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ABSTRACT This study aims to enhance the performance of automatic generation control (AGC) in power
systems interconnection (PSI) by employing the fire hawk optimizer (FHO), a green algorithm, to optimize
a novel tri-stage cascade controllers (CCs) configuration: (1+PI)-PI-PID and (1+PI)-PI-TID CCs. The
FHO draws inspiration from the foraging behaviors of whistling kites, black kites, and brown falcons,
known for their unique prey-catching method involving fire propagation. Evaluation of the proposed FHO:
(1+PI)-PI-T/PID scheme is conducted using the integral time multiplied absolute error (ITAE) criteria. The
versatility of this technique is demonstrated across four PSI test models, including a two-area non-reheat
thermal PSI (NRTPSI) and a multi-unit multi-area (MUMA) system incorporating reheat, hydro, and gas
units. Challenges are addressed by initially testing NRTPSI with and without governor dead band (GDB)
nonlinearity, showing the superior performance of the proposed method. Next, the HVDC link in MUMA
is employed under different scenarios. To assess the robustness of the FHO: (1+PI)-PI-T/PID CCs, real-
world AGC issues, such as sudden load perturbations and nonlinearities like generation rate constraint,
GDB, boiler dynamics, and communication time delay in MUMA, are employed. Also, sensitivity analysis
involving a range variation of ±40% in PSI model parameters is conducted for validation. The proposed
scheme also undergoes evaluation under random step-load perturbations. The results demonstrate significant
improvements in the performance of ITAE by 84.3%, 10.7%, 42.1%, and 16.7% for scenario 1 across all
four tested models. The FHO: (1+PI)-PI-TID CC significantly improves system performance compared to
existing controllers like the HHO: PD-PI CC, FHO: TID, FHO: PID, and the proposed FHO: (1+PI)-PI-PID
CCs. This shows that this approach is effective at improving AGC capabilities and can be used in real life.
Update each group’s position using their respective equations.

INDEX TERMS One plus proportional integral-proportional integral-tilt integral derivative, cascade con-
troller, fire hawk optimizer, automatic generation control, multi-unit multi-area (MUMA), PS nonlinearities,
random step load.

NOMENCLATURE
i Related to numbers 1, 2, . . . , n.
PL Operating load (MW).
1 fi Frequency deviation (Hz).

The associate editor coordinating the review of this manuscript and

approving it for publication was Inam Nutkani .

1 PLi Step load change.
1 Ptie Power deviation in tie-line (p.u.)
TC Time constant.
ST Settling time (S).
Bi Bias frequency (p.u.MW/Hz).
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KH Contributing factors for hydro unit.
KG Contributing factors for gas unit.
KDC HVDC gain (Hz/p.u.).
i Subscript related to area (i = 1, 2).
f Operating frequency (Hz).
PR Rated Power for each area (MW).
TDC HVDC TS (S).
bg Gas turbine constant of positioner (S).
cg Gas turbine valve positioner (S).
YC Lag time of gas turbine (S).
GDB Governor dead band.
GRC Generation rate constraints.
CTD Communication time delay.
SLP Sudden load perturbation.
ACE Area Control Error.
BD Boiler Dynamics.
CC Cascade Controller.
FHO Fire Hawk Optimizer.
PID Proportional-Integral-Derivative.
PI Proportional-Integral.
PSI Power System Interconnection.
PS Power System.
RLP Random Load Perturbation.
TID Tilt Integral Derivative.
Ri Regulation speed (Hz/p.u.).
Tri Reheat TS (S).
KRi Reheat coefficient of steam turbine.
KPSi Power system gain (Hz/p.u.).
Tti TS of steam turbine (S).
Tgi TS of speed governor (S).
T12 Synchronizing coefficient (p.u.).
TRSi Reset time of hydro turbine (s).
TGHi TC hydro turbine (S).
TWi Nominal initial time of water in penstock (S).
TRHi Hydro turbine speed governor droop TS (S).
TPsi TC of power system (S).
KT Contributing factors for thermal unit.
XC Lead time of gas turbine (S).
TCRi Time delay of Gas turbine combustion (S).
TCDi Gas turbine compressor discharge volume

TS (S).
Tfi Gas turbine fuel time constant (S).
TS Time settled.
PSI Power system interconnection.
FO Fractional order.
RLP Random step load.
AGC Automatic generation control.
NRTPSI Non-Reheat Thermal Power System

Interconnection.
TID Tilt integral derivative.
MUMA Multi-unit multi-area.
HVDC High voltage direct current.
ITAE Integral Time multiplied by Absolute Error.
ITSE Integral Time Squared Error.
ISE Integral of Squared Error.

IAE Integral of Absolute Error.
LFC Load Frequency Control.
MUMA Multi-Unit Multi-Area.

