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Abstract

The escalating integration of renewable energy sources (RES) into isolated,
low-inertia power systems presents considerable challenges to maintaining
frequency stability. To preserve operational security, system operators often
impose stringent requirements that can necessitate RES curtailment, partic-
ularly during periods of low demand. While such measures predominantly
affect large-scale distributed energy resources (DERs), prolonged curtailment
scenarios may also compel output reductions from numerous small-scale, of-
ten uncontrollable, DERs (UDERs). Prevailing control strategies for UD-
ERs typically rely on the deployment of dedicated control and communica-
tion hardware at each UDER site, incurring significant capital expenditure
and implementation complexity. This paper introduces a novel methodol-
ogy for the coordinated curtailment of UDERSs, which circumvents the need
for such supplementary equipment. The proposed approach utilizes the sys-
tem frequency as an implicit communication conduit, leveraging the inher-
ent active power-frequency (P-f) response capabilities of UDER inverters.
A data-driven framework is employed to optimize a global active power-
frequency reduction characteristic, tailored from historical operational data.
This characteristic is subsequently implemented in a decentralized manner
by individual UDERs, thereby effectively mitigating investment costs and cy-
bersecurity vulnerabilities associated with conventional control architectures.
The performance and efficacy of the proposed methodology are demonstrated
through dynamic simulations on a model of the isolated, low-inertia power
system of Cyprus.
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(UDERs); frequency stability; isolated systems; renewable energy sources
(RES) curtailments.

1. Introduction

Increasing awareness of environmental issues and rising electricity prices
have accelerated the global adoption of Renewable Energy Sources (RES) [1].
This widespread integration of RES has introduced significant operational
challenges for modern power systems, as evidenced by documented incidents
of extensive load shedding that have affected thousands of consumers for
extended periods [2, 3, 4]. The nature and severity of these challenges vary
across power systems, influenced by factors such as network topology, the
degree of RES penetration, and specific load profile characteristics.

Isolated power systems, which typically possess low rotational inertia,
face heightened stability concerns, particularly in relation to frequency regu-
lation [5]. As conventional thermal plants are gradually decommissioned and
RES penetration increases, system inertia often drops below critical thresh-
olds [6], resulting in faster frequency deviations and a greater risk of instabil-
ity [7, 8, 9]. Figure 1 presents historical data from the Cyprus power system,
illustrating how reduced inertia, combined with high levels of RES penetra-
tion, leads to critical values in the Rate of Change of Frequency (RoCoF).

To keep RoCoF within acceptable operational boundaries, system oper-
ators have adopted a range of stringent measures. For example, FirGrid
and SONT enforce a maximum system non-synchronous penetration (SNSP)
of 75%, requiring the presence of eight synchronized units, a minimum of
23,000 MW of inertia, and a 50 MW negative reserve [10]. Similarly, the
Cyprus Transmission System Operator (TSOC) mandates the operation of
at least four synchronous generators with a 25 MW negative reserve [11],
while South Australia employs a policy of maintaining two generators on-
line, supported by synchronous condensers [12].

Although these operational strategies enhance grid stability, they often
result in the curtailment of renewable energy. Curtailment refers to the
portion of renewable energy that goes unused due to network congestion or
stability limitations [13]. Present grid codes typically require active power
setpoint control only for large-scale Distributed Energy Resources (DERs),
leaving smaller installations without remote control capabilities, which are
categorized as Uncontrollable DERs (UDERs) [14]. The increasing presence



of UDERs presents growing security challenges in islanded systems, as these
resources cannot participate in coordinated curtailment actions. As a result,
developing effective management solutions for UDERs has become essential
for ensuring the stability of low-inertia power systems.

o ©
oo .
88 °
50 -0.2
82§
(o)
o0 o)
0 8 © o o
= o0
< & s
;g OO 06 E
£ <
© e 5
& ° ° o 3]
o o 08 2
ﬁ 20
o ©
o2e @ 8 -1.0
® (8] O o ©
10 08 (e}
ge8 ° 8 o 8 8 ©
o O O -1.2
se8 8 8 €& 8o o ©O O °
0
3000 4000 5000 6000 7000 8000

System Inertia (MWs)

Figure 1: RoCoF variations under different inertia and RES penetration conditions

1.1. Motwation

In the isolated, low-inertia power system of Cyprus, the penetration of
RES is substantial relative to the island’s limited load demand. During
periods of low consumption, system operators frequently impose significant
curtailments on renewable generation [11]. However, most installed photo-
voltaic (PV) systems do not support remote control, which exempts them
from participating in curtailment measures. This operational gap restricts
the further integration of UDERS, as their continued expansion could trigger
severe frequency disturbances [14]. Therefore, developing a reliable, secure,
and cost-effective approach for UDER curtailment has become a critical pri-
ority for system operators in Cyprus.



