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Abstract

The growing induction of renewable and cleaner energy sources has made
present-day interconnected power grids more complex, where frequency
stability and tie-line power control are significant issues. This work presents
a realistic two-area interconnected system modelled in MATLAB/Simulink
comprising gas, reheat-thermal, and hydro units, with nonlinear considera-
tion and a modified Proportional-Integral-Derivative-Filter (PIDN) controller
design. The impact of the inclusion of a Fuel Cell (FC) unit with the grid
on frequency stability is analysed, and a coordinated control strategy with
Flexible AC Transmission System (FACTS) devices is developed. Several
FACTS devices, namely Thyristor Controlled Series Capacitor (TCSC), Uni-
fied Power Flow Controller (UPFC), Interline Power Flow Controller (IPFC),
and Static Synchronous Series Compensator (SSSC), are designed and inte-
grated with the grid to improve frequency stability. Three population-based
optimisation algorithms, viz, Grey Wolf Optimisation (GWO), Artificial Bee
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Colony (ABC), and Differential Evolution (DE), are used for minimising
the cost function, Integral of Time multiplied by Absolute Error (ITAE),
for optimal tuning of PIDN and FACTS controllers. A comprehensive study
is performed across four scenarios, including single-area and multi-area
Step Load Perturbations (SLP). The control performance of each strategy
is evaluated based on the obtained ITAE, settling times, peak overshoots,
peak undershoots, and rise times. Results demonstrate that GWO outperforms
ABC and DE by achieving better control dynamics. Moreover, inclusion
of FC achieves a substantial reduction in ITAE compared to conventional
approaches, with values as low as 0.002044. FACTS devices further enhance
performance, with IPFC consistently achieving the best damping, lower-
ing ITAE to nearly half of the baseline PIDN–GWO values in multi-area
disturbances. Overall, the study establishes that coordinated deployment of
optimised controllers, FACTS technologies, and cleaner energy sources can
significantly strengthen frequency regulation.

Keywords: Fuel cell, flexible AC transmission system, grey wolf optimisa-
tion, artificial bee colony, differential evolution, integral of time multiplied
by absolute error.

1 Introduction

1.1 Background

The reliability and stability of power systems are heavily dependent on their
ability to maintain nominal frequency despite continuous and unpredictable
load variations. As the electrical power generated must always match the
demand in real-time, any imbalance leads to frequency deviations, which, if
not promptly corrected, can compromise system integrity and operation [1].
This challenge is addressed by Automatic Generation Control (AGC), a
critical component in modern power systems that automatically regulates
the generation of multiple generating units to maintain frequency and tie-
line power flow. The function of AGC is widely acknowledged as Load
Frequency Control (LFC), a process that becomes even more complex in
multi-area interconnected systems due to inter-area power flows and dynamic
interactions [2, 3]. For the study of LFC of interconnected areas, accurate
modelling of the power system is essential. This requires a precise mathe-
matical exemplification of the generating units that form part of an actual
power system [4]. These units must be modelled while considering practical
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restrictions such as Generation Rate Constraint (GRC) and Governor Dead
Band (GDB) [5, 6]. GRC defines the realistic bounds of power generation
due to the physical constraints of the turbine, while GDB represents a delay
in the system’s response to act upon change [7]. Furthermore, modern smart
grids achieve frequency control with the help of signals received from various
Phasor Measurement Units (PMUs) spread across a wide area. Therefore, the
effects of data sampling and communication delays must also be considered
in a practical smart power system model [8, 9].

1.2 Literature Review

LFC in an interconnected grid has evolved from the analysis of single-area
systems to more complex multi-area configurations. Numerous studies have
been done focusing on two-area, three-area [10], and four-area [11] inter-
connected systems to represent a power system with multiple utility regions.
The purpose of representing a multi-area power system for LFC studies is to
consider the dynamics of interconnected areas while incorporating tie-line
power exchanges. While considering more interconnected areas increases
the practicality of the situation, it makes the grid model more intricate.
Considering this fact, most of the studies focus on a two-area interconnected
grid as it allows tie line exchanges without complicating the model.

The composition of the power grid across the globe is changing constantly
with the amalgamation of several renewable energy sources (RES). Several
researchers have focused on this changing composition and have considered
hybrid power systems for their frequency control, for instance, in [12], a
multi-microgrid system has been considered for frequency control. Similarly,
a renewable source integrated power system has been considered in [13]. This
study incorporates Solar and wind power plants with conventional thermal
units in an interconnected grid. In [14], a wind energy source with Electric
Vehicle (EV) aggregation has been considered for LFC studies. EVs could
help in providing the frequency support during critical load variations due to
the availability of stored energy in their batteries. Several other researchers
have also considered Plug-in Hybrid Electric vehicles integrated with the
conventional power system for improvement of frequency regulation [15, 16].

Energy Storage Systems (ESS) like batteries, flywheels, Fuel Cells (FCs)
and super capacitors have flourished recently for their several benefits in
power systems. These sources store energy during excess generation in the
power system and supply during a shortfall of energy, hence supporting
frequency. Along with ESS, High Voltage DC (HVDC) links also help in
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regulating frequency. HVDC link with an AC tie line introduces power
electronic converters, which can control power flow. The effect of incor-
porating Vanadium redox flow battery (VRFB) and Super Magnetic Energy
Storage System (SMES) along with HVDC link on power system frequency
stability is studied in [17]. In [18], the authors investigated the impact of
the inclusion of FC on damping frequency variations. In addition to these
devices, Flexible AC Transmission Systems (FACTS) devices can regulate
real and reactive power flowing through transmission networks using power
electronics controllers. Some studies have explored the use of several FACTS
devices like TCSC [19] and UPFC [20] in frequency regulation and control
of the power system.

