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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

The integration of renewable energy
sources (RESs) plays a crucial role in
frequency and voltage control within
power systems.

Traditional load frequency control
methods hold significant importance,
especially in microgrids and systems with
variable RES integration.

Corresponding author:
Soner Celikdemir

E-mail:
celikdemirsoner@gmail.com

Received: October 3, 2025

Revision Requested: December 11, 2025
Last Revision Received: April 9, 2026
Accepted: May 4, 2026

Publication Date: July 13, 2026

DOI: 10.5152/electrica.2026.25311

Content of this journal is licensed
under a Creative Commons
Attribution-NonCommercial 4.0
International License.

ABSTRACT

This study addresses load frequency control (LFC) in a hybrid microgrid to mitigate frequency fluctuations
induced by renewable energy integration. The proportional-integral-derivative (PID) controller was employed,
and its gains were optimized using genetic algorithm (GA), particle swarm optimization, and, for the first time, the
starfish optimization algorithm (SFOA). A novel multi-criteria objective function was introduced by combining
the conventional integral of time multiplied absolute error metric with frequency deviation and settling time,
ensuring a more comprehensive performance evaluation. The results demonstrate the superior performance of
the SFOA-based PID controller. Specifically, SFOA achieved the shortest settling time of 0.14 seconds, the lowest
total cost function value of 0.075, and the lowest undershoot of —0.0789. Both graphical and numerical analyses
confirmed its more effective suppression of frequency oscillations and reduced amplitude in system dynamics.
Overall, this study presents the first application of SFOA in microgrid LFC and highlights that the proposed
objective function significantly improves both transient and steady-state behaviors, offering a robust and reliable
solution for future smart grid scenarios.

Index Terms—Hybrid microgrid, load frequency control, multi-criteria objective function, proportional-integral-
derivative (PID) controller, starfish optimization algorithm

I. INTRODUCTION

Integrating renewable energy sources (RESs) with traditional power grids poses major difficulties
for frequency and voltage control, primarily because of their intrinsic low inertia nature [1, 2].
Moreover, when combined with the dynamic complexity and load variations of modern power
networks, these issues lead to frequency and voltage deviations, potentially resulting in power
imbalances and interruptions, thereby exacerbating system instability [3-8]. Addressing these
issues requires the design of innovative control methodologies and the application of advanced
optimization techniques to improve microgrid performance. Within this framework, load fre-
quency control (LFC) serves a vital function in preserving the stability of interconnected power
networks by compensating for frequency variations and mitigating tie-line oscillations induced
by system disturbances. As modern grids continue to expand and become increasingly complex,
the importance of LFC correspondingly grows [3, 9-12].

The drawbacks of conventional generating units such as high maintenance costs and environ-
mental constraints further underscore the attractiveness of LFC. Its implementation remains cru-
cial for ensuring reliable and high-quality power delivery to consumers, particularly in scenarios
involving substantial load variations, dynamic system reconfigurations, and the increasing size of
generating units [13,14]. Load frequency control is thus central to enabling the secure and reli-
able operation of modern networks, especially microgrids, where the integration of intermittent
RESs introduces severe fluctuations. The fundamental objective of LFC is to maintain the system
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WHAT THIS STUDY ADDS ON THIS
TOPIC?

This study optimizes the proportional-
integral-derivative controller parameters
in a hybrid microgrid framework to
mitigate uncertainties caused by variable
RES integration, employing the starfish
optimization algorithm for the first time in
the literature.

In addition to conventional performance
metrics, a novel multi-criteria objective
function is proposed, incorporating
frequency deviation and settling time to
provide a more comprehensive evaluation.
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frequency close to its nominal value and regulate tie-line power exchanges within permissible
limits, despite load variations and uncertainties. Traditionally, LFC has relied on classical feedback
controllers owing to their simplicity, ease of deployment, and satisfactory performance under
nominal and predictable operating conditions.

