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Maintaining frequency stability in hybrid renewable-integrated power
systems remains a critical challenge due to the inherent variability and
uncertainty of photovoltaic—thermal (PV-T) energy sources. Traditional
proportional-integral (PI) controllers, optimized using conventional
metaheuristic algorithms such as the Whale Optimization Algorithm
(WOA), Firefly Algorithm (FA), and Salp Swarm Algorithm (SSA), often
suffer from limitations including slow convergence, premature convergence
to local optima, and reduced robustness under severe load disturbances. The
research contribution is the development and systematic evaluation of a
chess algorithm (CA)-based PI controller tuning approach for enhancing
load frequency control (LFC) in hybrid PV-T systems. Unlike population-
based methods, the CA employs chess-inspired strategic decision-making
processes, which improve the search efficiency and the ability to escape
local optima in high-dimensional optimization problems. In this study, the
proposed CA-based optimization method is applied to a two-area hybrid
PV-T power system, where the system is subject to various operating
conditions, including solar radiation fluctuations and step load
perturbations. The tuning of PI controller parameters is performed using the
integral of time-weighted absolute error (ITAE) as the objective function.
Simulation results demonstrate that the CA-optimized Pl controller
achieves superior performance in minimizing overshoot, undershoot, and
settling time when compared with controllers optimized by WOA, FA, and
SSA. Specifically, the CA approach achieves faster stabilization and lower
frequency deviations, highlighting its potential for real-time
implementation and enhanced grid reliability. Future work will explore the
scalability of the proposed method to multi-area power systems and
evaluate its computational efficiency through hardware-in-the-loop
validation.
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1. Introduction

The growing adoption of renewable energy sources (RESs) [1], [2] and [3], particularly
photovoltaic (PV) systems, has profoundly altered the operating dynamics of contemporary power
systems [4]. Although these systems have environmental and economic advantages, their sporadic
and unexpected characteristics provide significant issues for sustaining power system stability,
particularly in frequency management. Photovoltaic—thermal (PV-T) hybrid systems, integrating
solar photovoltaic generation with thermal power sources, are being utilized to enhance energy
efficiency. The intrinsic unpredictability of solar irradiance and the erratic nature of renewable output
can result in significant frequency variations, jeopardizing the stability and dependability of power
networks [5].

Load Frequency Control (LFC) systems are usually used to solve these difficulties by keeping
the real-time balance between power generation and consumption [6], [7] and [8]. Conventional LFC
approaches typically use proportional—-integral (P1) [9] or proportional-integral-derivative (PID)
controllers [10], [11] to regulate power output in response to frequency deviations. But in hybrid
renewable systems, where system dynamics are extremely nonlinear and prone to great uncertainty,
the tuning of PI/PID controllers is progressively more difficult [12], [13] and [14].

Recent studies have investigated a range of optimization techniques aimed at improving the
performance of PI/PID controllers in LFC applications [15], [16] and [17]. Among these, the Whale
Optimization Algorithm (WOA) [18], [19] and [20], Firefly Algorithm (FA) [21], [22] and Salp
Swarm Algorithm (SSA) [23], [24] and [25] have demonstrated considerable potential. Nonetheless,
these algorithms continue to demonstrate significant limitations, such as premature convergence, an
inadequate balance between exploration and exploitation, and a sluggish convergence speed in high-
dimensional search environments. The identified shortcomings impede their effectiveness in highly
dynamic systems, such as hybrid PV-T power grids [26], [27] and [28].

To overcome these challenges, this study proposes the use of the Chess Algorithm (CA) [29],
[30] a novel metaheuristic optimization method inspired by the strategic decision-making processes
of chess gameplay. Unlike traditional swarm-based or population-based algorithms, CA employs
piece-specific strategies, prioritizing certain solution candidates based on tactical movements akin to
those used in chess. This characteristic enhances its ability to explore the search space effectively,
avoid local optima, and achieve faster convergence.

The research contribution is the development and systematic evaluation of a chess algorithm-
based PI controller tuning approach for load frequency control in two-area hybrid photovoltaic—
thermal power systems. This study specifically investigates whether the strategic optimization
process of CA can address the recognized deficiencies of existing metaheuristic methods in controller
tuning, thereby improving frequency regulation performance under varying load disturbances and
solar radiation conditions.