1.2. Literature Review

A variety of strategies have been explored for managing UDERs. Di-
rect integration with Supervisory Control and Data Acquisition (SCADA)
systems allows for precise control but requires the installation of Remote
Terminal Units (RTUs) at each DER and a reliable telecommunication net-
work, resulting in high implementation costs [14]. Ripple control technology,
which employs low-frequency signal injection, offers lower deployment ex-
penses but is limited to binary on/off operation [15]. To prevent excessive
generation losses, UDERs must be grouped for coordinated switching. This
grouping process is particularly challenging, as transferring a UDER from
one group to another typically requires an on-site intervention. Moreover,
maintaining fairness among UDER owners is essential [11]. Therefore, the
system operator must monitor the estimated energy curtailed for each group
to ensure an equitable allocation of curtailments across groups.
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Figure 2: Communication-dependent UDER control architectures

Internet of Things (IoT)-based solutions advance beyond ripple control
by supporting two-way communication and enabling dynamic reconfiguration
of UDER groups. However, these systems introduce additional complex-
ity for widely distributed assets and are exposed to ongoing cybersecurity
risks [16]. Smart meters can provide disconnection functionality, yet they
lack the ability to perform fine-grained curtailment and entail noticeable in-
stallation costs.

A persistent challenge is the lack of protocol standardization among in-
verter manufacturers. Although standards such as IEEE 2030 have been pro-
posed, their adoption remains limited, especially among legacy devices [17,
18]. Pairing UDERs with Energy Storage Systems (ESS) can help buffer



Table 1: Comparative Analysis of UDER Curtailment Solutions

Solution Indicative Cost | Security | Granularity
Ripple Control €80 v Binary
[oT €100 v Binary
Smart Meters €100 X Binary
Export Limitations €300 v Partial
Direct Control N/A X Full
Energy Storage Systems > €5000 v Partial
SCADA > €10000 v Full

surplus generation; however, this approach is often limited by economic con-
straints, operational coordination challenges, and regulatory barriers in Eu-
ropean electricity markets[19, 20, 21]. For instance, during periods of low
demand combined with high RES penetration, ESS units may reach full
charge before the time of maximum RES output. Once saturated, the ESS
can no longer absorb additional surplus energy, resulting in all excess RES
generation being injected into the grid [20]. Interconnection-based solutions
are ineffective for isolated grids and lose effectiveness in regions experiencing
widespread photovoltaic overproduction [11].

Export limitation schemes, such as those implemented under Germany’s
VDE 4105 standard, impose fixed power output caps on DERs. While
straightforward, these static limits lack adaptability to changing grid con-
ditions and can result in unnecessary curtailment of renewable energy [22].
Table 1 presents a comparative analysis of these approaches in terms of cost,
security, and control granularity, while Fig. 2 illustrates the architectures
that depend on communication infrastructure.

Decentralized frequency-based control schemes have emerged as promis-
ing alternatives by removing the need for communication infrastructure. Pre-
vious studies have examined coordinated load frequency response [23], adap-
tive frequency-watt control curves for underfrequency events [24], and fre-
quency containment reserve strategies [14]. Despite their potential, these
methods often require custom controller designs or do not fully account for
interactions with synchronized units.

Based on the literature review, the currently available solutions exhibit
several significant limitations. Many approaches require additional equip-
ment and/or a robust telecommunication infrastructure, thereby increasing
implementation costs and elevating cybersecurity risks. Moreover, relatively



low-cost solutions typically provide only binary control (i.e., activation or de-
activation) of UDERs, which may result in inequitable curtailment allocation
among participating resources.

1.3. Paper Contributions

This paper addresses operational challenges in low-inertia power systems
by introducing a new curtailment strategy for UDERs, utilizing the Active
Power Over-Frequency Reduction Curve (APOFRC) function. The main
contributions are as follows.

e System stability and curtailment need assessment: A quanti-
tative analysis of historical frequency events and RES curtailments is
performed to demonstrate how increasing UDER penetration impacts
frequency stability in isolated systems. This analysis establishes the
operational necessity for a coordinated and capability-aware UDER
curtailment mechanism.