However, in microgrid based power systems with intermittent RESs, the limitations of conven-
tional controllers have become increasingly evident. These shortcomings often manifest as
degraded performance under nonlinearities, parameter uncertainties, and stochastic load varia-
tions, resulting in longer settling times and reduced robustness. To overcome such limitations, the
literature has consistently proposed a wide range of modern control methodologies. In parallel,
the application of metaheuristic optimization techniques for tuning LFC controllers has gained
increasing attention. The primary motivation behind this trend lies in their simplicity, robustness,
and the ability to deliver acceptable performance across wide operating ranges [15-20].

In this study, LFC has been implemented within a hybrid microgrid framework under various load
scenarios. The considered hybrid microgrid architecture consists of multiple RESs and support-
ing units, as illustrated in the general block diagram presented in Fig. 1. A proportional-integral-
derivative (PID) controller, widely utilized in the literature, was adopted as the control scheme,
and its gain parameters were optimized. For parameter estimation, alongside the genetic algo-
rithm (GA) and particle swarm optimization (PSO), both commonly applied in solving engineering
problems, the starfish optimization algorithm (SFOA) is employed for the first time. Furthermore,
rather than adopting the conventional performance indices frequently utilized in the literature,
this study introduces a novel, more realistic, and comprehensive objective function for tuning
the optimization algorithms. The proposed LFC framework operates in two distinct functional
stages to ensure robust frequency stability. First, the primary control layer is represented by the
speed governor’s droop characteristic (1/R), providing an instantaneous proportional response.
Second, the secondary control is executed by the proposed SFOA-tuned PID controller, which
specifically adjusts the load reference of the governor-turbine unit to eliminate steady-state
error. It should be noted that the rapid oscillations observed in the 0-200 ms interval reflect
the inherent low inertia characteristics of the integrated inverter-based RES and storage units.
The primary role of the secondary SFOA-PID controller is to successfully dampen these high-
frequency transients and restore the system to its nominal frequency within seconds.

A. Background and Literature Review
The increasing penetration of RESs into existing power systems introduces new operational chal-
lenges. Consequently, modern grids are becoming more complex, which further highlights the
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significance of LFC. Within this framework, the performance of the
proposed sinh cosh optimizer (SCHO)-based Pl controller in ensuring
system stability was evaluated. For comparative purposes, its perfor-
mance was analyzed against three well-known optimization tech-
niques: the firefly algorithm, the whale optimization algorithm, and
the salp swarm algorithm, under identical parameters and controller
settings. The findings demonstrated notable enhancements in error
performance measures, validating the robustness and dependabil-
ity of the SCHO-based PI controller for contemporary hybrid grids
incorporating RES [1]. A wide range of population-based optimiza-
tion methods have been employed in the literature to enhance the
efficiency and stability of LFC schemes. For instance, ant lion optimi-
zation has been proposed for PID tuning aimed at improving system
stability under real-time constraints, with performance evaluation
conducted under three distinct operating scenarios [21]. In another
study, a novel PIDD2 controller, designed according to maximum

sensitivity criteria, was introduced as an internal model control
approach. However, the parameter tuning of this method mainly
relied on trial-and-error, a rather conventional strategy [22]. Besides
these, various studies addressing LFC have investigated a diversity of
optimization approaches, including bacterial foraging optimization
[23], whale optimization [24]. cuckoo search [25], and slime mould
algorithm [26]. To facilitate a clearer understanding of the reviewed
literature, the related contributions have been systematically cat-
egorized and presented in Table I.

Furthermore, SFOA was originally proposed in and has recently been
applied to several process control problems [27]. For instance, SFOA-
based PID/exp-PID tuning methods have been reported for direct
current (DC) motor and tank level control systems in an article [28].
Similarly, an SFOA-based two-degree-of-freedom PIDA controller
has been designed for continuous stirred tank heater temperature

TABLE I. SYSTEMATIC CLASSIFICATION OF REFERENCES

Objective

Ref. Controller Algorithm Function Description

[15] PID PSO, GA [TAE A comparative assessment of PSO and GA has been carried out for LFC performance metrics.
Despite certain inherent limitations, it has been suggested that future research should
emphasize the integration of non-conventional energy sources.