I. INTRODUCTION
The interconnection of numerous diverse generating units
through tie-lines, necessitated by the escalating global
demand for electricity, presents a significant challenge in
electric power systems. Managing these intricate power
system interconnections (PSI) amidst increasing size and
complexity, alongside sudden indoor and outdoor distur-
bances, presents a formidable task. Fluctuations in consumer
demand can induce frequency variations, impacting tie-line
power and frequency stability [1]. Substantial fluctuations
may strain equipment and jeopardize overall system stabil-
ity [2]. Effective load frequency control (LFC) is crucial to
ensure power generation matches demand, safeguarding the
stability and reliability of PSI [3]. In PSI scenarios, each area
typically requires a controller to coordinate power generation.
LFC’s main goal is to deal with sudden changes in load
while considering modeling flaws and nonlinearities, reduc-
ing tie-line power differences and frequency changes, and
improving transient response [4]. Inadequate LFC design can
trigger undesirable oscillations in generation, area frequency,
and tie-line power flows, undermining system performance
and risking instability and desynchronization. Given these
challenges, the efficacy of power system LFC hinges on
advanced and efficient control methodologies [5].

Traditional and optimal PID controllers are commonly
used in LFC to manage tie-line power and frequency fluc-
tuations due to their straightforward structure and effective
performance [1], [6]. Previous studies have analyzed the
effectiveness of soft computing-based

PID controllers compared to other controller types like
I, PI, and conventional PID controllers, as recommended
in [7] and [8]. However, PID controllers face challenges with
tuning, response, nonlinearity, and delayed performance in
the face of sudden load disruptions or parametric changes,
making them less ideal for integration with current power
grids and renewable energy sources [9], [10], [11].
Several studies have highlighted the superior performance

of well-defined cascaded control (CC) schemes over conven-
tional single controllers, with the CC concept known for swift
disturbance rejection [7]. Advanced metaheuristic algorithms
have been developed for LFC in both traditional and modern
power systems, demonstrating superior performance com-
pared to conventional control strategies. Commonly applied
in power systems are two-area two-unit and two-area multi-
unit systems. Examples of such schemes include TLBO [2],
Equilibrium Optimizer (EO) algorithm [12], differential evo-
lution (DE) [13], Golden Jackal Optimizer (GJO) [14], grey
wolf optimizer [15], water cycle algorithm [1], flow direc-
tion algorithm (FDA) [16], squid game optimizer (SGO)
[9], and Harris Hawks optimizer [17]. Novel optimization
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FIGURE 1. Two-area NRTPSI.

methodologies are devised for LFC management, including
the LUS-TLBO algorithm detailed in [18] and the dragonfly
search algorithm [8]. When juxtaposed against conventional
control strategies, these algorithms demonstrate superior per-
formance, underscoring their efficacy in addressing the LFC
challenge. Consequently, considerable scholarly attention has
focused on novel metaheuristic algorithms based on cascad-
ing various control methodologies to address the imperative
for effective and efficient controller synthesis.

Noteworthy proposals for LFC in diverse PSI include
the DSA-tuned (1+PD)-PID [8], the sine–cosine algorithm
(SCA)-tuned PD-PID with a double derivative filter [19],
the bat algorithm-optimized PD-PID [20], and the Harris
Hawks optimizer-based PD–PI CC [17]. Adaptive DE-based
multistage PDF plus (1+PI) is presented in [21] and [22].
The algorithms of hybrid stochastic fractal search and
pattern search, flower pollination, and modified GWO tech-
niques are optimized PI-PD CC in [23], [24], and [25],
respectively. According to [26], authors proposed a novel
frequency regulation approach involving the utilization of a
fractional-order (FO) controller, such as FOPID, for the LFC
component in conjunction with a superconducting energy
storage system. Also, the WCA-based tilt derivative-tilt inte-
gral (TD-TI) CC is employed in [27], which improves the
system dynamic response. For the LFC of the multi-area
renewable-integrated hybrid power system, [28] suggested a
novel FOPID- (1 + TD) controller. Overall, the use of FO
controllers can lead to improved control system performance,
stability, and robustness in a wide range of applications com-
pared to traditional integer-order controllers. On the other
hand, incorporating the extra fractional parameter dictates an
efficient tuning method for cautious parameter selection [29].
Furthermore, in an effort to solve the intricate problems

related to LFC, [30] presents a tri-stage (1+PI)-PI-PID CC
optimized utilizing the enhanced artificial bee colony-particle
swarm optimization (IABC-PSO) algorithm for LFC in PSI,
and [31] suggests 2DOF-PID-TD, a unique hybrid control
architecture. In a deregulated setting, authors in [32] sug-
gested a branched combination of fuzzy FOPI (FFOPI) plus
PIDwith filter (FFOPI+ PIDN) for a two-area power system.