¢ APOFRC optimisation framework: A data-driven methodology
is proposed for determining optimal APOFRC settings. The frame-
work integrates clustering of representative operating conditions, dy-
namic simulations under credible contingencies, and a particle swarm
optimisation (PSO) process. Compared to APOFRC, the framework
developes a tailor-fit APOFRC considering RES curtailments.

e Decentralised, communication-free coordination mechanism:
A frequency-shift based coordination strategy is introduced, enabling
UDERs to autonomously curtail their power output using only local
frequency measurements. This eliminates reliance on additional equip-
ment or centralised curtailment commands, thereby reducing infras-
tructure costs and lowering cybersecurity exposure.

e Fair and scalable curtailment allocation: The methodology in-
herently allocates curtailment according to each UDERs instantaneous
active power output, improving fairness compared to traditional cur-
tailment schemes. A sensitivity analysis further demonstrates its ro-
bustness under heterogeneous APOFRC compliance.

e Validation using real-world system models: The full methodol-
ogy is validated through detailed dynamic simulations of the Cyprus



power system under high-stress, high-UDERSs penetration conditions.
Results confirm that the approach enhances frequency response, re-
duces unnecessary curtailment, and remains effective even in mixed-
inverter environments.

The structure of the paper follows this progression: Section 2 presents the
theoretical background, Section 3 outlines the APOFRC design methodology,
Section 4 describes the test system, Section 5 discusses the results of the
implementation, and Section 6 summarizes the main findings.

2. Background Theory

This section provides an overview of the concepts related to Frequency
Dynamics, the APOFRC, RES curtailments, and Frequency Containment
Reserve (FCR).

2.1. Frequency Transient Dynamics

The deviation of frequency at the center of inertia, Af(s), for an active
power imbalance AP, (s) is described by the transfer function in Eq. (1) [25].
This transfer function captures both the inertial and the primary frequency
response dynamics of the system. The overall frequency behavior is influ-
enced by the contribution of synchronous generators, as well as the frequency-
responsive characteristics of loads and DERs. In this manuscript, emphasis
is placed on how the primary frequency response of UDERs can be leveraged
to reduce the active power imbalance that arises during periods of excessive
RES generation.

CAf(s) 1+3FT) K, B
0= (e + S REET > ot

S/

Synchronous Generators DErRs
(1)
Where:
e M,: Inertia
e D, Damping

e K;: Gain of the governor of generator i
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Figure 3: Representative Active Power Over-Frequency Reduction Curve (APOFRC).

e R;: Droop of the governor of generator i

e F;T;: Fast dynamics of the turbine-governor system of generator i

I;T;: Slow dynamics of the turbine-governor system of generator i

K, Gain of DER d

Ry4: Droop of DER d

1,T,; Control-loop delay of DER d

2.2. Active Power Ouer-Frequency Reduction Curve (APOFRC)

The APOFRC is a standard requirement in most grid codes and is manda-
tory for all DERs, irrespective of their installed capacity [26, 27, 28]. This
functionality mandates DERs to reduce their active power output proportion-
ally to deviations in system frequency measured at the PCC. As illustrated
in Fig. 3, using a predefined droop characteristic, DERs begin reducing their
active power output when the frequency surpasses a threshold, denoted as
FR. In instances where the system frequency falls below I}, or exceeds Fpy,



the DER unit must disconnect immediately to comply with under- or over-
frequency protection protocols [29]. This mechanism enables DERs to con-
tribute proportionally to frequency stability, thereby supporting the system
in maintaining a nominal operating frequency during over-frequency events.

Figure 4 highlights how variations in APOFRC settings—specifically the
frequency threshold (Fr) and droop parameters—influence the active power
output of DERs and consequently, the system’s frequency response. These
settings are critical in shaping the power system’s dynamic behavior. No-
tably, the amount of RES penetration and the system’s available kinetic en-
ergy significantly affect the simulation results, emphasizing the importance of
appropriately configuring APOFRC parameters to achieve optimal frequency
response.

2.3. Frequency Containment Reserves

Frequency Containment Reserves (FCR) are deployed to stabilize system
frequency around a designated target, typically the nominal frequency. FCR
is categorized into two types: FCR normal (FCRn) and FCR disturbance
(FCRd). FCRn addresses minor imbalances between generation and demand
and operates without a deadband, as depicted in Fig. 5. It is specifically de-
signed to respond to small frequency deviations within the normal operational
range. Conversely, FCRd is activated when the frequency exceeds predefined
normal operating boundaries, addressing larger disturbances in the power
system. The proposed solution focuses on the curtailment of UDERs during
standard operating conditions. Consequently, only the FCRn characteristic
is considered relevant for this analysis.