The remainder of this paper is structured as follows: Section 2 describes the modeling of the
two-area hybrid PV-T power system and the formulation of the chess algorithm-based optimization
framework. Section 3 presents the simulation setup and parameters. Section 3.1 discusses the results,
comparing the performance of CA with WOA, FA, and SSA. Section 4 concludes the study and
outlines directions for future research.

2. Methodology
2.1. Two-Area Power System

In Fig. 1, our basic model of the work is a two-area test system, shown as follows: The two-
system independent zones represent a mixed power grid of thermal production sources and
photovoltaic (PV) technologies synthesis. Zone 1 is PS: photovoltaic system with maximum power
point tracking (MPPT) [31], [32] and [33]. As you can see, the MPPT system that powers solar panels
extracts the maximum energy as always. This system will follow the changes in solar radiation,

Jagraphon Obma (Strategic Chess Algorithm-Based Pl Controller Optimization for Load Frequency Control in Two-
Area Hybrid Photovoltaic-Thermal Power Systems)



International Journal of Robotics and Control Systems
1158 ISSN 2775-2658
Vol. 5, No. 2, 2025, pp. 1156-1171

ambient temperature, and many more external conditions that the panels face from the MPPT system.
In the second zone of the system, a reheat thermal unit that makes electricity by conventional means
(usually nuclear or fossil fuels) is placed to produce steam [34].

Solar PV Thermal
Power System Power System

I > Do ACl AC tie-line . D¢

y

Load-1 |« Load-2
Area-1 Area-2

Fig. 1. Schematic representation of the power system, adapted from [35]

Fig. 2 illustrates the use of MATLAB/Simulink tools to replicate and model each component of
the testing system, including their interrelationships. This environment aided in the construction of
high-fidelity models for every component, ranging from the PV array to the governor mechanism
[36], turbine assembly, reheater module and the entire power system. Appropriate transfer functions
for each component to illustrate the description of the structure state movement. First-Order Linear
Approximations of transfer functions help mathematical analysis because they show how system
parts interact [37], [38] and [39].

Load

Change 1

: PN
»| Pl Controller PV System - +
Area-1 : Solar PV Power System \f +

Tie-line
Avrea-2 : Thermal Power System

+ +
Q—b PI Controller 4>Q—> Governor Turbine Reheater + Power System
Load

B 1R Change 2
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Fig. 2. Two-area power system under study, adapted from [40]

Equations 1-5 describe the mathematical representations of the building blocks, which are the
PV system and the thermal unit, and their transfer functions relative to each other and their
interactions within the broader dynamics of the system. The MPPT algorithm is implemented within
the PV system model for the system [41] (so that it literally turns itself into a hotter, more efficient,
lighter energy harvester that dynamically senses high-quality sunshine and gathers maximum energy
from PV panels regardless of the continuously changing weather [42]. This means that the system
will react in an ideal fashion with regard to efficiency under any environmental condition.

However, for that PV system to work in MPPT mode [43], it must always produce energy and
power at its highest level. If it doesn't, it won't be able to adapt to changes in the system frequency
at a low level. [MPPT mode needs to blow the whistle for energy generation, competing with little
or no trait of frequency management.] However, there is no frequency coming back from the
photovoltaic panels in Area 1. This limitation suggests that the photovoltaic system [44], while
effective for energy production, does not aid in frequency shedding under standard operating
conditions. The fact that the photovoltaic system couldn't control the frequency showed a problem:
adding photovoltaic power to a grid can cause stability problems. This is especially true as more
renewable energy systems are added.

The transfer function of the PV system is defined by Equation (1), illustrating its composite
structure derived from several components [32].
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This expression describes the time-variant behavior of PV system, highlighting its sensitivity to
solar irradiance and temperatures changes. The transfer function will allow broad time variation of
system in varying environmental conditions.

e  System dynamics: The inclusion of s° + Czs + Dy in the denominator says that there is some
sort of dependency for power output and how responsive you are to changes in environmental
parameters. The constants control the speed and stability of system reaction, Cy and Dy .

e  Response control: Numerator constants 4 and E control the responsivity and output of the PV
system. Changing these constants could increase the ability of the system to respond quickly
to changes in solar irradiation and temperature.