[12] looks at the new type-2 fuzzy integral-derivative plus
proportional (T2FIDPP) controller for LFC of a deregulated
two-area hybrid power system that has several generating
units. In [33], a new design of intelligent multi-stage fuzzy-
assisted PID with filter minus (1+PI), i.e., FPIDF-(1+PI)
CC, is developed to improve the conduct of AGC of PSI. They
employed a new quasi-opposition-based equilibrium opti-
mizer algorithm to identify the optimal controller settings,
with the goal of minimizing the integral of squared error. The
tri-stage CCs improve the overall dynamic system response
because they can better reject disturbances. Although a
3-stage controller in AGC offers significant advantages in
terms of stability, performance, and flexibility, it also presents
challenges related to complexity, tuning, and cost. Careful
consideration is required to balance these factors for optimal
system performance [30].
In order to improve the LFC performance, this study

introduces a novel tri-stage CCs framework denoted as
(1+PI)-PI-PID and (1+PI)-PI-TID. TID controllers can pro-
vide better performance in challenging scenarios, especially
where time delays are significant. Although the (1+PI)-
PI-TID CC attains better results than (1+PI)-PI-PID, the
(1+PI)-PI-TID CC is more complex than (1+PI)-PI-PID,
as the TID may involve more complex tuning strategies
compared to standard PID [34]. Notably, a distinguishing
feature of this scheme compared to its predecessors is the
integration of the dual-stage CCs output alongside the fre-
quency deviation (1f ) and tie line power deviation 1Ptie
signals. Therefore, this research presents the fire hawk opti-
mizer (FHO), a novel metaheuristic algorithm that draws
inspiration from the hunting behaviors of fire hawks, such as
brown falcons, black kites, and whistling kites. These birds
are known for their unique method of using fire to catch
prey, hence earning them the moniker ‘‘fire hawks’’. The
FHO algorithm, unlike particle swarm optimization (PSO),
has a fast convergence rate, a better ability to optimize the
objective function, reduced computational times, improved
exploration and exploitation capabilities, lower complexity,
and the ability to focus on local peaks instead of global
optima, making it easier to find the best solution. Therefore,
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FIGURE 2. Transfer function model of MUMA.

FIGURE 3. Diagrammatic representation of a merged two-area PSI
integrating parallel AC-DC lines.

FIGURE 4. NRTPSI with GDB.

this study introduces the FHO technique for the first time,
aiming to fine-tune a novel (1+PI)-PI-TID CC system for
AGC of a multi-area PSI.

FIGURE 5. Block diagram of MUMA with nonlinearities.

A. KEY RESEARCH GAPS AND MOTIVATION
The dynamic nature of PSs requires advanced control strate-
gies to effectively manage LFC. Although previous studies
have highlighted both the successes and limitations of tra-
ditional LFC controller designs, such as PID and fuzzy
logic controllers, particularly in their ability to adapt to
time-varying nonlinearities, there are many lacks in literature,
such as:

• Comprehensive analysis: Few investigations adequately
consider real-world limitations, such as nonlinearities
considering CTD, parameter uncertainties, and random
step-load perturbations, which are critical for assessing
the robustness of LFC strategies.
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FIGURE 6. Modelling of BD nonlinearity.

FIGURE 7. Structure of (1+PI)-PI-TID CC.

• Emerging optimization techniques: The applica-
tion of novel optimization algorithms, such as the
FHO, in addressing LFC challenges remains largely
unexplored, presenting an opportunity for enhanced
controller performance.

• Performance metrics: Current research insufficiently
addresses the need for robust performance metrics in
multi-area power systems, which are essential for evalu-
ating the effectiveness of LFC controllers under diverse
operational conditions.

• Smoothing of signals: There is a need for research focus-
ing on methods to achieve smoother signal outputs in
LFC systems to be adequate for smart grids.

This research introduces two novel tri-stage controllers:
(1+PI)-PI-TID and (1+PI)-PI-PID, which aim to enhance
system performance through the integration of critical sig-
nals; ACE, 1f , and 1Ptie, and the application of FO dynam-
ics. By utilizing a tilting block represented by s−1/n, these
controllers improve transient response, disturbance rejection,
and overall system robustness. The proposed FHO: (1+PI)-
PI-TID controller will be evaluated against the FHO: (1+PI)-
PI-PID controller under identical conditions to demonstrate
the advantages of fractional-order control. However, there is
a pressing need to examine the resilience of LFC approaches
to real-world limitations, such as nonlinearities and parameter

FIGURE 8. FHO flowchart.

uncertainties, which have not been adequately addressed in
existing literature.

B. CONTRIBUTIONS OF THIS STUDY
The contributions of this study are outlined as follows, distin-
guishing it from existing research in related areas:

1) Proposing a robust scheme, such as a novel FHO-based
(1+PI)-PI-PID and (1+PI)-PI-TID CCs, to tackle LFC
challenges in PSI across diverse models.

2) Evaluating the dynamic performance of the suggested
FHO: (1+PI)-PI-TID CC in comparison to other pub-
lished control schemes.

3) Assessing the robustness of the proposed method in a
MUMA both with and without an HVDC link

4) Analyzing hybrid power systems incorporating various
nonlinearities like CTD, GRC, B, and GDB to create a
realistic and robust system model.

5) Evaluating the controller’s performance through sen-
sitivity analysis using random step load (RSL)
perturbations.

6) Assessing the robustness and stability of the proposed
controller under significant variations in power sys-
tem parameters, ensuring reliable performance across
a wide range of operating scenarios in hybrid power
systems.

100938 VOLUME 13, 2025



M. Awal et al.: FHO Adjusted Tri-Stage (1+PI)-PI-TID Cascade Controller for AGC of PSI

TABLE 1. The main difference of the studied models.