LFC primarily alters the generator’s output with the help of speed gover-
nors, which alter the mechanical power input to the turbine depending upon
frequency changes. Further, the Integral controller is used to eliminate the
Area Control Error (ACE) and bring the frequency to the nominal level. Sev-
eral controllers other than integral have also been explored in the literature,
like Proportional Integral Derivative (PID) controller [21], Fuzzy-PIDF [22],
Fractional Order Integral-Tilt Derivative with Filter (FOI-TDN) [23], 2-DOF-
PID-FOI [24]. Some other studies focused on developing different control
architectures by designing controllers with a High-order differential feedback
controller [25], a second-order Sliding Mode Control (SMC) via double-
integrated sliding surface [26], a multi-phase SMC scheme [27], Adaptive
High-Order Sliding Mode Control (HOSMC) [28] and a mixed H2/H8 robust
control scheme [29]. Among all these controllers, the PID controller is still
the simplest and most widely adopted controller. However, conventional PID
shows limitations in handling nonlinearities, delays, and rapidly changing
operating conditions in modern power networks. Therefore, in this research,
a modified PID controller is used, which combines conventional PID with a
low-pass filter cascaded with the derivative part and an anti-windup saturation
block with the integral controller. This helps in improving its performance,
noise immunity and makes it robust for more practical nonlinear systems.

Moving further from controller design, another aspect of effective sta-
bility control is the choice of optimisation method. Several optimisation
techniques, such as Artificial Rabbits Optimisation (ARO) [30], Archimedes
optimization algorithm (AOA) [31], Artificial Bee Colony (ABC) [32], Dif-
ferential Evolution (DE) [33], Firefly Algorithm (FA) [33], Hunger Games
Search Algorithm (HGS) [34] and Innate-Oriented Largescale Multi-agent
Double Delayed DDPG (IOLS-MA4DPG) [35] have been implemented to
both conventional LFC structure and restructuring power system network.
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The role of these optimisation procedures is to reduce the cost function,
which consists of the rate of change of frequency (ROCOF) in different areas
of a multi-area network, and to minimise tie-line power exchanges. Hence,
these techniques provide optimum values of several controllable parameters
of the grid for effective power system operation and control. In continua-
tion, several studies have explored newer perspectives on this problem. For
instance, the impact of Variable Frequency Transformer (VFT) on frequency
stabilisation of a multi-area power system network is investigated in [36]
and [37]. Similarly, Ref. [38] implemented demand response in LFC using
active disturbance rejection control, while Ref. [39] presented a model-free
output feedback (OPFB) approach to address the LFC problem.

1.3 Motivation and Contribution

Inspired by the proven effectiveness, wide applicability and simple design
of the PID controller, a modified PID controller structure is developed and
incorporated for this study. The modified design incorporates a low-pass
filter with the derivative part to suppress noise, and anti-windup protection
with the integral term to enhance reliability under nonlinear operating con-
ditions. Besides this, most existing studies which have examined the use of
FACTS devices for improving stability and control have primarily focused
on individual controllers, without providing a comprehensive comparison of
different alternatives. Therefore, this study targets to highlight the necessity
of a supplementary damping controller to mitigate frequency oscillations
and provides a systematic comparative analysis of multiple FACTS devices,
including SSSC, TCSC, IPFC, and UPFC. Further motivated by the strong
push all around the globe for cleaner and efficient energy sources, this study
investigates the role of FC on the frequency oscillations when incorporated
with these FACTS devices and the conventional power grid. In addition to
this, optimisation algorithms such as Grey Wolf Optimisation (GWO), ABC,
and DE have been implemented in this work to ensure optimal tweaking of
the controller and FACTS parameters is achieved. The essential contributions
of this research are outlined below:

1. Design and development of a modified PID controller incorporating
derivative filtering and anti-windup protection for integration with a
multi-source interconnected grid, considering non-linearities.

2. Systematic comparative analysis of multiple FACTS devices (SSSC,
TCSC, IPFC, and UPFC) for enhancing stability in an interconnected
grid.
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3. This study presents a novel framework that combines FC-based gen-
eration with FACTS devices in a conventional grid, focusing on their
synergistic role in improving frequency stability.

4. Application of modern optimisation algorithms such as GWO, ABC, and
DE for optimal tuning of the controller and FACTS parameters.

5. Performance evaluation under various load perturbation scenarios and
FC integration scenario with the Integral of Time-Multiplied Absolute
Error (ITAE) employed as the performance index.

1.4 Organisation of Work

The rest of the research article is documented as follows: Section 2 describes
the interconnected power system, which is under research for this study,
consisting of a reheat thermal, a gas and a hydro power plant in two areas
of the power system followed by modelling of various FACTS devices
like SSSC, TCSC, IPFC, UPFC and FC model. Section 3 discusses the
designed control architecture for LFC studies, including modified PID design,
objective function formulation and optimisation algorithms like GWO, ABC,
and DE. Section 4 highlights various simulation results under various load
scenarios, and scenarios with the inclusion of FC with the conventional power
grid. The study concludes in Section 5, where potential directions for future
work are also proposed.

2 System Description and Modelling

2.1 Interconnected Grid Model

The system under consideration for LFC studies is a diverse-source two-area
interconnected grid comprising a reheat-thermal, a gas unit, and a hydro unit
in each area, as illustrated in Figure 1. Each area of this power system is
designed to have a rated power of 2000 MW and a nominal load of 1740 MW.
This load is shared among the reheat-thermal (1000 MW), hydro (500 MW),
and gas (240 MW) units, resulting in participation factors of 0.5747, 0.2873,
and 0.138, respectively. For the representation of different components of
each power plant unit, such as the governor, turbine, droop, and valve
positioner, transfer function modelling is used, and their parameter values
are provided in Table A.1 in Appendix [31]. Additionally, for a practical
representation of the power system, several nonlinearities, including GRC
and GDB, have also been considered, as depicted in Figure 1. The increasing
and decreasing rates of GRC have been taken as 10% pu/minute, which is
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Figure 1 Diverse source interconnected power system transfer function model.