2.4. RES Curtailment

The curtailment of RES arises from conditions such as overgeneration, the
necessity to maintain minimum inertia requirements (including a minimum
number of synchronized units), or elevated system non-synchronous penetra-
tion (SNSP). In regions like Cyprus and Ireland, it is estimated that more
than 13% of RES energy is curtailed annually due to overgeneration [11, 13].
The extent of curtailments depends significantly on system demand, SNSP
levels, and the specific technologies used in RES generation.

To ensure synchronization, all synchronized units must operate above
their respective Minimum Active Power Generation Limits (MAPGL). As a
result, the total system load must at least match the combined MAPGLs of
all synchronized units—referred to as the Minimum Stable Generation Level

9
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Figure 4: Impact of APOFRC frequency threshold (Fr) and droop on DER power output
and system frequency response.

10



FCRyf

100 —
£ w0 UDERs Curtailment
.E \\ \\ =
E ‘\\ \‘\
= N
3 0 M ~
< Sy |
[ 1] N o,
t s M
[1F] \\\ Ve
2 -50 SN
E \"\ \\‘

SO\ FCRy
-100
49.6 49.7 49.8 499 50.0 50.1 50.2 50.3 50.4

Frequency (Hz)
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(MSGL)—plus the active power contribution from DERs. During periods of
low system demand, RES curtailment becomes necessary to maintain balance
between generation and demand while avoiding breaches of the MSGL [11].
Curtailment is initiated when net demand falls below the MSGL of the sys-
tem. Figure 6a illustrates a low-load scenario in Cyprus, where substantial
RES curtailment occurs around midday due to peak RES generation coin-
ciding with the lowest system load.

High penetration of UDERs can compromise system stability if their
surplus energy cannot be adequately curtailed. Figure 6b demonstrates a
scenario where, despite curtailing all controllable DERs, the increased gen-
eration from UDERs leads to an MSGL violation. This results in elevated
system frequency, potentially causing a prolonged over-frequency event that
could culminate in a system blackout. If further RES curtailment is required
but unavailable, the system is left with two suboptimal options: disconnect-
ing a synchronized unit or operating below the MAPGLs of synchronized
units. The former reduces system inertia, while the latter risks unit de-
synchronization and compromises stability.
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(a) 150 MW and (b) 300 MW.
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3. Proposed Methodology

This section outlines the proposed methodology for developing the APOFRC
and curtailing UDERs. The methodology is divided into two parts: (1) the
optimization of APOFRC settings and (2) the coordinated curtailment of
UDERs.

3.1. Optimized APOFRC

The methodology for determining the optimal APOFRC settings is il-
lustrated in the Algorithms 1 and 2. The process begins with the creation
of simulation scenarios, as depicted in Algorithm 1. Historical data on unit
commitment (UC) and economic dispatch (ED) is collected. Afterwards, op-
erating points with zero or extremely low RES penetration are filtered out
to reduce computational complexity. In this manner, only scenarios where
there is an increased possibility for RES curtailment are considered. These
operating points are clustered using the k-means algorithm [30], yielding
representative operating conditions. The optimal number of the clusters for
the k-means algorithm is identified using the silhouette analysis presented
in [31]. Active power events are then defined based on TSO’s specified cred-
ible contingencies. This ensures that the optimized APOFRC can maintain
system frequency within nominal bounds under various operating conditions
and disturbances.

Algorithm 1 Simulation scenario creation for the optimized APOFRC
Require: Historical Data UC&ED, Active power events

Import UC&ED data

Filtering operating points with extremely low RES penetration
Silhouette analysis to identify optimal number of clusters

K-Means clustering for data reduction

Define simulation scenarios by applying active power events to selected
operating points

The representative simulation scenarios are subsequently evaluated using
Algorithm 2. Initial values for Fz and droop settings are applied to all DERs,
followed by root mean square (RMS)-type dynamic simulations to capture
the system’s frequency and active power responses accurately. After each

13



simulation, a Performance Index (PI) is computed using (2):

Pl =(Fss — ) - Wssp + Tyior - Wr+ (2)
(EZenith — From) - Wzenith + DERpgeqa - WpEr

The PI evaluates the system’s frequency response and DER active power
output during disturbances. Key parameters include the steady-state fre-
quency deviation (Fsg), frequency zenith (Fyzenin), duration of frequency
violations (70 ), and reduction in DER energy (DERpgeq). Lower PI values
correspond to improved system frequency response and reduced DER power
losses. The weights (Wssr, Wzenitn, Wr, Wper) are user-defined based on
system characteristics, while F'? ~represents the upper nominal frequency
limit.