TABLE 2. Tuned FHO parameters for (1+PI)-PI-TID controller in LFC.

II. MATERIALS AND METHODS
A. LINEAR TEST MODELS
1) TWO AREA NON-REHEAT THERMAL PSI (NRTPSI)
The system model is represented in transfer function
form, encompassing the governor, turbine, and load-inertia
components. Feedback from the speed regulation constant
and frequency bias factors influence the frequency output.
The system includes two frequency variations 1Fi, 1F1, for
area 1 and 1F2, for area 2, and tie-line power change 1Ptie.
The step load form is used to present the power demand. The
power demand increment for area 1 is 1Pl1, and for area 2,
it is 1Pl2. The AGC components of the two-area PSI are
shown in Fig. 1, as in [35], [36], and [37].

The transfer functions (TF) in the s-domain for these ele-
ments are:

Governor model: The governor TF is as in equation 1 and
Tgi represents the governor time constant (TC).

GG (s) =
1

1 + TgiS
(1)

where i is subscript to 1 and 2 for area 1 and 2.
Turbine model: Water’s potential energy is converted by

the turbine into kinetic energy, which generators then use to
create electrical energy. The turbine TF is given by

GT (s) =
1

1 + Ttis
(2)
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TABLE 3. FHO optimized (1+PI)-PI-TID CC gains under test model 1 at 10% SLP (scenario 1).

TABLE 4. Evaluation and comparison of (1+PI)-PI-TID CC performance at 10% SLP (scenario 1).

FIGURE 9. FHO-based (1+PI)-PI-TID CC.

Power system: Equation 3 yields the power system’s TF.

Gps (s) =
KPSi

1 + TPSis
(3)

KPSi =
1
D

(4)

TPSi =
2H
fD

(5)

D =
Nominal Load(Pl)

Nominal Frequency(f )
(6)

where f is the nominal frequency,H is inertia constant, and Pl
is the load connected to PS.

Frequency bias factor: The frequency bias factor (B),
which is the entirety of the frequency-sensitive load change
(D) and speed regulation (R), is denoted by [38].

B =
1
R

+ D (7)

The effect of combining tie-line power error and frequency
fluctuation is attributed to the ACE [23] and [24]. The ACEs,
1Fi, and 1Ptie are inputs to the proposed (1+PI)-PI-TID CC
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FIGURE 10. Contrast dynamic responses under test model 1 at scenario 1.

corresponding to each area. The area-specific ACEs

ACE1 = 1Ptie + B11F1
ACE2 = 1Ptie + B21F2 (8)

where B is the frequency bias factor [38]. In the event of a
load disturbance on the power system, ACEs are employed
as a regulating signal to reduce 1Ptie and 1fI to zero at the
steady state.

2) MUMA WITH HVDC AND AC TIE-LINES
An extra inquiry was supported by integrating the HVDC
link to the MUMA power system. Separate secondary con-
trollers in each section regulate the rate of generation from
the thermal, hydro, and gas units, as seen in Fig. 2, and Fig. 3
models a two-area power plant as in [8], connected byAC-DC
parallel lines. When the switch is turned on, the system uses
an HVDC link in parallel with the existing AC link, and when
the switch is turned off, only an AC tie-line is utilized to
connect the two areas.With a gain of KDC and a time constant

FIGURE 11. Contrast dynamic responses under test model 1 at scenario 2.

of TDC , a first-order transfer function model provides the
description of a DC link as.

1Ptie,DC =
KDC

1 + TDCS
(9)

In the LFC region, HVDC links are starting to be widely
employed for power exchange across control areas in paral-
lel with the current high-voltage AC links. Research shows
that HVDC links operating in tandem with conventional AC
links offer not only affordable and environmentally friendly
benefits but also ensure higher-quality electric power deliv-
ery [41]. Moreover, it strengthens the system’s resistance to
minor disruptions [42].

B. NONLINEAR TEST MODELS
To make the multi-unit multi-area PSI more realistic, a num-
ber of physical nonlinearities are added to the linear PSI
test models. Initially, the GDB nonlinearity is integrated
into the NRTPSI as test model 2 to evaluate the pro-
posed algorithm’s effectiveness in handling power system
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FIGURE 12. Contrast dynamic responses under test model 1 at scenario 3.

nonlinearities, as depicted in Fig. 4. Subsequently, the non-
linearities of GRC, GDB, CTD, and BD are incorporated
into MUMA, as illustrated in Fig. 5. A significant nonlinear
element, known as GRC, was introduced to restrict the rate
of generation change. Literature suggests that a GRC value
of 3% per minute is the standard benchmark for thermal
plants. Therefore, for the thermal system, GRC is defined as∣∣1Pg∣∣ ≤ 0.0005 p.u.MW/s to prevent excessive generation.
The thermal unit’s saturation block is limited to ± 0.0005 to
manage generation levels effectively. For hydro power plants,
a GRC of 270% per minute for increasing generation and
360% per minute for decreasing generation was considered.
This translates to

∣∣1Pg (s)
∣∣ ≤ 0.06 p.u.MW/s for decreasing

generation and
∣∣1Pg (s)