0.0017 pu.MW/s. Similarly, for GDB, which could be linearised based on
the speed and its rate of change, is also incorporated with values of Fourier
coefficients N1 and N2 as 0.8 and −0.2/π, respectively [25, 31].

2.2 SSSC Model

SSSC is a Voltage Source Converter (VSC) based FACTS device that is
connected to the transmission line in series. Along with the line current, it
injects a regulated voltage in quadrature, which alters the line reactance and
hence regulates the transmitted power [5]. SSSC doesn’t require inductors or
capacitors, thereby reducing the bulkiness of the device. The SSSC model
used for this study has been depicted in Figure 2(a). It is represented with a
gain of KSSSC and a time constant of TSSSC. Lead and lag compensators are
added in cascade with this SSSC with time constants as T1, T2, T3, and T4,
where T2 and T4 are usually kept constant to 0.01 seconds [5]. Equation (1)
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Figure 2 Transfer function model (a) SSSC (b) TCSC.

shows how SSSC alters the initial tie line power flow of ∆P 0
12(s) to the new

power flow of ∆P12(s).⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

∆P12(s) = ∆P 0
12(s) + ∆PSSSC (s)

∆P 0
12(s) =

2πT12

s
[∆F1(s)−∆F2(s)]

∆PSSSC (s) =
KSSSC

1 + sTSSSC

1 + sT1

1 + sT2

1 + sT3

1 + sT4
∆Error(s)

(1)
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2.3 TCSC Model

As one of the early FACTS controllers, the TCSC includes a series capacitor
bank in parallel with a thyristor-controlled reactor. Control of the thyristor
firing angle alters the circuit’s effective reactance, thus regulating power
transmission. TCSC offers fast damping of low-frequency oscillations by
dynamically adjusting line reactance, thereby improving stability [5]. The
transfer function illustration of TCSC is revealed in Figure 2(b). In Equa-
tion (2) ∆P 0

12(s) represents incremental tie-line exchange from area-1 to
area-2 without TCSC, T12 is the synchronizing constant, while ∆F1(s) and
∆F2(s) are frequency deviances of area-1 and area-2, respectively. The
change and control achieved by TCSC in tie line power flow could be
expressed using a Taylor series expansion and is shown as ∆PTCSC (s) in
Equation (2) [19]. Here ∆Error(s) is an input control signal in area 1,
while KTCSC and TTCSC are the gain and time constant of the TCSC signal
conditioning transfer function block. T2 and T4, similar to SSSC, are kept
constant at 0.01 seconds while tuning other parameters.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∆P12(s) = ∆P 0
12(s) + ∆PTCSC (s)

∆P 0
12(s) =

2πT12

s
[∆F1(s)−∆F2(s)]

∆PTCSC (s) = ∆KC(s) + (∆KC(s))
2 + (∆KC(s))

3 + (∆KC(s))
4

+ (∆KC(s))
5 + · · ·

∆KC(s) =
KTCSC

1 + sTTCSC

1 + sT1

1 + sT2

1 + sT3

1 + sT4
∆Error(s)

(2)

2.4 IPFC Model

IPFC is one of the advanced FACTS devices which employs multiple VSCs
connected in series with different transmission lines and shares a common DC
link. This helps in coordinated power flow control of multiple lines simulta-
neously. Due to this feature, IPFC could serve as a supplementary damping
controller to dampen frequency oscillations caused by load disturbances. Its
model is illustrated in Figure 3(a). In Equation (3) the change in power
flow, which could be achieved by IPFC, is represented as ∆PIPFC (s), while
similar to SSSC and TCSC representation, ∆P 0

12(s) represents variation in
tie line exchange between area-1 and 2 without IPFC, whereas ∆F1(s) and
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∆F2(s) are frequency change in area-1 and 2, respectively. Here, K1 and K2

are feedback gains, while TIPFC is the time constant of the IPFC block [5].⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

∆P12(s) = ∆P 0
12(s) + ∆PIPFC (s)

∆P 0
12(s) =

2πT12

s
[∆F1(s)−∆F2(s)]

∆PIPFC (s) =
1

1 + sTIPFC
[K1∆F1(s) +K2∆P 0

12(s)]

(3)

2.5 UPFC Model

UPFC is one of the most versatile FACTS devices, which can combine
functionalities of both series and shunt compensation. It employs two VSCs,
which are connected in series and shunt to the transmission line, and are
coupled through a common DC link. The purpose of a shunt converter is to
regulate bus voltage and provide reactive support, whereas a series converter
helps in regulating the power flow through the line by injecting controllable
voltage. UPFC could be used for enhancing tie-line power regulation by con-
trolling voltage, impedance, and phase angle, and thereby offering superior
damping of frequency oscillations. For LFC studies, the accurate modelling
of UPFC is achieved by the following transfer function representation shown
in Equation (4), where TUPFC represents the time constant of the UPFC
block, ∆F1(s) is the change in frequency in area 1 after a load disturbance,
and ∆PUPFC (s) represents the power flow control which is achieved by
UPFC controller [20]. Using this equation, the transfer function illustration
of UPFC is shown in Figure 3(b).⎧⎨⎩

∆P12(s) = ∆P 0
12(s) + ∆PUPFC (s)

∆PUPFC (s) =
1

1 + sTUPFC
∆F1(s)

(4)

2.6 Fuel Cell Model

Hydrogen as an energy source has gained popularity recently due to its
efficient and eco-friendly energy generation. In this research, the effect of
the addition of FC to the power system in coordination with FACTS devices
is explored. Within the FC, hydrogen is fed into the anode such that a catalyst
helps to separate hydrogen molecules into protons and electrons. These
electrons are channelled through an external circuit to generate an electric
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Figure 3 Transfer function model (a) IPFC (b) UPFC.