The transfer function of the governor system is defined by Equation (2), illustrating its
composite structure derived from several components [45], [46] and [47].
K¢
1+ s75

Gerr = &)
Where Gz this shows the governor's reaction to changes in system frequency and its modulation
of the power output of the generator. To keep the grid stable, the governor guarantees the generator
runs at a recommended power level. K; expresses the governor's gain constant. It shows the extent
to which the governor responds to frequency changes by varying the output of the generator. An
elevated K; denotes that in response to a given frequency fluctuation the governor will implement a
more significant change to the generator's output. z; The governor's time constant is shown here. It
indicates the time the governor needs to react to a frequency modification. Whereas an increased 7
denotes a more lethargic response, a reduced 7 indicates a faster reaction. The governor's inertia or
the period required for the system to adjust to changes is indicated by the time constant [48].

Equation (3) defines the turbine's transfer function, therefore defining the dynamic reaction of
the turbine in converting mechanical work from its input. One writes the transfer function as:
Kr
1+ stp

Grrp= 3

Where Grpp is the transfer function of the turbine, it mathematically expresses the turbine
response to changes in the input, for example frequency changes in the power system. It also
provides insight into how quickly and efficiently the turbine converts energy from the generator to
mechanical work. K, The turbine gain constant [49], which relates to the turbine’s ability to convert
energy from eigenoperator into mechanical work. It defines the amount of output power that turbine
produces for a given input signal. zz, which is the time constant of the turbine in seconds,
determines how rapidly the turbine can respond to changes in its input. A bigger 7 translates into
slower, thus a slower reacting turbine which will take longer to respond to frequency disturbances
in the power system. Larger zz means a slower turbine response [50].

Equation (4) delineates the transfer function of the reheater, Gzgr, inside a power system. The
text delineates the dynamic behavior of the reheater, which is tasked with regulating the temperature
of steam in thermal power systems, primarily to optimize power generating efficiency. The formula
is:

1+ SKRTR

= = 4
Grur T+ stq (4)

The power system’s transfer function is given by following Equation (5):
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Where Gpg represents the transfer function of the power system. It simulates the dynamic response
of the entire power system to fluctuations, including frequency variations or load alterations. Kpg:
This is the gain constant of the power system, indicating the system's general responsiveness to
variations in input, such as power consumption or fluctuations in system frequency. A greater Kpg
signifies that the system exhibits a more robust response to stimuli. zpg: This is the time constant of
the power system, signifying the speed at which the system responds to input variations. A bigger
7pg Signifies a slower system response, whereas a smaller zpg denotes a quicker reaction.

2.2. Chess Algorithm

The Chess Algorithm (CA) is a metaheuristic optimization technique that draws inspiration from
the strategic decision-making and maneuvering exhibited by chess players throughout a game [30].
This algorithm tackles intricate optimization challenges by emulating the strategic reasoning and
adaptive maneuvers found in chess, where each piece functions with distinct roles and movement
patterns. In contrast to traditional population-based optimization methods, CA utilizes chess-specific
strategies, including pawn deployment for exploration and prioritization of pieces (king, queen,
rooks, bishops, and knights) for exploitation. This approach facilitates a balanced search behavior in
high-dimensional and nonlinear search spaces [51], [52] and [53].

The chess algorithm's optimization process encompasses several essential steps: initialization,
evaluation, strategic arrangement of chess pieces, local search refinement, and the selection of
optimal solutions. The steps are systematically repeated until the convergence criteria are satisfied,
which may include attaining the minimum objective function value or reaching the maximum
allowable number of iterations [54], [55] and [56].

The overall flow of the chess algorithm-based optimization applied in this research is illustrated
in Fig. 3, which presents the systematic sequence of operations for controller parameter tuning using
CA.

2.3. Load Frequency Control Utilizing Chess Algorithms

The most likely scenario is that this component of the power system will have frequency
variations due to power generation and consumption imbalances. There can be a load demand that
exceeds production or does not produce enough to meet the required loads, and then the frequency
of the system may either rise or fall. Some causes of this disparity include variations in renewable
energy sources, such as the sun and wind, abrupt changes in demand, or generator malfunction.
Therefore, this needs to be followed and corrected for stability. One primary tool for this is known
as the Area Control Error (ACE) [57].