After analyzing all representative scenarios for specific Fg and droop set-
tings, a Total Performance Index (TPI) is computed over the vector PI =
[PI,...,PIy|, where N is the total number of simulations. The TPI is
calculated using a selected norm, with the [; norm chosen in this work to
promote sparse solutions:

N
TPL=|[[PI||y =) |PL| (3)

i=1

Algorithm 2 Development of tailored APOFRC

Require: Simulation scenarios (Algorithm 1)
1: Import selected simulation scenarios
2: while PSO not completed do:
3: Apply Fr and Droop settings
4 Perform dynamic simulations of all scenarios
5 Compute Pls
6: Compute TPI
7
8

Select new Fr and Droop settings based on PSO
: end while

The TPI serves as the objective function for the Particle Swarm Opti-
mization (PSO) algorithm, a metaheuristic approach for nonlinear optimiza-
tion [32]. PSO evaluates both individual particle and swarm-wide optimal
solutions. Particle positions represent specific Fr and droop settings, which
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are iteratively updated using the PSO algorithm as expressed in (4) [32].
The optimization process identifies the Fr and droop settings that minimize
the TPI across all representative scenarios, ensuring an optimized APOFRC
tailored to the system’s requirements.
wit+1) =w-u(t)+crp- (pP — APOFRC;(t))
+ oo (97 — APOFRC;(t)) (4)
APOFRC;(t+1) = APOFRC;(t) + w;(t + 1)

Where:
e u;(t+ 1): velocity of particle ¢ at iteration ¢ + 1
e u;(t): velocity of particle i at iteration ¢
e w: inertia weight
e ¢;: cognitive coefficient
e ¢y: social coefficient
e 11,79 random numbers uniformly distributed in [0, 1]
e pbest: best position of particle i
best .

e ¢°%': global best position

e APOFRC;(t): APOFRC settings (Fr and Droop) of particle i at iter-
ation ¢

e APOFRC;(t+1): APOFRC settings (Fr and Droop) of particle i at
iteration ¢ + 1

3.2. Coordinated Curtailment of UDERs

The proposed methodology for curtailing the active power of UDERs
leverages the optimized APOFRC and frequency as a coordination signal.
This approach builds upon the authors’ previous work [14]. Under normal
operating conditions, power system frequency is tightly regulated around the
nominal value, with control mechanisms assuming a nominal frequency as the
desired operating point. However, by intentionally shifting the frequency set-
point for controlled units (both synchronous and asynchronous), the system

15
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Figure 7: Coordination strategy for the proposed UDER curtailment methodology.
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can drive UDERs into their curtailment region as defined by the APOFRC.
This involves setting the system frequency above Fg, as illustrated in Fig. 3.

When curtailment of UDERSs is required, SCADA-controlled units partic-
ipating in frequency balancing are provided with a new frequency setpoint.
This action effectively shifts their FCR curves to the right, allowing the sys-
tem frequency to increase in a controlled manner, as shown in Fig. 5. As the
system frequency surpasses Fr, UDERs begin to curtail their active power
output. This approach ensures the system operates at a higher—but still
acceptable—frequency, thereby inducing UDERs to enter their curtailment
region.

The coordination strategy is illustrated in Fig. 7. When the MSGL is
reached, the system operator first issues active power setpoints to all con-
trolled DERs. In this way, the required active power reduction is gradually
achieved through controlled DER curtailments. The analytical description
for curtailing controllable DERs in Cyprus is available in [11]. If additional
curtailment is still required after all controlled DERs have reached their min-
imum active power output, the system frequency setpoint is incrementally
increased, thereby driving UDERs into their curtailment region. Appropriate
delays between successive frequency setpoint adjustments are incorporated
to ensure system stability.

Conversely, when the reduction of active power from UDERSs is no longer
required, the frequency setpoints of SCADA-controlled units are gradually
increased. When the system frequency falls below Fr, UDER curtailment
ceases. Although not explicitly shown in Fig. 7, the curtailment of control-
lable DERs is similarly reduced when net load exceeds the MSGL, thereby
restoring system balance.

4. Case Study Description

This section evaluates the methodologies introduced in Section 3 through
targeted case studies. The evaluation is divided into two parts: (1) assessing
the optimal settings for the APOFRC, and (2) analyzing the coordinated
curtailment of UDERs. An overview of the Cyprus power system is also
provided to contextualise the case studies.

