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generators were sufficient to maintain system stability within acceptable frequency
limits.
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Figure 21. Frequency response on study case 1 at peak load.

Frequency (Hz)
)

<
49.32
46
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
= JFLS Response ====ALS Response
Figure 22. Frequency response on study case 2 at peak load.
56
54
E 19.81
> 52 A
g |
g |
= 50 1
@
g —?F
48
49.07
46
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)
= JFLS Response === ALS Response

Figure 23. Frequency response on study case 3 at peak load.
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Figure 29. Frequency response on study case 9 at peak load.

In study case 6, the system experienced a generation loss of 12.9 MW, with the
ALS scheme yielding an ENS 0.12 MWh higher than the existing UFLS scheme.
Nonetheless, Figure 26 demonstrates that the ALS scheme improved the frequency
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decline profile, recording a minimum frequency of 49.68 Hz, compared to 49.05 Hz
for the existing UFLS. These findings suggest that although ALS may produce higher
ENS in certain scenarios, its ability to mitigate the severity of frequency deviations
indicates a beneficial impact on the system’s dynamic frequency stability.

Although the ALS scheme produced higher ENS values in study cases 2, 3, 4, and
6 compared to the existing UFLS scheme, the overall performance of ALS across all
nine study cases yielded a total ENS of 77.66 MWh. In contrast, the existing UFLS
scheme resulted in a total ENS of 90.31 MWh. This reflects a 14.01% reliability im-
provement in favor of the ALS scheme. The most significant reliability gain achieved
by the ALS scheme occurred in study case 8, where the ENS was reduced by 6.60
MWHh, corresponding to a 31.72% improvement relative to the UFLS scheme. This
enhancement in ENS reliability under the ALS approach also positively influenced
the system’s frequency steady state conditions following a disturbance. Nevertheless,
the frequency steady state response across all nine study cases remained within the
acceptable limits of the prevailing grid code requirements.

5. Conclusions

The simulation study conducted on nine disturbance study cases and two system load
conditions scenarios, lowest load (at 10:00 CIT) and peak load (at 19:00 CIT). This
research demonstrates that the proposed Adaptive Load Shedding (ALS) scheme pro-
vides a significant improvement in power system reliability performance compared to
the existing Under Frequency Load Shedding (UFLS) scheme. The total Energy Not
Served (ENS) reduction achieved by the ALS scheme was recorded at 0.61% during
the lowest load condition, and a reliability improvement of 14.01% was achieved dur-
ing the peak load condition. The average improvement achieved by the ALS scheme
is 7.31%, consistently demonstrating superior dynamic performance in mitigating
the rate of frequency decline. It presents a promising solution for enhancing con-
tingency management in the Flores power system, particularly in isolated systems or
networks with weak interconnections.

The transition from the existing UFLS defense scheme to an ALS-based scheme
requires several system preparations and investments. These include establishing
telecommunication links between substations and generating units, utilizing Op-
tical Ground Wire (OPGW), acquiring metering data from each substation and
generator through Gateways or Remote Terminal Units (RTUs) supported by IEC
60870-5-104 protocol to enable data management by the ALS server and ensuring
the readiness of Intelligent Electronic Devices (IEDs) at substations and generating
units, which must support IEC 61850 protocol to allow the arming scheme and Di-
rect Transfer Trip (DTT) functions to operate effectively within the ALS system.
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