[37] Pl GA, SA, PSO [TAE In two-area power systems, the performance of LFC controllers has been compared, with the
results highlighting their superiority.

[16] PID PSO ITAE It has been concluded that the proposed controller ensures more reliable system
management and frequency regulation compared to conventional approaches.

[17] PID GA, GWO, PSO IAE The controller parameters for both single- and two-area LFC systems were established. The
results demonstrated that optimization-based approaches deliver satisfactory performance in
enhancing LFC effectiveness.

[18] PID GA, PSO ITAE Further investigations on two-area power systems revealed that the PID controller is capable
of maintaining system frequency within specified limits while adequately preserving tie-line
power exchanges.

[19] PID PSO, HHO [TAE The results from two-area LFC analysis additionally showed effective performance across
different time intervals and varying load conditions.

[42] LQR-PI MFO ISE A two-level hierarchical control scheme was proposed. The findings indicated that the
presented approach exhibits superior performance in terms of optimality, stability, and
constraint handling.

[20] PID PSO ITAE Finally, the obtained results confirmed that PSO demonstrates remarkable success in
converging toward minimum error values under chaotic system conditions.

[43] PID GA, PSO ITAE, Settling time  Optimization of PID parameters for LFC in microgrids, demonstrating improved transient

response and stability.

[44] Fuzzy logic  Hybrid metaheuristic Frequency Robust frequency control in islanded microgrids using hybrid metaheuristic optimization
controller (GA-PSO-GWO) deviation under uncertainties and communication delays.
[45] Neural GA ISE, overshoot Adaptive LFC in renewable-rich microgrids with GA-tuned neural network controller,
network improving dynamic performance.
[46] PID PSO ITAE PSO-based PID tuning for multi-area power system LFC, focusing on minimizing ITAE and
enhancing system stability.
[47] Pl WOA ITAE, Settling time  Multi-objective optimization of Pl controller parameters for sustainable microgrid frequency

control, balancing transient and steady-state performance.

PID, Proportional-Integral-Derivative Controller; Pl, Proportional-Integral Controller; LQR-PI, Linear Quadratic Regulator — Proportional Integral Controller; PSO,
Particle Swarm Optimization; GA, Genetic Algorithm; SA, Simulated Annealing; GWO, Grey Wolf Optimizer; HHO, Harris Hawks Optimization; MFO, Moth-Flame
Optimization; WOA, Whale Optimization Algorithm; ITAE, Integral of Time-weighted Absolute Error; IAE, Integral of Absolute Error; ISE, Integral of Squared Error
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regulation [29]. These works indicate that SFOA can be a promis-
ing tuning tool in process control. However, an extensive literature
search has not revealed any applications of SFOA to the conventional
LFC problem of power systems or to microgrid LFC problems with
high renewable penetration. Therefore, to the best of the author’s
knowledge, the present study is the first to employ SFOA-based PID
optimization for frequency stability enhancement in renewable-rich
microgrids. Considering these circumstances, the use of PID demon-
strates its applicability in real-time implementations of large-scale
and dynamically varying power systems.

B. Motivation for the Study

The main role of LFC within interconnected power networks is to
suppress frequency fluctuations and tie-line power deviations that
arise due to load changes or external disturbances, thereby main-
taining a secure and steady operating condition [30]. In this regard,
LFC is essential for preserving stability within interconnected power
networks, as it mitigates frequency variations and suppresses tie-
line oscillations that emerge due to system disturbances [1]. Due to
its significance, this topic has become a frequently addressed and
contemporary research area in the field. In the literature, a variety of
techniques, including artificial neural networks, fuzzy logic, and slid-
ing mode controllers, have been explored [31,32]. Although these
techniques can effectively handle nonlinearities in power systems,
theirinherent complexity and intensive computational requirements
remain major drawbacks [1]. A promising direction for addressing
the LFC design challenge is the application of metaheuristic opti-
mization methods. Their key strength is the capability to cope with
nonlinear dynamics and diverse system integrations while avoiding
dependence on overly complicated structures [33, 34]

While numerous studies have explored various controller designs, in
this work, the parameters of the PID controller are optimized using
metaheuristic techniques. In this way, the simplicity and ease of
implementation of PID are preserved, while simultaneously achiev-
ing superior performance in terms of damping oscillations, reducing
undershoot, and shortening settling time in modern power systems.
In this study, the present work primarily focuses on how the pro-
posed controller and the benchmark algorithms behave under rep-
resentative step-type load variations in a hybrid renewable-based
microgrid.