∣∣ ≤ 0.045 p.u.MW/s for increas-
ing generation. The system model incorporates a saturation
block in the hydro turbine, constrained between −0.06 and
0.045, as described in [43] and [44]. The GDB nonlinearity
is expressed as in Zhang et al. [45], [46] as;

Gd (s) =
0.8 −

0.2
π
s

1 + Tgs
(10)

Similarly, a boiler dynamic is introduced into the thermal
reheat system as a nonlinearity, with their schematic nature
depicted in Fig. 6 [9], [47]. To enhance the system’s realism,
a communication time delay (CTD) was incorporated after
the controller design. This study adopts a time delay parame-
ter τd value of 0.25 seconds, as documented in [36] and [48],

and is given as;

e−sτd =
1 −

τd
2 s

1 +
τd
2 s

(11)

FIGURE 13. The convergence characteristic curves of SCA, PSO, and the
proposed FHO under scenario 1.

C. THE PROPOSED (1+PI)-PI-TID CC STRUCTURE
For the first instance, LFC introduces a novel cascade com-
bination of PI, TID, and (1+PI) controllers as a tri-stage
controller, known as the (1+PI)-PI-TID, as structured in
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TABLE 5. ITAE values for FHO, SCA, and PSO at scenario 1.

TABLE 6. FHO optimized (1+PI)-PI-TID CC gains for test model 2 at the scenario 2.

TABLE 7. Evaluation and comparison of (1+PI)-PI-TID CC performance at 1% SLP with GDB.

Fig. 7. By integrating these three controllers into a cascading
link, disturbance sources are typically swiftly rejected before
they can propagate through the system. The tilting factor of

s
−

(
1/n

)
within the tilt block replaces the integer power in a

TID controller, distinguishing it from a PID controller. This
unique controller incorporates two additional signals, 1f and
1Ptie−line, exchanged between neighboring areas, alongside
the ACE as the primary input signal. This feature sets it
apart from other cascade controller configurations proposed
in the field. To the best of the authors’ knowledge, no pre-
vious research has explored this particular control scheme.

The controller generates the required load reference (1Pref),
which also serves as the power system input signal, by pro-
cessing the ACE, 1f, and 1Ptie−line signals.
The expression for the s-domain of (1+PI), PI, and TID

controllers is as follows:

T1+PI (s) = 1 + Kp1 +
Ki1
s

(12)

TPI (s) = Kp2 +
Ki2
s

(13)

TTID (s) = Kts
−

(
1/n

)
+
Ki3
S

+ Kd s (14)
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FIGURE 14. Contrast dynamic responses for test model 2 at scenario 2.

FIGURE 15. Contrast dynamic responses for test model 2 at scenario 3.

where Kpi, Kii,Kt , Kd , and n are proportional, integral, tilt,
derivative, and fractional parameters, respectively. Therefore,

we have eight degrees of freedom to configure a (1+PI)-PI-
TID CC. Optimal performance of this controller necessitates
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concurrent optimization of these eight parameters, for which
FHO is selected in this study to fulfill this objective.

D. PERFORMANCE OBJECTIVE FUNCTION DESIGN
FOR LFC
The frequency of the PS is influenced by customer demand
fluctuations, leading to deviations in1Fi and1Ptie to diverge
from their nominal values. To enhance LFC performance,
it is recommended to initially implement modern heuris-
tic optimization-based controller schemes effectively with
a suitable objective function [46], [49], [50]. The litera-
ture has delved into various performance functions such
as integral square error (ISE), integral of time multiplied
absolute error (ITAE), integral AE (IAE), and integral time
SE (ITSE) to tackle AGC challenges and restore nominal
performance [25], [26], [27], [28].
The ITAE criterion has become synonymous with accuracy

in AGC research due to its comprehensive quantification of
deviations and its capacity to consider them over time [54].
The utilization of the ITAE criterion, as outlined in [29]
and [30], will be pivotal in this study for adjusting the scaling
parameters of the (1+PI)-PI-TID CC. This criterion, high-
lighted for its ability to diminish variations over time [54],
will be instrumental in reducing incremental variations in
1Ptie−line and 1F is the main goal of this research. The
objective function, depicted with the symbol L, contains this
goal [53], [56].

L1 = ITAE =

∫ tsim

0
t · [1F1 + 1F2 + 1Ptie−line] dt

L2 = ITSE=

∫ tsim

0
t ·

[
(1F1)2+(1F2)2+(1Ptie−line)

2
]
dt

(15)

where 1F1 and 1F2 are the PS frequency deviations in area
1 and 2, 1Ptie−line, while t represents the simulation time
necessary to ensure steady state conditions. The optimum
performance has the lowest value of L.

Minimize L
Subjected to: Kmin

p ≤ Kp ≤ Kmax
p ,

Kmin
t ≤ Kt ≤ Kmax

t .