Figure 4 Fuel Cell transfer function model.

current, and protons move through the electrolyte to reach the cathode. Within
the cathode, the protons along with electrons and oxygen from atmospheric
air combine to give an output of water such that an overall electrochemical
reaction is carried out. The transfer function, which represents this process,
is expressed as follows and depicted in Figure 4 [18]:

∆PFC (s) =
1

1 + sTFC

1

1 + sTinv

1

1 + sTfilt
(PFFC )

(︃
U(s)− 1

R
∆Fi

)︃
(5)
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In this equation, 1/R represents the droop characteristics, U(s) represent
the PIDN controller action, while PFFC signifies the participation factor of
the FC unit. These values, along with the time constraints of this FC unit, are
mentioned in Table A.1 of Appendix [18].

3 Control Strategy

3.1 Modified PIDN Control Design

The controller employed in this research is a modified-PIDN controller,
which is designed to effectively mitigate tie-line power and frequency oscil-
lations in an interconnected grid. The controller integrates three distinct
control actions of proportional, improved integral and improved derivative
action. The proportional part, being the same as conventional PID, provides
an immediate corrective effort to the error signal. While integral action is
responsible for reducing steady state error, it often winds up during larger
disturbances or actuator limits; therefore, an anti-windup mechanism is incor-
porated using a saturation block, which provides faster and effective action.
Further, a low-pass filter is added in addition to the derivative component,
which is responsible for improving system dynamics. This filter helps in
avoiding amplification of high-frequency noises, ensures practical implemen-
tation and enhances robustness to the conventional PID filter. In addition to
all these improvements, an output saturation block is also placed after the
complete PID action, which ensures practical operational bounds and aligns
the dynamics of the modified-PIDN controller with the governor actions of
the grid. Figure 5 highlights the control architecture of the modified PIDN

Figure 5 Modified PIDN filter design.
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controller, as also expressed in Equation (6). The corresponding parameters
are listed in Table A.2 of the Appendix. This control structure is deployed
in both areas, which are independently tuned using different optimisation
algorithms such as GWO, ABC, and DE by reducing a predefined objective
function, described in the next subsection.

U(s) = sat

[︃
KpiE(s) + sat

(︃
KiiE(s)

s

)︃
+

KdisE(s)

1 + TN

]︃
(6)

In this equation, E(s) represents the Area control Error (ACE) of each
area of the interconnected grid, which is fed to the modified PIDN controller,
while K pi, K ii and K di represent the proportional, integral and derivative
gain of the controllers in both areas of the model. Further, T N represent the
time constant of the low-pass filter, and finally U(s) is the control action of
this controller.

3.2 Performance Index

The objective function is a crucial component of an effective control scheme.
It is formulated to be minimized in order to achieve the desired performance,
which in this case involves tweaking the parameters of FACTS and PID
controllers. Since the primary objective of LFC studies is to reduce the
settling time and minimise the peaks of frequency and tie line oscillations,
ITAE is adopted as an objective function. The time multiplication term in
ITAE effectively penalizes prolonged variations in system frequency and tie
line power, which helps in reducing settling time. In addition, by considering
the absolute error in its formulation, ITAE efficiently suppresses peak over-
shoots and undershoots [10]. This ITAE-based cost index to reduce frequency
deviations and tie line power flow changes is stated as follows:

ITAE =

∫︂ Tsim

0
(|∆F1|+ |∆F2|+ |∆P12|) ∗ t ∗ dt (7)

Where Tsim is the simulation time, ∆F1 and ∆F2 are the respective
frequency variations in areas 1&2, and ∆P12 is the change in tie-line power
flow. Minimising this objective function ensures that frequency and tie line
power variations are reduced promptly.

3.3 Grey Wolf Optimisation

GWO was presented by Mirjalili in 2014, which is a swarm intelligence-
based algorithm. This optimisation works on the hunting behaviour of grey
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wolves, which prefer to stay in groups of sizes five to twelve individuals. To
implement this algorithm, the following steps of social hierarchy, encircling
and attacking prey must be followed [8, 13].

1. Social Hierarchy:In the GWO algorithm, wolves are divided into four
groups: α (leader), β (second level), δ (third level), and ω (followers).
The optimization process is guided by the hunting strategy, where α,
β, and δ guide the search and ω follows them. Also, α represents the
most optimal result, while β and δ represent the second and third finest
solutions.

2. Encircling prey: Grey wolves hunt their prey by encircling it. This
behaviour could be mathematically represented as follows:

D⃗(t) = |C⃗.X⃗p(t)− X⃗(t)| (8)

X⃗(t+ 1) = X⃗p(t)− A⃗.D⃗(t) (9)

Where t represents the present iteration, X⃗p and X⃗ represent the position
vector of the prey and wolf. Here A⃗ and C⃗ are the coefficient vectors,
which are further computed in Equation (10), where r⃗1 and r⃗2 are irreg-
ular random ranging [0, 1] and a⃗ is the decay factor linearly decaying
from 2 to 0. {︄

A⃗ = 2a⃗.r⃗1 − a⃗

C⃗ = 2.r⃗2
(10)

3. Hunting: Since Alpha, Beta and Delta are the best ways to reach the
prey, the path between Omega wolves and these three optimum wolves
is computed, and Omega’s position is changed as follows:

D⃗α(t) = |C⃗1.X⃗α(t)− X⃗(t)| (11)

D⃗β(t) = |C⃗2.X⃗β(t)− X⃗(t)| (12)

D⃗δ(t) = |C⃗3.X⃗δ(t)− X⃗(t)| (13)

X⃗1(t) = X⃗α(t)− A⃗1.D⃗α(t) (14)

X⃗2(t) = X⃗β(t)− A⃗2.D⃗β(t) (15)

X⃗3(t) = X⃗δ(t)− A⃗3.D⃗δ(t) (16)

X⃗(t+ 1) =
X⃗1(t) + X⃗2(t) + X⃗3(t)

3
(17)
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Figure 6 Flowcharts of optimisation algorithms (a) GWO (b) ABC (c) DE.