C. Innovations and Contributions

In today’s context of rising energy demand and the increasing share
of intermittent RESs in meeting this demand, transmission network
congestion has become more pronounced, making the efficient
operation of power systems increasingly challenging. To address
these difficulties, a classical PID controller has been modeled owing
to its well-established advantages. For the first time, the parameters
of the designed controller have been optimized using the SFOA,
selected due to its noteworthy strengths as reported in the literature.

Optimization algorithms generally aim to minimize error indices.
However, most previous studies have relied on single-dimensional
error criteria. In contrast, this work introduces, for the first time,
a novel objective function as the performance index. Within this
framework, the principal innovations and contributions of this study
to the literature and practical applications can be summarized as
follows:

« A comprehensive hybrid microgrid model with intermittent RES
integration has been developed.

« The gain parameters of the PID controller have been optimized
using SFOA for the first time.

- A novel objective function has been proposed as the performance
criterion for the first time.

Il. MATERIAL AND METHOD

A. Hybrid Microgrid Modeling

The hybrid microgrid model proposed in this study incorporates
both conventional generation units and storage/converter-based
supporting components to mitigate the uncertainties introduced by
intermittent RESs. Within the model, hydropower plants, wind power
plants, and photovoltaic solar plants are included as renewable
units. Due to the variable generation characteristics of these sources,
additional supporting units are required to ensure stable frequency
control of the system. To this end, a battery energy storage system
(BESS) and an electrolyzer have been integrated into the model. The
BESS plays a critical role in suppressing the impact of sudden load
variations on system frequency owing to its fast response capabil-
ity. The electrolyzer, on the other hand, serves a dual purpose: it
contributes to hydrogen production and acts as a balancing device
by absorbing surplus energy in the system, thereby preventing fre-
quency escalation. Furthermore, a fuel cell has been incorporated as
a medium-scale dynamic generation source, which not only enables
the recovery of stored hydrogen but also provides additional sup-
port for frequency regulation.

Accordingly, the proposed hybrid microgrid presents a balanced
frequency-stability framework by compensating for the inherent
uncertainties of RES integration through storage and electrome-
chanical systems. Each component of the system has been mod-
eled using transfer functions, and the corresponding equations and
parameter values are presented in Table Il

The parameters and transfer functions presented in Table Il repre-
sent the dynamic behavior of the hybrid microgrid system utilized
in this study. Each component is expressed through simplified mod-
els that accurately reflect real-system characteristics. This detailed
modeling forms the foundation for evaluating the performance of
frequency control algorithms under realistic conditions and for con-
ducting comprehensive stability analyses of the system. Notably, the
intermittent nature of RESs and the rapid response capabilities of the
storage units enable a thorough investigation into frequency control
performance.

B. Proportional-Integral-Derivative Controller Structure

In this study, a PID controller structure has been selected for the
frequency control of the hybrid microgrid. Proportional-integral-
derivative controllers are among the most widely utilized feedback
controllers in industrial applications. Their simple structure, ease of
implementation, and high-performance potential make them a pre-
ferred choice across a broad spectrum of fields, ranging from energy
systems to process control [16, 35].