4.1. Power System of Cyprus

The proposed methodologies were tested on the Cyprus power system,
modelled using data provided by TSOC. Cyprus operates as a low-inertia,
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isolated system with a nominal frequency of 50 Hz. The total conventional
generation capacity is 1478 MW, distributed across three major power plants.
RES penetration exceeds 25%, calculated as the ratio of total RES-generated
energy to total energy consumption. The system includes more than 900 MW
of installed PV capacity and 170 MW of wind power [33]. Additionally, the
system incorporates 400 MW of UDERs, of which 250 MW are equipped
with ripple and IoT receivers, and the remaining are SCADA-connected con-
trollable DERs.

Simulations were conducted using DIgSILENT PowerFactory software [34].
Generic models for PV and wind power plants (WPP) compliant with the
WECC standard were employed to ensure adherence to grid code require-
ments [35]. DERs were modeled following the Cypriot grid code, which is
based on the German VDE4105 standard [26].

4.2. Optimized APOFRC

The parameters used to calculate the Performance Index (PI) for evalu-
ating APOFRC settings are summarised in Table 2.

Table 2: Performance Index Parameter Values

Parameter Acronym | Value
Nominal Frequency Fominal 50 Hz
Maximum Nominal Frequency F® . | 50.2Hz
Steady-State Frequency Weight Wssr 5000
Frequency Zenith Weight W genith 1000
Frequency Violation Duration Weight W 1000
DER Reduction Weight WpER 1

To balance computational efficiency with accuracy, the PSO algorithm pa-
rameters were selected based on commonly used values in the literature [36].
The parameters included an inertia weight (w = 1), acceleration coefficients
(c1 = co = 2), a swarm size of 20, and parameter constraints: Fr ranging
from 50.2 Hz to 50.3 Hz, and droop ranging from 20% to 100% (p.u./Hz).

The study utilized 15-minute historical UC and ED data from the Cyprus
power system for the year 2022. To focus on scenarios with significant pen-
etration of RES, operating points with RES generation greater than 100
MW were filtered and analyzed. Using silhouette analysis and the k-means
algorithm, 100 representative operating points were selected.

18



Furthermore, credible contingencies, defined as 8% and 16% of total sys-
tem load, were incorporated into the analysis based on TSOC data. These
contingencies included both ramp and step events. The combination of rep-
resentative operating points and predefined contingencies formed the basis
for the simulation scenarios.

4.3. Coordinated Curtailment of UDERs

To evaluate the effectiveness of the proposed methodology for curtailing
UDERs using the custom-fit APOFRC the operating condition from the lower
demand of 2022 (450 MW occurred in April) was utilised. The analysed
generation profile is presented in Fig. 6(b). In this scenario, the total installed
capacity of the UDERs is increased to 300MW compared to the 150MW
shown in Fig. 6(a). The analysis is focused at 14:00, which is the time when
the MSGL has the largest violation.

At that time, four synchronized units (Steam Turbines) are operating
at their minimum stable generation limits. As it can be seen in Fig. 6(b)
the controllable DERs have been fully curtailed. The controllable DERs
have been curtailed with zero setpoint instructions from the SCADA system
of the system operator. As mentioned in the introduction, disconnecting a
generator is not allowed, in order to maintain RoCoF values within acceptable
limits.

To evaluate the effectiveness of the methodology for future scenarios with
increased UDERSs penetration a sensitivity analysis was performed. Thus, the
installed capacity of UDERs has been increased from 300 MW to 900 MW
with a 150 MW increase in each simulation. In addition, a sensitivity anal-
ysis has been performed considering UDERs with heterogeneous APOFRC
compliance.

5. Results

This section presents and analyzes the results of the case studies. The
first part focuses on developing the optimized APOFRC, while the second
part evaluates the proposed methodology for curtailing UDERs.

5.1. Optimized APOFRC

Using the methodology detailed in Section 3, the optimal settings of
APOFRC were calculated as Fr = 50.2Hz and Droop = 100% (Fig. 8).
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The examined settings, determined through the PSO, and their correspond-
ing normalized TPI values are also shown in Fig. 8. For lower values of
WpER, the TPI decreases as Fr decreases and Droop increases. This trend
reflects the relationship described by (2), where the individual PI increases
when the system’s frequency response deviates from the nominal limits.

Active Power Overfrequency Reduction Curve Settings
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Figure 8: Evaluated APOFRC settings and variation of normalized TPI.