In a multi-area power system, the ACE signals of Area-1 and Area-2 are computed individually
to function jointly for the total stability of the entire system. The ACE signals from both the areas
can be represented as follows Equation (6), (7):

e Area-1:

ACE;= B;"Af,+ APy (6)
e Area-2:

ACEZZBZ'AJFZ'FAPU‘&Z (7)

Where Af, and Af, are the frequency deviations for Area-1 and Area-2, respectively. B; and B, are
the frequency bias parameters for Areas 1 and 2, respectively. AP, ; and APy, , represents the power
discrepancies on the interconnections between Area-1 and Area-2 [58]. The ACE signal is crucial
for maintaining the stability and efficiency of power networks by consistently detecting differences
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between power output and demand. The LFC controller employs the ACE signal as its primary input
to regulate power generation in real-time, hence preserving system stability and optimal operational
conditions. The LFC system alleviates substantial frequency variations, hence improving the
reliability and efficiency of the power grid.

Start
Iteration = 1

Random First
Solutions for 8 Pawns

Compare Solutions of Function
and Arrange from Best to Worst

Replace the Arranged with

Select the top 8 1. King. 2. Queen. 3. Ship. 4.

best solution Knight and 5. Bishop
A'rrange the current The Chess Pieces Explore the
solution and new solution Neighborhood for Solutions Based on
from the b:?St to worst Each Chess Pieces Move
Random new Calculate Solutions of Function and Find
solution for 8 pawns the Best Solution of Each Chess Pieces

A

Move the Chess Pieces to
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If the
Solution
is Local
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breaking away from
local answer

Stopping
Conditions

A

Fig. 3. Flowchart of chess optimization algorithm

2.4. Controller Structure and Parameter Constraints

A PI (Proportional-Integral) Controller is a widely utilized control mechanism in various
systems, including Load Frequency Control (LFC) for power systems. The Pl controller combines
two control actions: proportional and integral, with the objective of reducing errors and stabilizing
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the system by adjusting the output in response to deviations from a setpoint [59]. The transfer
function of a Pl controller can be expressed as Equation (8):

K.
Gpy (s)= K,+ ? ®)

Where K, is the proportional gain and K; is the integral gain. This research will utilize CA
optimization based on the controller gains for optimization. The main goal function changes to the
ITAE integral goal, which looks at the differences in frequency between the two areas and the
changing tie-line power. The following ITAE criterion objectified in Equation (9) will determine the
ideal controller gains for improved power system performance [60]. ITAE will serve as a
performance measure. This criterion paves the way toward the optimization of a controller for quick
response yet stable performance. ITAE calculates the integrated product of the controller and the
error at a specific time in the ACE signal, thus a controller performance benchmarking. For all load
frequency control, the use of the ITAE performance index is vital considering its merits toward
penalizing steady-state error through time. Such priority is crucial in power systems because
prolonged excursions cause inefficiency and instability throughout the network. Therefore, by
making controller gains minimum in ITAE, we aim to increase the resilience and sensitivity of the
system against frequency disturbances that would lead to quicker adjustments in setpoints and
eventually a better stable condition [60].

30
ITAE= / t(IAf [+ /AP, 1) dt 9)
0

Where Af; denotes the frequency deviations for Area i, t signifies the time simulation and AP,
indicates the power disparities on the interconnections between Area-1 and Area-2.

In the optimization of PI controllers, the gain parameters K,, (Proportional gain) and K; (Integral
gain) must be restricted between specified lower and higher limits. These limits are crucial as they
delineate the permissible values for the controller's gains, guaranteeing that the system operates
reliably and effectively throughout diverse operating situations. The optimization method seeks to
identify the optimal combination of K, and K; that reduces error or increases system performance,
while adhering to limitations to prevent instability, overshoot, or unpleasant oscillations. The limits
for the gains of the PI controller, K, and K; are defined by the subsequent equations, referred to as
Equation (10) and Equation (11). These equations delineate the permissible range for each gain
parameter.