Kmin
i ≤ Ki ≤ Kmax

i ,

Kmin
d ≤ Kd ≤ Kmax

d .

nmin
≤ n ≤ nmax. (16)

The superscripts ‘‘min’’ and ‘‘max’’ denote the lower and
the upper values of Kp, Kt , Ki, Kd , and n which are the
corresponding (1+PI)-PI-TID CC parameters. To find out
optimistic controller gains on a large scale, the gains ranges
are chosen in the range [−5, 5] for linear NRTPSI and
non-linear MUMA test models [17]. In linear MUMS and
NRTPSI with GDB, the gains are in the range [0, 2]. The
n is in the range [1, 100] for all test models. In conclusion,
by exploiting the FHOmetaheuristic algorithm, an optimal or

near-optimal set of (1+PI)-PI-TID CC parameters is derived
within the recommended edges for the smallest value of L.

FIGURE 16. Transient responses comparison at 1% SLP in area-1 with
HVDC tie-line.

III. FIRE HAWK OPTIMIZER (FHO)
The fire hawk optimizer (FHO) was first put forth by Azizi
et al. [57]. The FHO algorithm takes inspiration from the
behavior of birds like whistling kites, black kites, and brown
falcons that spread fire by carrying flaming sticks in their
beaks and claws. This behavior is considered a unique and
subversive natural phenomenon. These birds strategically use
the flaming sticks to create small fires in unburned areas,
which startle and frighten prey such as rats and snakes, caus-
ing them to flee in panic. This behavior makes it easier for the
hawks to capture the fleeing prey. The FHO algorithm utilizes
the concept of fire hawks spreading fire to model an opti-
mization algorithm where the positions of fire hawks (FHs)
and prey are determined using a large number of solution
candidates (SCs) denoted as (X ) as described in [57] and [58]
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TABLE 8. The controller gains for test model 3 at scenario 1 (MUMA with HVDC).

TABLE 9. Comparative performance of FHO: (1+PI)-PI-TID CC test model 3 under 1% SLP (scenario 1).

is used to determine these initial places.

X =



X1
X2
...

Xi
...

Xn


=



x11 x21 · · · x j1 · · · xd1
x12 x22 · · · x j2 · · · xd2
...

... · · ·
... · · ·

...

x1i x2i · · · x ji · · · xdi
...

... · · ·
... · · ·

...

x1n x2n · · · x jn · · · xdn


,

where

{
i = 1, 2, . . . , n.
j = 1, 2, . . . , d .

x ji = x ji,min + r .
(
x ji,max − x ji,min

)
(17)

While the rest of the SCs are prey, the fittest ones are
referred to be FHs. As presented in [57] and [58], the aspect
is represented as:

FH =


FH1
FH2

...
FHh

...
FHn

 , h = 1, 2, . . . , n. (18)

PR =


PR1
PR2

...
PRk

...
PRm

 , k = 1, 2, . . . ,m. (19)
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FIGURE 17. Transient responses of scenario 3 for 1–5% SLP in area-1
with HVDC.

The entire separation between the prey and the FH is
expressed as in [58]:

Dhk =

√
(x2 − x1)2 + (y2 − y1)2 ,

where

{
h = 1, 2, . . . , n.
k = 1, 2, . . . , d .

(20)

(x1, y1) and (x2, y2) represent the coordinates of the FHs
and prey.

To make the prey flee for its life, each bird grabs a burning
stick and deposits it in an appropriate spot. As with some
birds’ eagerness to use flaming sticks from outside FH ter-
ritory, these two behaviors can be used as position-updating
activities in FHO’s primary search loop, such as

FHnew
h = FHh + (r1 × GB− r2 × FHnear ) (21)

where GB is the global best solution in the X that is thought
to be the main fire; FHnear is one of the other FHs in the X ;
and FHnew

h is the new position vector of the hth FH (FHh).

The prey that hides, runs away, or inadvertently enters FH
area can be expressed as follows in the following step of the
algorithm:

PRnewq = PRq + (r3 × FHh − r4 × SPh) , (22)

The following is the formulation for prey that wanders into
FH’s areas and tries to avoid capture by hiding in a more
secure area:

PRnewq = PRq + (r5 × FHAlter − r6 × SP) ,

where

{
h = 1, 2, . . . , n.
q = 1, 2, . . . , r .

(23)

r5 and r6 control the movements of prey in the direction of the
FHs and the safe areas outside the domain. Equations (25) and
(26) provide the formula for SPh and SP. The FHO flowchart
is displayed in Fig. 8.

SPh =

∑r
q=1 PRq
r

,

{
h = 1, 2, . . . , n.
q = 1, 2, . . . , r .

(24)

SP =

∑m
k=1 PRk
m

, k = 1, 2, . . . ,m. (25)

where PRq is the qth prey encircled by the hth FH (FHh), and
PRk is the kth prey in the X .

A. THE PROPOSED FHO BASED (1+PI)-PI-TID CC
The FHO system refines gains in (1+PI)-PI-TID controllers
using the ITAE criteria. In Fig. 9, the ITAE-based controller
combines tie-line power error and frequency deviation for
system output evaluation. The FHO generates new gains by
minimizing ITAE values iteratively. The controller gains Kp1
andKi1 for (1+PI) controller,Kp2 andKi2 for the PI controller
and Ti, n, Ki3, and Kd for the TID controller, which serve as
input variables for the FHO. Optimal gains are derived from
the lowest ITAE value, reducing system deviations.