Here X⃗α(t), X⃗β(t), X⃗δ(t) represent the positions of three optimum
wolves. The vectors C⃗1, C⃗2, C⃗3 denote coefficient vectors and A⃗1, A⃗2,
A⃗3 are parameters that control the balance between exploration and
exploitation associated with these three leaders. Terms D⃗α(t), D⃗β(t),
D⃗δ(t) represent the calculated distance between the current wolf and
each of the three leaders. Finally, X⃗1(t), X⃗2(t), X⃗3(t) correspond to the
estimated new positions of the wolf with respect to the alpha, beta, and
delta wolves. Some of the constraints used in the GWO for this research
are listed in Table A.2 in the appendix. GWO could be better understood
from the algorithm shown in Figure 6(a).

3.4 Artificial Bee Colony

The ABC algorithm is a population-based algorithm which works on the
foraging behaviour of honeybees. It has been widely used in engineering opti-
misation due to its simplicity, robustness and fast convergence characteristics.
In the LFC problem, the decision vector xi contains the controller parameters
to be optimised, which are parameters of FACTS devices and the controller.
The ABC algorithm iteratively improves a population of nominee solutions
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(food sources) using three types of agents: Employed Bees (EB), Onlooker
Bees (OB), and Scout Bees (SB). EB explores surrounding of their assigned
food sources, OB probabilistically select promising sources based on nectar
quality (fitness), and SB perform random exploration to replace abandoned
sources. This process of finding an optimal solution for solving this problem
using ABC optimisation could be divided into the following phases [32]:

1. Initialisation: Firstly, each decision variable is initialised uniformly
within its bounds as follows:

xij = xmin
j + rand(0, 1).(xmax

j − xmin
j ) (18)

In this equation, i represents the current food source and is varied from
[1, 2, . . . ,SN ] in this expression, while j represents the dimensionality
of each solution vector and is varied from [1, 2, . . . , D]. After initialisa-
tion of the decision variable, the cost function (ITAE) corresponding to
randomly generated variables is mapped such that the lower cost func-
tion corresponds to a higher fitness value using the following mapping
technique:

fi =

⎧⎨⎩
1

1 + ITAE (xi)
if ITAE (xi) ≥ 0;

1 + |ITAE (xi)| if ITAE (xi) ≤ 0

(19)

2. EB phase: In this phase, each EB explore other food sources in the
surroundings of the current assigned food source (xi). Hence, a new
contender vi is generated by perturbing a randomly selected neighbour
xk as follows: {︄

vij = xij + ∅ij .(xij − xkj)

∅ij ∼ U(−1, 1)
(20)

If the new candidate result goes out of its bounds [xmin
j , xmax

j ], it is
clipped to its bounds. Further, greedy selection is applied to this process,
and if vi achieves an improved fitness value than the current solution xi,
then it is selected. Since the food sources drain after some iterations, a
limit is set on each trial represented as trial . When better vi is found
with better fitness value, the trial counter is reset; else the trial counter
is increased.

3. OB phase: In this phase, each OB selects a food source (xi) with the
probability pi and around this selected food source, a neighbour vi using
Equation (20) is evaluated, and greedy selection is performed similarly
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as in the EB phase. The trial counter is also updated as in the EB phase.
The selection probability pi for each food source is calculated based on
fitness values according to normalised roulette-wheel style probability
as depicted in the following equation:

pi =
fi∑︁SN

m=1 fm
(21)

4. SB phase: In this phase, exploited food sources are abandoned, and
new food sources are randomly generated using equation 18. This is
done when the trial counter reaches its maximum value, which helps
in avoiding local minima solutions. Once a new food source is selected,
this trial counter is reset. These steps of EB, OB, and SB are followed
until all the iterations are performed. Some of the constraints used in the
ABC algorithm of this research are listed in Table A.2 in the appendix,
while Figure 6(b) shows how the ABC algorithm works.

3.5 Differential Evolution

DE is a robust, population-based algorithm which is explicitly efficient
for solving nonlinear and non-differentiable complications such as LFC.
It works by iteratively improving possible population contender solutions
using mutation, crossover, and selection operators. The algorithm is simple in
structure yet powerful in exploring and exploiting the solution space. Some
of the factors employed in the DE algorithm of this research are listed in
Table A.2 in the appendix. The following steps explain the working of DE,
and Figure 6(c) explains the algorithm of DE pictorially [33]:

1. Initialisation: Initially, a population of NP individuals which repre-
sent a potential solution is generated randomly while maintaining the
parameters within their bounds:

X
(0)
i = [x

(0)
i1 , x

(0)
i2 , . . . , x

(0)
iD ] (22)

Here, i is the count for the population of individuals, D is the dimension.
2. Mutation: For the randomly generated target vector in generation G, a

mutant vector is generated as follows:

V
(G)
i = X

(G)
r1 + F.(X

(G)
r2 −X

(G)
r3 ) (23)

Here r1, r2, r3 are distinct indices other than i, and F ∈ (0, 1) is the
scaling factor.
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3. Crossover: Crossover of the generated generation is performed between
the target vector (X(G)

i ) and the mutant vector (V (G)
i ) so that the

diversity could be increased, and the trial vector is formed as follows:

U
(G)
ij =

{︄
V

(G)
ij , if rand j ≤ CR or j = jrand

X
(G)
ij , otherwise

(24)

Where CR denotes the crossover probability within the interval (0,1),
rand j is a random variable uniformly distributed in [0,1], and jrand is a
arbitrarily chosen index ensuring at least one parameter comes from the
mutant.