Kp min <K, < Kp max (10)

Kimin SK,SK

1 max

(1)

The suggested CA method seeks to enhance the gain parameters of a Pl controller by employing
the ITAE objective function as delineated in Equation (9) and accounting for the variable restrictions
specified in Equations (10) and (11). as seen by the arrangement shown in Fig. 2. For more
information concerning the parameter parameters of the test model, please see Table 1. The
parameters of the proposed CA algorithm are detailed in Table 2, along with the block design of the
P1 controller for the LFC issue.

To ensure a fair and unbiased review of performance, the suggested Chess Algorithm (CA)-
based optimization method is compared with three well-known metaheuristic algorithms: the Whale
Optimization Algorithm (WOA), the Firefly Algorithm (FA), and the Salp Swarm Algorithm (SSA).
All optimization approaches are executed under identical simulation conditions to ensure consistency
and reproducibility of the results. Specifically, the number of iterations for each algorithm is set to
50, and the proportional—integral (PI) controller gain parameters are constrained within the bounds
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of [-2, 2]. The settings for WOA, FA, and SSA are taken from proven configurations found in earlier
research, ensuring a trustworthy way to compare and fairly evaluate their optimization performance.

Table 1. Test system parameter [61]

Parameters Full name of parameters Value Unit

A Photovoltaic System Gain 1 18 -

E Photovoltaic System Gain 2 900 -

Cr Photovoltaic system time constant 1 100 -

Dy Photovoltaic system time constant 2 50 -

Kq Governor gain 1 p.uMW
G Governor time constant 0.08 sec

Ky Turbine gain 1 p.uMW
r Turbine time constant 0.3 Sec

Kr Reheat gain 0.33 p.u.MW
R Reheat time constant 10 sec

Kpg Power system gain of thermal area 120 Hz/p.u.MW
Tps Power system time constant 20 sec
R Regulation droop 0.4 Hz/p.u.MW
B Frequency bias constant 0.8 p.u.

Tiie Tie-line power coefticient 0.545 -

Table 2. Comparative comparison of parameters for CA, WOA [62], FA [63], and SSA [35] in addressing
the LFC problem

Parameter CA WOA FA SSA
(Proposed)

Iteration number 50 50 50 50
Lower bound for PI [-2; -2] [-2;-2] [-2;-2] [-2;-2]
Upper bound for PI [2; 2] [2; 2] [2; 2] [2; 2]

Contrast of the attractiveness - - 1.0 -
Attractiveness at r=0 - - 0.1 -
Randomization parameter () - - 0.1 -
Mutation probabilities - 0.4 - -
Rate of procreation - 0.6 - -
Rate of cannibalism - 0.44 - -

3. Simulation Results and Discussion

Simply put, the Chess Algorithm (CA) got-shot up and ran under MATLAB, with the
simulations into play on a computer under the ages of a Core i5 processor and 16.00 GB RAM. Its
primary goal was to see whether CA could optimize the gain parameters of a Pl Controller in Load
Frequency Control (LFC) for most power systems. Various tests were performed on the architecture's
endurance and adaptability: a situation of 10% load perturbation, a case of high load demand, and a
case of solar radiation variation-all scenarios of the real world that might be faced by power systems.
In optimizing the gains of the Pl controller under the above conditions, the CA has indeed shown
that it was able to sustain system stability through frequency deviations very effectively.

Testing of the CA-optimized PI controller was done by the ITAE performance index, a perfect
index for measuring the response time and accuracy of handling the disturbance by the controller.
The checks indicated that the CA algorithm has really done a good job in fine-tuning of the PI
controller parameters. Moreover, the algorithm has guaranteed stable frequency control with good
load balancing in the power system under varying weather conditions and tough operational
scenarios. CA now promises a significant improvement in the overall performance and reliability of
the power system control schemes.

3.1. Evaluation of the CA-Optimized Controller in Comparison to Conventional Methods

A load disturbance of 0.1 p.u. affecting both regions enters the system from the third second of
testing. It is aimed at investigating how the system behaves when faced with load disturbances and
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determining how well the controllers perform in frequency stabilization. The controllers are tested

against optimal settings for the well-known optimization techniques, with special consideration to
the CA in this study.