The optimized APOFRC settings exhibit a strong dependency on the
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value of Wpgg, the weight assigned to the curtailed energy of DERs. This
dependency is highlighted in Fig. 8. When Wpgg increases from 1 to 5,
the optimal settings shift to Fr = 50.3 Hz and Droop = 60% (yellow dot).
Similarly, when Wpgg is set to 10, the optimal settings become Fr = 50.3 Hz
and Droop = 100% (green dot). This behavior occurs because Wpgg drives
the PSO algorithm to prioritise reducing RES curtailments, allowing greater
frequency excursions.

Figure 9 illustrates the system frequency response for all evaluated op-
erational scenarios, considering a disturbance equivalent to 10% of the total
system load and using the optimal APOFRC settings. The results demon-
strate that the optimized settings effectively contain frequency excursions
within acceptable limits, ensuring an adequate frequency response under di-
verse operating conditions.

5.2. Coordinated Curtailment of UDERs

This subsection evaluates the effectiveness of the proposed methodology
for curtailing UDERs. Initially, the optimized APOFRC settings were ap-
plied to all UDERs, and the required UDER curtailments for each simulation
were calculated, as shown in Fig. 10. The results indicate that the needed
curtailments increase proportionally with the installed UDER capacity. Si-
multaneously, all available controllable DERs are fully curtailed, as also de-
picted in Fig. 10. This outcome is expected, as the system operator initially
curtails all active power from controllable DERs to prevent violations of the
MSGL. However, in this case study, the low load demand combined with
high UDER installed capacity necessitates additional curtailments.

In Fig. 11 the system’s frequency response and the active power response
of UDERs during the analysis are illustrated. At ¢ = 10s, a new frequency
setpoint of 50.3 Hz is sent to the SCADA-controlled units participating in
frequency balancing. As a result, the system frequency is allowed to in-
crease. UDERs, equipped with the tailored APOFRC curve, begin reducing
their active power output once the system frequency exceeds Fg (50.2 Hz).
Throughout the analysis, all synchronized units consistently operate above
their MAPGLs.

The results confirm that the proposed methodology successfully fulfills
UDER curtailment requirements. Even under the most challenging scenario
of 900 MW UDER installed capacity, the system frequency stabilizes slightly
above the shifted nominal limit. These findings demonstrate that the pro-
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Figure 9: System frequency response with the optimal APOFRC settings.

posed methodology can effectively curtail UDERs without requiring addi-
tional equipment or infrastructure.

In addition, a sensitivity analysis was performed to demonstrate how
the proposed methodology performs when DERs have different APOFRC

settings from the optimal. The analysis considered three different type of
UDERs:

e Optimal: UDERs equipped with the optimal APOFRC
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Figure 10: Controllable DER generation and required UDER curtailment.

Droop = 100% and Fr = 50.2 Hz
e Reference: UDERs with APOFRC
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Figure 11: Frequency response and active power response from UDERs.

Droop = 50% and Fr = 50.2 Hz

e No APOFRC: UDERS without APOFRC capability

In each scenario presented in Table 3, the proportion of DERs equipped
with each type of APOFRC varies. For the analysis, the total installed
capacity of UDERs was fixed at 600 MW. The corresponding results are
illustrated in Fig. 12 and summarised in Table 3.

24



Frequency Response

51.0

8
=]

8
@

Frequency (Hz)
a
Y

502

90.0

o 50 100 150 200 250 300
Time

UDERSs with Optimal APOFRC Settings Generation

400
- \
1] 0 100

“
=]

Active Power (MW)

=
=}
=

o

150 200 250 300
Time

UDERSs without Optimal APOFRC Settings Generation

450 = 25% Optimal APOFRC - 75% Reference APOFRC
— 50% Optimal APOFRC - 50% Mo APOFRC
400 — 50% Optimal APOFRC - 50% Reference APOFRC
= 75% Optimal APOFRC - 25% No APOFRC
= 75% Optimal APOFRC - 25% Reference APOFRC
B \
200

150

100 \

50 100 150 200 250 300
Time

8
=}

“
=]

Active Power (MW)

o

Figure 12: Frequency response and active power response from UDERs for different
APOFRC.
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The analysis indicates that the proposed methodology can be applied
to curtail UDERs even when not all DERs are equipped with the optimal
APOFRC. However, as the penetration of UDERs without optimal APOFRC
increases, the resulting steady-state frequencies also rise. Consequently, the
effectiveness of the methodology diminishes as the number of non-optimal
UDERs grows. Furthermore, when the share of UDERs without APOFRC
exceeds 25%, the frequency response noticeably deteriorates, with the maxi-
mum frequency reaching 51.1 Hz instantaneously. This is due to the fact that
all the available active power from UDERs with Optimal settings has been
exhausted before satisfying the required curtailments. It should be noted
that this scenario is highly improbable, as APOFRC requirements have been
incorporated into major grid codes for more than a decade.