Proportional-integral-derivative controllers are defined by three
fundamental parameters: the proportional gain (Kp), the integral
gain (K) and the derivative gain (K,). The proportional component
delivers a fast reaction by acting on the present error, the integral
component corrects steady-state deviations, and the derivative
component helps suppress overshoot and oscillations by account-
ing for the error’s rate of change within the system. The combination
of these three terms enables the controller to holistically improve
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TABLE II. HYBRID MICROGRID SYSTEM PARAMETERS VALUES

Component Trasnfer Function Parameters Values
Governor 1 Tg=02s
G, (s)= -
o(5) st 17R =20
Turbine
1 T,=05s
Ge(s)= '
T..s+1
Inertia and load 1 M=10
Gy(s)= -
H( ) M.s+D D=08
Fuel cell dynamic 1 T, -
fc_dyn =245
Gec_ayn (5) S — i
ch_dyn S+D
Fuel cell electric
1 Tf I =025
GFC?eIec (S) = _ < -
chfe/ec S +D
BESS 1 Thess=0.1s
Ggess (5) =
Tbess S+1
Electrolyser 1 T =02
=025
Ge/‘ (S) = ¢
Te,.s +1
WPP aerodynamic 1 Toero =145
Gero. (S) I
Taero-s +1
WPP other 1 Tother =1.55
Gother (5) ==
Tother S+1
SPP source 1 Toource =125
Gsource (S) == 4
TSOUI’CG .S +1
SPP module G (s) 1 Toodule =1.55
module [ —
¢ Tmodule S+1
SPP inverter
1 Tiny =004
Giny. (S) I "
Tiny s +1
SPP filter 1 Tee =0.004 s
G, (5) =
Tﬁ/t S+1

BESS, battery energy storage system; SPP, solar power plant; WPP, wind power
plant.

both transient and steady-state response characteristics [36]. The
transfer function of the PID controller is provided in (1) [35].

K
GP/D(S):KP +TI+KDS (1)

C. Metaheuristic Optimization Algorithm Starfish Optimization
Algorithm

Optimization algorithms encompass a wide range of applications
by providing solutions to complex, multivariable problems, which
are often highly nonlinear and high-dimensional in nature. In this
context, due to the proven effectiveness of metaheuristic methods
in solving engineering challenges, PSO and GA have become widely

recognized optimization techniques [15, 20, 37-39]. In addition to
these widely used metaheuristic algorithms, recent studies have also
explored other advanced optimization techniques for power system
control. In this context, the improved artificial bee colony algorithm
has been applied to optimize a fractional-order PID controller for an
automatic voltage regulator system, demonstrating robust perfor-
mance improvements. This highlights the growing interest in hybrid
metaheuristic methods for enhancing control strategies in complex
power systems. The study complements this trend by employing the
SFOA for PID tuning in hybrid microgrid LFC, addressing the chal-
lenges posed by renewable energy integration [40]. Furthermore,
in this study, a newly developed algorithm, the SFOA, has been
employed for the first time owing to its advantages. The flowchart of
the SFOA is presented in Fig. 2.

In this study, GA and PSO are therefore adopted as benchmark opti-
mizersin addition to SFOA. Genetic algorithm and PSO are among the
most widely used population-based metaheuristics in the optimiza-
tion and control literature, and they are often treated as first-choice
reference methods in many engineering applications, including LFC.
At the same time, the fact that different researchers prefer different
algorithms for different problems is consistent with the so-called
“no free lunch” principle, which states that no single optimization
method can outperform all others across all problem classes [41]. For
this reason, comparing the proposed SFOA-based PID tuning strat-
egy against two well-established and frequently used baselines such
as GA and PSO provides a meaningful and widely recognizable con-
text for evaluating its performance on the microgrid LFC problem.

The SFOA is a swarm intelligence-based approach inspired by the
behavioral patterns of starfish and has been proposed for solving
both global and engineering optimization problems [27]. Starfish
belong to the class Asteroidea, which consists of echinoderm marine
invertebrates. In nature, their species vary, typically possessing five,
seven, or even more arms. Starfish do not have a brain or heart;
instead, their bodies are filled with a water vascular system that mim-
ics circulation, allowing their arms to move autonomously rather
than in a controlled or coordinated manner. To protect themselves
from predators, starfish generally have a tough outer skin, small pro-
jections, or spines, and often exhibit a wide range of colors such as
red or purple, aiding camouflage and survival. While they are car-
nivorous, starfish are also well known for their extraordinary regen-
erative capability. Starfish optimization algorithm incorporates two
primary phases: exploration and exploitation. The exploration stage
imitates the searching behavior of starfish, in which a hybrid search
scheme is formulated by merging one-dimensional and five-dimen-
sional search approaches, inspired by the structure of a starfish’s
five arms. During the exploitation stage, the SFOA employs preying
behavior and regeneration mechanisms as its guiding strategies.
Specifically, the preying mechanism represents the core update
process, in which a two-directional parallel search is performed by
leveraging information from two starfish to guide candidates toward
more promising positions during the exploitation phase.