The controller settings and the corresponding fitness function value obtained using the CA
method have been summarized in Table 3. These parameters are the optimally determined PI
controller gain values for power output adjustment to returning system frequency to nominal value.
The fitness function results are useful for measuring the performance of the optimized controllers in
terms of minimizing the errors in the systems and stabilizing under the load disturbances. Thus, the
CA optimization is compared with the other optimization techniques.

Table 3. Optimized PI controller parameters from various methods

Parameters CA-PI WOA-PI FA-PI SSA-PI
(Proposed)

Koi -0.4687 -0.4563 -0.8811 -0.7715

Kj -0.0923 -0.2254 -0.5765 -0.0483

Kp2 -1.9942 -0.8967 -0.7626  -1.0837

K -0.9399 -0.9865 -0.8307 -0.8929

The optimized parameters of the PI controller, shown in Table 3 and obtained by optimization
techniques including CA, WOA [62], FA [63], and SSA [35], indicate how crucial the aspects of
tuning in power systems are for efficient load frequency control (LFC). The performance of these
controllers, as indicated by the fitness function values, can be compared according to the optimization
methods employed, thus making it possible to identify which strategy best minimizes error and
maintains system stability during perturbations.

Table 4 delineates essential performance measures for assessing the efficacy of modified PI
controllers using several methodologies. The table specifically contains the values for undershoot
(US) and overshoot (OS). These measurements are vital for comprehending the system's dynamic
reaction to load disturbances and are crucial for evaluating the stability and efficacy of the controllers.

Table 4. Performance comparison results for Af, , Af, and AP, with obtained ITAE values

CA-PI WOA-PI FA-PI SSA-PI
(Proposed)

Af Undershoot ~ -0.15655 -0.21962  -0.29638  -0.23274
o1 Overshoot 0.021149 0.097358  0.13602  0.060559
Af. Undershoot ~ -0.22191 -0.26681 -0.2757 -0.25713
2 Overshoot 0.046149 0.10102 0.11731  0.069293
AP. Undershoot  -0.02952  -0.047684 -0.047178 -0.037714
fie. Qvershoot 0.022811 0.037722  0.03634  0.032441

ITAE 2.9104 41211 7.4259 4.,9948

Parameters

The diagram shown in Fig. 3. discusses the flabbergasting comparison in frequency of Area 1
in a dual area power system. The chart delineates time-influenced frequency variations in Area 1,
particularly after load disturbance or changes in system conditions. While the x-axis is time measured
in seconds, the y-axis is the frequency deviation (Af;), quantified by Hertz (Hz), indicating the range
of frequency departure from the nominal value.

The system is expected to deviate from its nominal level following disturbance, typically on a
much lower or higher level, developing its response to rapid changes in demand in very clear terms.
The highest deviation in frequency is assumed to be caused by the greater disturbance to the system;
a higher peak represents heavier system reaction. The various lines seen on that graph indicate how
the aforementioned PI controllers are tuned according to different approaches, such as Whale
Optimization Algorithm (WOA), Firefly Algorithm (FA), Salp Swarm Algorithm (SSA), and Chess
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Algorithm (CA). These lines show the performance of each optimization strategy according to how
well it minimizes frequency deviations and returns it close to nominal.

These controllers attempt to restore the frequency to its nominal level once it has been disturbed:;
the time taken to stabilize that frequency would become a significant performance measure. The
CA-PI controller is known for its fast recovery with low overshoot and the fastest settling time
compared to its competitors, thus depicting high reliability. The performance of all controllers can
be evaluated in terms of overshoot, which measures how much the frequency exceeds its nominal
value before settling down. The settling time indicates how fast the system returns to its nominal
frequency. These parameters are essential for judging the efficiency of each optimization technique
in dealing with load changes and maintaining stability in the system.

Fig. 4 shows the frequency variations due to a load disturbance occurring in Area 2 of the power
system. The frequency is plotted in deviation from the nominal value against time, where the x-axis
denotes time (in seconds) and the y-axis shows frequency deviation in Hertz (Hz). The disturbance
effect began approximately at three seconds, which caused an initial deviation of frequency from this
nominal value. The controllers of the system are expected to rectify the frequency to nominal, while
the graph indicates how the system reacted to this disturbance. The varying frequency is important
for checking the efficacy of Pl controllers tuned by a variety of algorithms for establishing system
stability.