A crucial factor inmetaheuristic algorithms for FHO-based
(1+PI)-PI-TID real-time implementation is population size
[1]. As noted by [59], ‘‘high beginning population numbers
do not perform better than tiny populations when it comes to
finding the best solution,’’ which satisfies the output results
and is suitable for LFC situations that occur in real-time.

IV. RESULTS AND DISCUSSION
As previously mentioned, four test models of controlled
experiments are detailed: the NRTPSI with and without GDB
and the MUMA with and without nonlinearities of GRC,
GDB, BD, and CTD under two proposed CC structures,
(1+PI)-PI-PID and (1+PI)-PI-TID. These models are imple-
mented in the MATLAB/SIMULINK environment on an
Intel Core i-5 processor. In the FHO methodology, 25 ini-
tial candidates form the population, with a maximum of
30 iterations and 750 function evaluations (MaxFes) selected.
The comprehensive examination of the stability of the pro-
posed (1+PI)-PI-TID CC involves two tests covering various
scenarios. Each experiment is meticulously analyzed individ-
ually, as outlined in Table 1.
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FIGURE 18. Transient responses comparison at 1% SLP in area-1 between AC-DC parallel link and AC tie-line only at the same FHO:
(1+PI)-PI-TID CC gains.

TABLE 10. FHO optimized controller gains for Test model 4 at scenario 1 (1% SLP in area 1).

A. TEST MODEL 1 (NRTPSI WITHOUT GDB)
In scenario 1, the FHO: (1+PI)-PI-TID scheme is initially
applied to PSI in a linear phase, addressing AGC issues
under a 10% SLP in area 1 of NRTPSI. Initially, the tuned
parameters of FHO are demonstrated in Table 2 [57]. The pro-
posed controller’s gains are listed with competitors in Table 3.
The contrasting with schemes like HHO: PD-PI CC [17],
ISFS: PID [36], DSA: (1+PD)-PID [6], FHO: (1+PI)-PI-PID
CC [30], and IGWO: PID [60] is shown in Table 4. Notably,
the FHO: (1+PI)-PI-TID CC exhibits superior performance,

with significantly lower values for ITAE and ITSE metrics,
showcasing improvements of 84.3% and 90.8%, respectively.

Enhanced stability is evidenced by reduced settling times
for frequency and tie-line power deviations, peak under-
shoots, and dynamic response depicted in Fig. 10.

In scenario 2, the FHO: (1+PI)-PI-TID CC and other
controllers are further evaluated at 20% SLC in area 1, con-
firming the FHO’s superiority over competitors, as illustrated
in Fig. 11. Scenario 3 involves a robust investigation with a
10% step load increase in area 1 and a 20% step load increase
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TABLE 11. Comparison performance of several controllers for scenario 1.

FIGURE 19. Transient response with various controllers but same optimizer at scenario 1.

FIGURE 20. Random step loads 1PD1 in area 1.

in area 2, concluding the experiment’s evaluation, as shown
in Figure 12. The performance of the proposed FHO: (1+PI)-
PI-TID CC surpasses that of competitors, as demonstrated in
Table 4 and Figures 10, 11, and 12.

B. TEST MODEL 2 (NRTPSI WITH GDB)
In scenario 1: To demonstrate the adaptability of the FHO,
the convergence characteristics of FHO, particle swarm

optimization (PSO) [3], [42], and the sine cosine algorithm
(SCA) [65] are analyzed in the context of the (1+PI)-PI-
TID CC using test model 2. Each optimizer is configured
with a population size of 30 search agents, 100 iterations,
and 30 runs. The convergence graph of FHO, extracted from
an NRTIPS with GDB, is depicted in Fig. 13. Furthermore,
a comparison of the minimum, maximum, average, and stan-
dard deviation of the ITAE values jITAE in Table 5 illustrates
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FIGURE 21. Transient response with various algorithm techniques.

TABLE 12. Percentage variations in hybrid power system parameters.

that FHO outperforms SCA and PSO in addressing AGC
challenges.

Table 6 displays the optimized controller gains of the pro-
posed CCs in comparison with competitors. In scenario 2,
the system’s ST, undershoots, and the cost function ITAE
are also evaluated against documented techniques like ISFS:
PID [53], HBFO-PSO: PI [3], and CPSO: PI [63]. Table 7
illustrates these assessments conducted under a 1% SLP
at area 1, highlighting the performance of the proposed
approach in the presence of GDB. Notable enhancements

of 10.7% in ITAE and 6.4%, 100%, and 100% in settling
time for 1F1 and 1F2, as well as 1Ptie, respectively, are
shown in Fig. 14. Table 7 and Fig. 14 demonstrate how the
FHO: (1+PI)-PI-TID CC technique significantly enhances
dynamic response characteristics. When compared to com-
petitors’ strategies, the proposed approach enhances the
undershoot by 6.7%, 53.6%, and 18.8%. Through detailed
data analysis, it is evident that the proposed controller outper-
forms other methods in the literature, especially when facing
nonlinear operational challenges.
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FIGURE 22. (a): Variation of Tt , Tr , Tw , and T12 power system parameters for 1F1. (b): Variation of Tt , Tr , Tw , and T12 power system
parameters for 1F2.