4. Selection: The trial vector is then evaluated, and the vector that yields the
least cost function is selected. This procedure continues until the algo-
rithm reaches the specified generational limit. The trial vector evaluation
is as follows:

X
(G+1)
i =

{︄
U

(G)
i , if ITAE (U

(G)
i ) ≤ ITAE (X

(G)
i )

X
(G)
i , otherwise

(25)

4 Results and Discussion

This research analyses the dynamic performance of a realistic diverse-source
interconnected grid under four operating case scenarios. In addition, different
control strategies are examined under an enhanced PIDN controller design,
which is optimally tuned by three optimisation algorithms, namely GWO,
ABC and DE, in coordination with four FACTS devices, namely SSSC,
TCSC, IPFC, and UPFC, are investigated. To achieve this, a comparative per-
formance evaluation of the three algorithms is first presented. Subsequently,
variable load perturbation scenarios are investigated in Case Scenarios 1,
2, and 3. Finally, the influence of incorporating the FC unit with the con-
ventional grid, in coordination with FACTS controllers, is assessed in Case
Scenario 4.

4.1 Comparative performance of GWO, ABC and DE

This research initially investigates the most effective optimisation technique
for tuning the PIDN controller to reduce frequency oscillations in a two-area
interconnected grid. For this purpose, the GWO, ABC, and DE algorithms are
employed to optimise the controller parameters by minimising the selected
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Table 1 Optimised controller parameters from GWO, ABC and DE
Controllable Parameters PIDN-GWO PIDN-ABC PIDN-DE
KP1 1.1769 1.1446 1.2094
KI1 2 2 1.999
KD1 1 1 1
KP2 1.1358 1.0764 1.0902
KI2 0.2388 0.3827 0.2633
KD2 1 1 1

Table 2 Comparative control performance of GWO, ABC, and DE
Settling Undershoot Overshoot

Algorithm Deviation ITAE Time (s) (×10−4) (×10−4)
GWO F1 0.002809 10.7257 2.8157 0.754

F2 12.0363 2.0697 0.633
Ptie 11.8405 0.4503 0.0677

ABC F1 0.002825 10.5696 2.8162 0.791
F2 9.8053 2.077 0.653
Ptie 16.3142 0.4514 0.0627

DE F1 0.002811 10.7404 2.8152 0.755
F2 12.0181 2.0629 0.635
Ptie 14.7228 0.4495 0.0655

performance index, ITAE. A step load perturbation (SLP) of 1% is applied in
Area-1 of the designed framework, resulting in variations in the frequencies
and tie-line power exchange. During simulation, these algorithms determine
the optimal PIDN controller parameters by minimising the ITAE over the
desired number of iterations, as listed in Table 1. When implemented in
the controller, these optimal values effectively reduce frequency and tie-
line power variations. Table 2 presents key performance indicators, including
ITAE, settling time, peak undershoot, and peak overshoot, obtained by each
algorithm. It is evident from this table that the GWO-based approach achieves
least ITAE value of 0.002809, confirming its superior error-minimisation
capability. A smaller ITAE corresponds to improved damping of oscillations
and faster convergence of errors, both of which are critical for maintaining
LFC stability.

In terms of Settling Time, the ABC algorithm achieves the fastest
response in the case of deviations in frequency in Area 2 and settles the
variation in 9.80 seconds, while GWO settles the variations in Area 1 and
2 in 10.73 seconds and 12.04 seconds, respectively. However, this advantage
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is offset by its poor tie-line dynamics, where ABC requires 16.31 seconds
compared to GWO, which requires 11.84 seconds to settle the deviations,
indicating weaker inter-area coordination. DE delivers an ITAE similar to
GWO (0.002811) but takes longer to stabilise tie-line fluctuations (14.72 s),
making it less effective for enhancing inter-area stability. In terms of Set-
tling Min and Settling Max, all three algorithms achieve very close results;
however, GWO keeps deviations during transients small, limiting under-
shoot and ensuring bounded overshoot consistently. Furthermore, Figure 7
presents the convergence characteristics of all three algorithms during the
PIDN parameter optimisation process to provide better insights into their
search efficiency and stability. This also solidifies that GWO achieves the
best trade-off between speed, accuracy, and stability. It reduces ITAE more
effectively while maintaining moderate settling times across all responses.
Hence, GWO is chosen as the optimisation algorithm for further investigation
of the coordinated damping control strategy of PIDN and FACTS devices and
also to study the consequences of the FC unit on frequency stability.

4.2 Scenario-1

In this scenario, a 1% SLP is applied in area 1 of the interconnected grid.
This causes an increase in power demand in area 1, leading to a temporary
fall in frequency in both areas and producing oscillations in frequency and
tie-line. GWO was used for the tuning of several controllable parameters for
different control strategies, and the obtained values of these parameters are
mentioned in Table 3. It is evident from Table 4 that when different FACTS
devices were integrated with the PIDN-GWO control strategy, a substantial
reduction in the cost function ITAE is achieved. For instance, PIDN-GWO-
TCSC and PIDN-GWO-IPFC strategies obtained ITAE of 0.002302 and
0.002320, respectively, compared to the base case of PIDN-GWO, where
the cost function is 0.002809. Transient analysis from Table 5 indicates
that the TCSC and SSSC configurations offered faster rise times in case
of variations in frequencies of both areas and significantly reduced peak
overshoot compared to the base PIDN–GWO controller. In addition to this,
the superior performance of IPFC is evident in the case of settling oscillation
faster in tie-line power flows by settling it in 8.6 seconds. Compared to all
FACTS devices, UPFC exhibited the slowest settling in the case of frequency
fluctuation in area 1 in 12.6 seconds. Figure 8 showcases the plot of the
variations in frequencies and tie-line power flow amongst different control
strategies.
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(a) 