0.15 i T | .
0.1
0.05
— D S
=
— -0.05 1
=
2 01
©
= 015 |
= = = WOA-PI Controller
0.2 FA-PI Controller
025 - - =55A-PI ?nntrnllvr
— CA-PI Controller
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Fig. 4. Frequency deviation in area 1

A line for each optimized PI controlle—Whale Optimization Algorithm (WOA), Firefly
Algorithm (FA), Salp Swarm Algorithm (SSA), and Chess Algorithm (CA)—has been drawn in the
graph. The different graphs describe the system dynamics for the load disturbances due to the
respective controllers. The CA-PI controller (black solid line) recovers fastest with little overshoot,
thus stabilizing quicker than all others. This shows that the Chess Algorithm-optimized controller is
much better at preventing frequency changes and speeding up the system's stabilization. This makes
it the best choice for stopping disturbances in Area 2.

Power Fluctuations of Tie Lines with Control Strategies Shown in Fig. 5. This image shows the
power variation in the tie line of a dual-area power system, where the PI controllers of each area are
tuned using diverse algorithms. The independent variable is time (in seconds), and the dependent
variable is tie-line power variation per unit megawatt (pu.MW). The graph displays the system's
response to changes, with each line indicating the frequency change caused by various PI controllers.
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Four controllers are studied—these controllers are optimized by the Whale Optimization Algorithm
(WOA), Firefly Algorithm (FA), Salp Swarm Algorithm (SSA), and Chess Algorithm (CA) with a
different optimization technique. Tie line power fluctuations under different control strategies shown
in Fig. 6.
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Fig. 6. Tie line power fluctuations under different control strategies

The performance of the controllers can be compared on the basis of how well they could manage
tie line power below disturbances. The CA-PI controller (black solid line) has shown supreme
performance with lower overshoot and minimum settling time, meaning that tie line power is quickly
settled after disturbance. On the other hand, controllers tuned WOA, FA, and SSA optimization
techniques to experience major oscillations and prolonged settling times (red dashed, green dash-
dotted, and blue dashed lines, respectively). The results show that CA-PI is the best way to control
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systems because it keeps systems stable even when there are disturbances. This is in contrast to other
optimization methods, which make systems more unstable.

4. Conclusions

This paper outlines the creation and systematic assessment of a chess algorithm (CA)-based
optimization method for calibrating proportional—integral (PI) controllers in load frequency control
(LFC) applications for two-area hybrid photovoltaic-thermal (PV-T) power systems. CA utilizes
chess-inspired strategic decision-making mechanisms to enhance the search process, offering
improved exploration capabilities and effective evasion of local optima, which are prevalent
drawbacks of conventional methods like the Whale Optimization Algorithm (WOA), Firefly
Algorithm (FA), and Salp Swarm Algorithm (SSA).

The simulation findings unequivocally indicate that the CA-optimized Pl controller attains
enhanced performance in managing frequency deviations under diverse operating conditions, such
as solar irradiance variations and abrupt load disruptions. The CA technique decreases the integral
of time-weighted absolute error (ITAE) by around 29% compared to SSA and markedly reduces
overshoot and undershoot values, resulting in quicker settling times compared to the other algorithms
assessed. These findings validate the efficacy of the CA as a feasible optimization method for
improving frequency regulation in renewable-integrated power grids. Notwithstanding the
encouraging outcomes, many limitations of the suggested strategy must be recognized. The research
concentrates exclusively on simulation-based analysis, without experimental validation or hardware-
in-the-loop (HIL) implementation, both of which are crucial for verifying real-time applicability.
Furthermore, although the computational difficulty of CA was not explicitly examined, the chess-
inspired method may impose a heightened computing load when the issue size extends to multi-area
systems.

Future endeavors will concentrate on expanding the CA-based optimization framework to
encompass larger-scale power systems, including multi-area designs with more renewable
integration, such as wind, battery storage, and demand response strategies. Additionally, real-time
implementation, statistical performance evaluation, and hardware validation will be addressed to
improve the practical significance and dependability of the proposed control method.

The suggested CA-based PI controller tuning approach significantly enhances the resilience,
stability, and responsiveness of LFC systems in hybrid renewable energy contexts, therefore
promoting dependable and sustainable power system operation.
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