The balanced exploration and exploitation mechanisms of SFOA
make it particularly suitable for LFC problems. The multi-arm explo-
ration phase enables a wide search of the solution space, prevent-
ing premature convergence, while the exploitation phase, guided by
preying and regeneration behaviors, allows focused refinement of
solutions. This balance aligns well with the dynamic and nonlinear
nature of LFC, where both global search and local optimization are
essential.
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D. Objective Function and Performance Metrics

The main aim of the optimization process is to reduce the integral of
time multiplied absolute error (ITAE), thereby ensuring faster system
stabilization and lower steady-state deviations [1]. The ITAE index
serves as an important metric for assessing controller effectiveness
in dynamic systems, since it evaluates both the size of the error and
its temporal influence. However, in this study, a novel objective func-
tion is proposed that considers frequency deviation and settling
time in addition to ITAE. This approach ensures that not just a single
variable, but also the critically important frequency deviation and
settling times for power grids, are effectively incorporated into the
objective function.

Parameter constraints act as boundaries that guarantee effective
optimization and allow an equitable comparison with alternative
controller design approaches. In this study, the determined K, K,
and K, gains have specific lower and upper bounds, and the opti-
mization algorithms conduct their search exclusively within these
predefined limits. This approach guarantees the practical applicabil-
ity of the obtained results. In the optimization process, the PID con-
troller gains were constrained within predefined lower and upper
bounds to ensure practical feasibility and system stability. These
bounds were carefully selected based on engineering experience
and literature to avoid unrealistic or unstable controller parameters.
Specifically, the gains were limited to the ranges [50, 50, 15] as upper
bounds and [0, 0, 0] as lower bounds for K, K, and K, respectively.
While the present study does not explicitly consider disturbances
such as measurement noise or parameter variations in system inertia,
the optimization framework provides a robust baseline for controller
tuning under nominal conditions. Investigation of controller perfor-
mance under stochastic disturbances and system uncertainties is
recognized as an important direction for future research. Among the
most common metrics for performance evaluation in the literature,
ITAE is defined by (2) [30].

ITAE = I p le(t))dt 2)
0

Minimizing ITAE aims to achieve both a rapid response and a reduc-
tion in the temporal distribution of the error. However, focusing
solely on ITAE is insufficient in systems where frequency sensitivity is
of critical importance, such as microgrids. Therefore, additional per-
formance indices have been considered, namely frequency devia-
tion and settling time. By incorporating these parameters, a novel
objective function has been proposed, which is expressed in (3).

AObj Func.=wiITAE +w,|Af [+wsT, ©)

Here T, denotes the settling time, Af represents the frequency devia-
tion, w,, is the weighting factor of ITAE, w,, is the weighting factor
of the frequency deviation, and w;,, is the weighting factor of the
settling time. In this study, the weighting coefficients are chosen as
w,=0.50, w,=0.3, and w,=0.2.

To ensure a fair comparison between the optimization algorithms,
the parameters of GA and PSO were tuned in a consistent way. For
PSO, the swarm (population) size was set to 150, the maximum num-
ber of iterations to 500, the inertia weight to inertia weight=0.8,
and the cognitive and social learning factors to cognitive coeffi-
cient=0.12 and social coefficient=1.2, respectively. These values
were chosen within typical ranges used in control applications and
were confirmed by preliminary runs on the same hybrid microgrid
LFC test system.