(b) 

(c) 

Figure 7 Convergence plot (a) GWO (b) ABC (c) DE.
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Table 3 Tuned controllable parameters using GWO under various scenarios
Control Controllable
Strategy Parameters Scenario-1 Scenario-2 Scenario-3 Scenario-4
PIDN-GWO KP1 1.1769 1.1291 0.4281 1.9795

KI1 2 0.2769 1.3747 2
KD1 1 1 1 1
KP2 1.1358 1.1725 1.0885 1.8372
KI2 0.2388 2 1.9083 0.4286
KD2 1 1 1 1

PIDN-GWO-SSSC KP1 2 1.3024 0.104 2
KI1 2 1.6013 1.082 2
KD1 0.819 1 0.0057 0.4404
KP2 1.7923 2 2 1.5701
KI2 0.3474 2 2 0.3674
KD2 0.999 1 1 1

KSSSC 0.1418 0.4649 2 0.2584
TSSSC 0.6183 1 0.4865 0.9458

T1 0.1476 0.2793 0.0772 0.1671
T3 0.5551 0.021 0.0572 0.5228

PIDN-GWO-TCSC KP1 2 1.3127 0.4733 2
KI1 2 1.5158 1.1895 2
KD1 0.9919 1 0.191 0.478
KP2 1.9547 2 1.9956 1.885
KI2 0.3577 2 2 0.3801
KD2 1 1 0.9963 1

KTCSC 0.1309 0.5326 1.9984 0.2156
TTCSC 0.8832 0.9994 0.9305 0.8456

T1 0.5487 0.1524 0.2741 0.0208
T3 0.3364 0.127 0.0637 0.8904

PIDN-GWO-IPFC KP1 2 0.6203 0.4475 2
KI1 2 0.577 1.2959 2
KD1 1 0.9604 0.2047 0.5866
KP2 2 2 2 2
KI2 0.4465 2 2 0.4182
KD2 1 0.7676 1 1

TIPFC 0.0214 0.0685 0.0894 0.0151
K1 0.346 0.2625 1.509 0.3948
K2 0.311 1.5331 1.8268 1.1927

(Continued)
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Table 3 Continued
Control Controllable
Strategy Parameters Scenario-1 Scenario-2 Scenario-3 Scenario-4
PIDN-GWO-UPFC KP1 2 1.0164 0.3523 2

KI1 2 2 1.2453 2
KD1 0.4259 0.6955 0.1305 0.141
KP2 2 2 2 2
KI2 0.9046 2 2 2
KD2 1 1 1 1

TUPFC 0.0718 0.0214 0.1433 0.085

Table 4 ITAE in different scenarios using various control strategies

ITAE

Control Strategy Scenario-1 Scenario-2 Scenario-3 Scenario-4

PIDN-GWO 0.002809 0.00281 0.002955 0.002044

PIDN-GWO-SSSC 0.00232 0.002438 0.001434 0.001867

PIDN-GWO-TCSC 0.002302 0.002442 0.001458 0.001883

PIDN-GWO-IPFC 0.002337 0.002414 0.001303 0.001886

PIDN-GWO-UPFC 0.002483 0.002636 0.001611 0.001978

4.3 Scenario-2

In this scenario, a −1% SLP is applied in area 2 of the interconnected grid,
which indicates a fall in power demand in area 2. This change in power
demand produces oscillations in frequencies and tie-line due to the intercon-
nected grid. Similar to Scenario-1, GWO was used for the tuning of several
controllable parameters, and the obtained values of these parameters are
stated in Table 3. The ITAE values mentioned in Table 4 show that the IPFC-
based control strategy achieves the least value of 0.002414, outperforming
SSSC and TCSC with ITAE values of 0.002438 and 0.002442, respectively.
From the transient perspective, the PIDN-GWO-SSSC approach provided the
most balanced response with settling fluctuations in frequency in this area in
8.2 seconds. Similar to Scenario-1, UPFC again exhibited very long settling
times, particularly in tie-line flows, highlighting its inefficiency compared to
other FACTS-based approaches. The base PIDN-GWO strategy also provided
moderate damping but produced higher overshoots in the frequency varia-
tions of area 2. Table 5 explicitly explains the effectiveness of these control
strategies based on their transient performance. Figure 9 showcases the plot of
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(a) 

(b) 

 
(c) 

Figure 8 Scenario-1 (a) Variations in frequency (Area-1) (b) Variations in frequency (Area-
2) (c) Variation in tie line power flow.
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the variation in frequencies and tie-line power flow amongst different control
strategies.

4.4 Scenario-3

This scenario imposes simultaneous disturbances in both areas with −0.5%
SLP in Area 1 and +1% SLP in Area 2. The ITAE values from Table 4 clearly
show that the PIDN-GWO-IPFC strategy offers the best performance by
minimising the cost function to 0.001303 compared to its competitors, TCSC
and SSSC, which achieve ITAE of 0.001458 and 0.001434, respectively.
Control performance analysis from Table 5 indicates that IPFC integration
drastically improves the rise time of ∆F2 to 0.19 milliseconds and reduces
the peak undershoot of ∆Ptie to 0.0584×10−4. Furthermore, IPFC and SSSC
both limited overshoot to 0.4 × 10−4 p.u., considerably lower than the base
PIDN–GWO case. Settling times for ∆Ptie were also improved, with the
PIDN-GWO-IPFC strategy, which was reduced to 16.1 seconds compared to
17 seconds for the base controller. These results confirm that IPFC is highly
effective in scenarios involving multi-area simultaneous disturbances. These
control performances could be better visualised from Figure 10.