Additionally, as the penetration of UDERs with the optimal APOFRC
decreases, their corresponding curtailments increase. This occurs because
UDERs lacking the optimal curve provide limited or no contribution to fre-
quency containment. Consequently, UDERs with higher Droop values reduce
their active power output more aggressively, resulting in an unfair distribu-
tion of curtailments among UDERs.

Table 3: Impact of APOFRC on UDERSs curtailment and steady state frequency

SCENARIO UDERs with Op- | UDERSs with | Steady State
timal APOFRC | Reference Frequency
Curtailed APOFRC Cur-
tailed
100% Optimal 365 MW 0 MW 50.48 Hz
75% Optimal & 310 MW 52 MW 50.54 Hz
25% Reference
75% Optimal & 352 MW 0 MW 50.59 Hz
25% No APOFRC
50% Optimal & 235 MW 117 MW 50.59 Hz
50% Reference
50% Optimal & 290 MW 0 MW 50.90 Hz
50% No APOFRC
25% Optimal & 135 MW 210 MW 50.67 Hz
75% Reference
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6. Conclusions

As RES penetration increases, curtailments during low-load demand pe-
riods are becoming a critical challenge, particularly in low-inertia, isolated
power systems. These systems face heightened operational constraints to
maintain stability, and under extremely low demand conditions, the need to
curtail active power from UDERs arises. However, existing solutions require
additional equipment for each UDER, and rely on robust communication
systems, which are not always feasible or cost-effective.

In this work, a novel methodology for curtailing UDERs without ad-
ditional equipment or extensive telecommunication infrastructure has been
introduced. The proposed solution minimizes cybersecurity risks and elim-
inates the complexities associated with managing a large number of DERs.
By leveraging the inherent capabilities of the APOFRC embedded in DER
inverters, this methodology provides a practical, scalable, and secure alter-
native. Furthermore, the proposed solution incorporates a fairness principle
among UDER owners by ensuring that all units (equipped with optimal
APOFRC) experience an equal proportional reduction in curtailment.

A secondary but equally significant contribution of this work is the de-
velopment of an optimisation framework to identify APOFRC settings. This
framework uses historical operational data and the PSO algorithm to com-
pute settings that balance system performance with minimal RES curtail-
ment. This optimisation ensures a stable frequency response under varying
scenarios, making the approach robust and adaptable.

The applicability and effectiveness of the proposed methodologies were
validated on the low-inertia, isolated power system of Cyprus. The results
demonstrated that: 1) Optimal APOFRC settings significantly enhance sys-
tem stability and frequency containment during over-generation events; and,
2) The proposed curtailment methodology effectively addresses UDER man-
agement challenges, even under high installed capacities, without requiring
additional infrastructure.

The contributions of this work extend beyond the Cyprus case study.
The proposed UDER curtailment methodology is versatile and can be de-
ployed in any isolated power system, providing a cost-effective solution in
scenarios where advanced communication systems or additional equipment
are unavailable. It is particularly suitable for developing countries, where
financial constraints may hinder the deployment of complex DER manage-
ment systems. Nevertheless, it is recommended that this methodology be
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considered a transitional solution. As inverter communication protocols ma-
ture and cyber security frameworks are enhanced, more advanced control
systems will become viable. Until then, the proposed approach offers a se-
cure and efficient pathway for increasing RES penetration while maintaining
power system stability.

On the other hand, the proposed methodology exhibits certain limita-
tions. It requires a comprehensive and accurate power system model that
includes, at a minimum, the dynamic controls of synchronous generators and
UDERs equipped with APOFRC. Moreover, as demonstrated in the sensi-
tivity analysis on the penetration of UDERs with the optimal APOFRC, the
methodology becomes more effective and equitable as the number of UDERs
employing the optimal curve increases. Consequently, applying the optimal
APOFRC to as many UDERs as possible is recommended, although achiev-
ing this in practice may pose challenges for both system operators and UDER
owners.

Conclusively, this work provides an innovative, practical, and resource-
efficient solution to a critical challenge in modern power systems. By ad-
dressing both technical and economic barriers, it lays the groundwork for
scalable and sustainable integration of DERs in isolated power systems.
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