For GA, the key parameters were selected according to common
practice in GA-based controller tuning. A population size of 150
and a maximum of 500 generations were used, i.e. the same search
budget as PSO, while the crossover probability and mutation prob-
ability were set to 0.8 and 0.05, respectively. These values lie in stan-
dard intervals reported in the optimization literature and were also
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checked by preliminary experiments. To avoid favoring SFOA, the
population size and maximum number of iterations/generations
were kept identical for SFOA, GA and PSO, and all three algorithms
employed the same objective function and stopping criteria.

11l. RESULTS AND DISCUSSION

By employing the proposed objective function, a comparative
study was carried out to verify the robustness and advanced per-
formance of the PID controller under the same system param-
eters and controller limits, using three benchmark optimization

algorithms. The corresponding frequency deviation responses are
illustrated in Fig. 3.

An examination of the frequency deviation responses reveals that
all algorithms successfully stabilize the system following the applied
load disturbance. However, it is clearly observed that SFOA achieves
faster damping and vyields a shorter settling time. This highlights
the superior performance of the proposed algorithm, particularly
in the transient regime, where it suppresses frequency oscilla-
tions more effectively than classical methods. Although both PSO
and GA achieve acceptable steady-state values, the presence of
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Fig 4. Proportional-integral-derivative controller output signal.
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more prolonged oscillations in the transient period indicates lower
dynamic performance compared to SFOA. The controller output
responses are depicted in Fig. 4.

Starfish optimization algorithm initially exhibits a more aggressive
control behavior, rapidly minimizing error, followed by stabilization
of the control signal within a shorter duration. The responses of the
governor and turbine are presented in Fig. 5.

Accordingly, the control parameters generated by SFOA produced
smaller-amplitude and shorter duration oscillations in turbine and
governor dynamics. In particular, the magnitude of the initial oscilla-
tions is significantly lower than those of PSO and GA, demonstrating
reduced turbine stress. The applied load variation scenario is illus-
trated in Fig. 6.

These results highlight how SFOA, PSO, and GA cope with differ-
ent loading conditions under the same system and renewable

%0 | g

250 .

Load (W)

Fig 6. Load change.

penetration parameters, and demonstrate that the proposed
SFOA-based controller maintains faster settling and smaller devia-
tions across the considered load scenarios. The applied load profile is
of critical importance for comparing the responses of the algorithms
under different operating conditions. In the scenario considered, the
load was first increased and subsequently decreased, thereby sub-
jecting the system to both positive and negative step changes. The
ability of the three algorithms to restore stability under these condi-
tions was thoroughly analyzed. The best performance metrics sum-
marized over 30 independent runs are presented in Table Ill.

To further examine the effect of randomness and to evaluate the
robustness of the optimization results, each algorithm was executed
for 30 independent runs using different random initial populations.
Table IV summarises the statistical characteristics of the objective
function values obtained from these 30 runs, in terms of the mean,
standard deviation, minimum, and maximum for each algorithm.

As seen in Table IV, SFOA exhibits the lowest mean cost and the
smallest standard deviation among the three algorithms, indicating
both superior and more consistent performance compared with PSO
and GA. The superior performance of SFOA observed in Table Ill and
IV can be attributed to its effective balance between exploration and
exploitation. This enables the algorithm to avoid local optima and
converge rapidly to high-quality solutions, resulting in improved
transient response and steady-state accuracy in the microgrid LFC
problem.

Additionally, the convergence behaviors of the three optimization
algorithms were compared to evaluate their practical applicability.
Fig. 7 shows the average convergence curves over 30 independent
runs, revealing that SFOA provides faster and more stable conver-
gence compared to GA and PSO. This indicates that SFOA offers a
competitive balance between solution quality and computational
efficiency. According to the comparison table, SFOA achieves the
fastest stabilization among the three methods with a settling time
of 0.14 s. While its overshoot performance is comparable to PSO,
its lower absolute undershoot value indicates that SFOA constrains
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TABLE Ill. CALCULATED RESULT VALUES FOR PERFORMANCE METRICS AND PID PARAMETERS

Settling Steady State
Overshoot Undershoot Time Rise Time Error (10%) ITAE Cost K, K; K,
SFOA 0.0349 -0.0789 0.14 251.30 —45 0.0467 0.075 18511 39491 12973
PSO 0.0333 -0.0864 0.16 25145 -539 0.0418 0.0788 16.856 29.84 10.657
GA 0.0356 -0.0889 0.17 251.50 -6.17 0.0388 0.0801 18.058 26.567 9.906

ITAE, integral of time multiplied absolute error; GA, genetic algorithm; PSO, particle swarm optimization; SFOA, starfish optimization algorithm.