4.5 Scenario-4

This scenario investigates the effect of the inclusion of FC with the con-
ventional grid in coordination with the FACTS devices. In this case, FC is
designed to contribute to 10% of the load demands, and hence, a participation
factor of 0.1 is kept for this FC unit. Since the inclusion of FC increases power
sources, the participation factors of each reheat-thermal, gas, and hydro
unit are reduced to 90% of their initial value, maintaining the overall rated
capacity of the interconnected grid identical. After integration of the FC unit,
an SLP of 1% is induced in Area 1 to produce power oscillations. Further,
similar control strategies, namely PIDN-GWO, PIDN-GWO-SSSC, PIDN-
GWO-TCSC, PIDN-GWO-IPFC and PIDN-GWO-UPFC, are analysed for
this modified power system.

From Table 4, it is evident that this modified power system with the FC
unit performs superiorly compared to the first case scenario with similar SLP
in all the control strategies. Even the base control strategy of PIDN-GWO
in this scenario outperforms the best control strategy in scenario 1, with an
ITAE value of 0.002044 compared to 0.002302 in that scenario for PIDN-
GWO-TCSC. Moving forward, FACTS devices in this scenario produced
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(a) 

(b) 

(c) 

Figure 9 Scenario-2 (a) Variations in frequency (Area-1) (b) Variations in frequency (Area-
2) (c) Variation in tie line power flow.
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(a) 

(b) 

(c) 

Figure 10 Scenario-3 (a) Variations in frequency (Area-1) (b) Variations in frequency (Area-
2) (c) Variation in tie line power flow.
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(a) 

 
(b) 

 
(c) 

Figure 11 Scenario-4 (a) Variations in frequency (Area-1) (b) Variations in frequency (Area-
2) (c) Variation in tie line power flow.
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very similar ITAE values for SSSC, TCSC and IPFC-based approach. The
control performance mentioned in Table 5 highlights that the IPFC-based
technique achieves the shortest settling time for ∆Ptie of 3.14 seconds,
followed by the TCSC-based approach with 4.12 seconds. This demonstrates
their superior coordination with the FC in dampening tie-line oscillations.
The SSSC, while yielding favourable ITAE, showed comparatively larger
settling times. The UPFC again recorded the poorest dynamic responses, with
higher peak undershoots and longer settling times. Summing up, Scenario 4
highlights that the FC integration enhances the damping capability of the grid,
and its further integration with optimally tuned FACTS devices, such as IPFC
and SSSC, could further improve the frequency stability of the power system.

5 Conclusion

This work presented a comprehensive investigation of frequency stability
enhancement and tie-line power regulation in a nonlinear two-area intercon-
nected power system comprising reheat-thermal, gas and hydro units. A mod-
ified PIDN controller with derivative filtering and anti-windup protection was
designed, and its parameters, along with those of FACTS devices, were opti-
mally tuned using three population-based metaheuristic algorithms, namely
GWO, ABC, and DE. Furthermore, the impact of integrating an FC unit as
a clean energy source was analysed to assess its contribution to frequency
regulation. The obtained results demonstrate that GWO consistently outper-
forms ABC and DE by achieving ITAE values, as low as 0.002044, under
FC-integrated multi-area disturbances, yielding superior transient response
with reduced overshoot and undershoot confined within 10−4 p.u. limits,
along with faster settling times across all studied scenarios. Further, inclusion
of the FC unit strengthened system resilience by reducing ITAE by approxi-
mately 25–30% compared to the corresponding cases without FC integration,
highlighting the role of cleaner energy sources as dynamic frequency support.
Among the FACTS devices investigated, IPFC consistently delivered the best
overall performance by reducing ITAE upto 55% in Scenario-3 compared to
the base PIDN–GWO case. Summating up, this study clearly establishes that
the coordinated deployment of an optimally tuned PIDN controller, FC-based
generation, and FACTS devices can substantially enhance frequency stability
in interconnected power systems. However, future research can explore the
proposed methodology in larger multi-area systems with high renewable
penetration, exploring hybrid energy storage systems for enhanced inertia
support, and leveraging advanced intelligent optimisation methods, including
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reinforcement learning and digital twin frameworks, for real-time adaptive
frequency regulation.

Appendix

Table A.1 Fixed parameters used for power system modelling
System Specifications
Thermal Powerplant N1 = −1.4/22, N2 = 0.8, Tsg = 0.06 s, KrTr = 3 s,

Tr = 10 s, Tt = 0.3 s, PFth = 0.4696

Hydro Powerplant Trs = 5 s, Tw = 1 s, Trh = 28.75 s, Tgh = 0.2 s,
PFhyd = 0.3781

Gas Powerplant Cg = 1, Xg = 0.6, Bg = 0.05, Tf = 1 s, Tcd = 0.2 s,
Tf = 0.23 s, Tcr = 0.01 s, PFg = 0.1522

Power system parameters Rth = Rhyd = Rg = RFC = 2 Hz/p.u, B = 0.4312
p.u.MW/Hz, T12 = 0.0433 s, Kps = 68.96, Tps = 11.49 s

Fuel Cell TFC = 0.26 s, Tinv = 0.04 s, Tfilt = 0.004 s

Table A.2 Fixed parameters of control strategy
Controller & Algorithms Specifications
PIDN Anti saturation limit = ±0.5 & ±1, TN = 0.01

GWO Iter(t) = 50, Search agents = 20
ABC Iter = 50, Colony size = 20, Food sources(SN ) = 10
DE Iter(Gen) = 50, NP = 20, F = 0.8, CR = 0.9
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