TABLE IV. STATISTICAL SUMMARY OF OBJECTIVE FUNCTION VALUES
OBTAINED FROM 30 INDEPENDENT STUDIES

Standard
Mean Deviation Min. Max.
SFOA 0.0765 0.0018 0.0750 0.0798
PSO 0.0798 0.0031 0.0788 0.0857
GA 0.0815 0.0038 0.0801 0.0874

GA, genetic algorithm; PSO, particle swarm optimization; SFOA, starfish
optimization algorithm.

frequency deviations below the nominal level more effectively.
Although GA yields the lowest ITAE value, the overall cost function
calculated using the proposed multi-criteria objective function was
lower for SFOA. In the table, the best values are highlighted in green
for clarity. This confirms that, rather than focusing on a single per-
formance measure, employing a multi-criteria objective function
provides a more accurate and comprehensive evaluation of system
performance.

IV. CONCLUSION

In this study, PID-based controller design for power systems was
investigated by comparing different optimization algorithms, and
the effectiveness of the proposed multi-criteria cost function was
demonstrated. The proposed objective function incorporates not
only the ITAE metric but also key performance indicators such as
frequency deviation and settling time, thereby providing a holistic
framework that addresses both transient and steady-state dynamics
of the system. The obtained results clearly indicate that, compared
to PSO and GA, SFOA offers lower undershoot, shorter settling time,

and a faster stabilization capability. Both graphical and numerical
analyses confirm that system oscillations were suppressed more
effectively, highlighting the improved control performance achieved
with the proposed method. Specifically, quantitative performance
metrics such as the minimum settling time of 0.14 seconds, under-
shoot value of —0.0789, and the lowest cost function value of 0.075
for SFOA demonstrate its superior control quality. These metrics are
summarized in Table Ill, providing clear numerical evidence of the
advantages of the proposed optimization approach. The novelty
of this work lies in the application of the SFOA, inspired by starfish
exploration, hunting, and regeneration behaviors, to microgrid LFC
for the first time.

It should be noted that, in the present work, the renewable penetra-
tion level and system parameters are kept constant, and the analysis
concentrates on the transient and steady-state behavior under step-
type load variations. The influence of different penetration levels of
renewable sources and additional disturbances such as stochastic
fluctuations or measurement noise is not explicitly investigated here.
A more comprehensive robustness assessment that systematically
explores these operating conditions is therefore left as an important
direction for future research.

For future research, it is envisioned that the proposed approach will
be evaluated in different power system scenarios, particularly in
microgrids with high renewable energy penetration, in multi-area
control structures, and through comparative studies with other
bio-inspired optimization algorithms. While the proposed SFOA-
based PID tuning approach demonstrates superior performance,
it is important to acknowledge certain limitations. The algorithm’s
effectiveness depends on the selection of tuning parameters, which
may require preliminary experimentation. Additionally, the compu-
tational burden, although manageable for offline tuning, could pose
challenges for real-time applications. Addressing these limitations
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Fig 7. Iteration history. (a) GA, (b) PSO, and (c) SFOA.
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through adaptive parameter selection and computational optimiza-
tion represents a valuable direction for future research. The practical
deployment of SFOA-tuned PID controllers in real microgrid control
systems is feasible due to the simplicity and widespread use of PID
controllers in industrial hardware. The optimized PID parameters can
be directly implemented in existing microgrid controllers or embed-
ded systems with minimal modification. Integration considerations
include ensuring real-time computational capability for parameter
updates and compatibility with microgrid communication protocols.
Future work may focus on hardware-in-the-loop testing and field
trials to validate the proposed approach under practical operating
conditions.
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