In scenario 3, Figure 15 illustrates the differences in tran-
sient responses between the FHO: (1+PI)-PI-TID CC and

alternative controllers, which were tested under a 3% SLC in
area 1. The analysis reveals that when confronted with GDB
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FIGURE 22. (Continued.) (c): Variation of Tt , Tr , Tw , and T12 power system parameters for 1P.

non-linearity, the FHO-driven (1+PI)-PI-TID CC surpasses
all competitors. These results unequivocally demonstrate the
robustness and effectiveness of the FHO: (1+PI)-PI-TID CC
across various SLP levels.

C. TEST MODEL 3 MUMA POWER SYSTEM WITH HVDC
INTEGRATION
An additional investigation was conducted by integrating
the HVDC link into the MUMA PSI across three distinct
scenarios.

In scenario 1, the effectiveness of the FHO: (1+PI)-
PI-TID CC was examined and compared with other soft
computing-based controllers under a 1% SLP in area 1.
Table 8 showcases the controller gains for gas, hydro,
and reheat thermal units determined by the FHO-based
ITAE criterion. Additionally, Table 9 presents compara-
tive performance in terms of ITAE value, settling time
and undershoot. In contrast to the proposed FHO: (1+PI)-
PI-TID CC (ITAE = 0.0009715), demonstrating a 42.1%
improvement, alternative methods in the literature such as
HHO: PD-PI CC [17] (ITAE = 0.007636), TD-TI CC [27],
(ITAE = 0.005725), TLBO: PID [2] (ITAE = 0.0680), and
IPA: TID [64] (ITAE = 0.0578 exhibit higher ITAE values.
Moreover, there is a notable decrease in settling times for
frequency and tie-line power deviations (33.4% improvement
for 1F1 and 100% for 1F2) and peak undershoots (36.7%
improvement for 1F1, 31.2% for 1F2, and 51.1% for 1P),
thereby enhancing system stability. The transient responses
are illustrated in Fig. 16. These findings affirm that at a

1% SLP, the FHO: (1+PI)-PI-TID CC technique is better
suited for hybrid power systems due to its improved dynamic
responsiveness.

In scenario 2, the SLP is incrementally raised from 1% to
5% in steps of 1% to further emphasize the robustness of the
proposed controller. Figure 17 depicts the dynamic responses
of the system with HVDC. It is clear from the results that the
recommended FHO: (1+PI)-PI-TID CC is dependable and
exhibits excellent performance across a range of SLP values.

Moving on to scenario 3, an in-depth examination of the
MUMA power system focuses specifically on comparing the
AC tie-line and the AC-DC parallel link. A direct comparison
between the AC links and the AC-DC parallel tie-lines is
presented in Fig. 18, demonstrating the improved system
operation when the AC-DC connection is integrated into the
transmission line. Despite utilizing the same FHO: PD-PI
CC gains, they display notable distinctions at lower levels,
highlighting the FHO: PD-PI CC as a versatile and superior
controller.

D. TEST MODEL 4 MUMA POWER SYSTEM CONSIDERING
NONLINEARITIES
1) SCENARIO-1 (ANALYZES CONTROLLER PERFORMANCE)
In the assessment, the FHO calibrated all controllers to
ensure a fair comparison. The effectiveness of the proposed
(1+PI)-PI-TID and (1+PI)-PI-PID controllers was validated
by comparing them against a variety of alternative controllers,
including single PID and TID controllers, as well as cascaded
configurations like PD-PI, all under identical conditions. The
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gain values for all controllers are detailed in Table 10. A com-
prehensive performance analysis of the various controllers is
presented in Table 11, focusing on transient metrics such as
ITAE, undershoot, and settling time for 1F11F2, and 1Ptie.
In both areas 1 and 2, the FHO: (1+PI)-PI-TID controller
technique outperformed the PID, TID, PD-PI controllers, and
the (1+PI)-PI-PID controller, as illustrated in Figure 19.
When compared to the top-performing PD-PI controller

from existing literature, the (1+PI)-PI-TID controller demon-
strated significant improvements across various metrics.
Specifically, the (1+PI)-PI-TID controller achieved a 16.7%
enhancement in ITAE value and a 20% reduction in settling
time for 1F1 compared to the PD-PI controller. However,
it is notable that no improvements were observed for 1Ptie.
Additionally, the undershoot wasmarkedly reduced by 13.8%
for 1F2 and 4.4% for 1Ptie when contrasting the (1+PI)-PI-
TID controller with the PD-PI controller. These reductions
in undershoot indicate a more stable response under dynamic
conditions.

Overall, the comprehensive analysis and comparisons
conducted clearly demonstrate that the proposed (1+PI)-PI-
TID controller excels across multiple performance aspects.
Its ability to achieve superior results in terms of ITAE,
settling time, and undershoot highlights its effectiveness
and superiority over existing controllers. This positions the
(1+PI)-PI-TID controller as a robust solution for managing
dynamic variations in control systems, making it a valuable
option for practical applications in various engineering fields.
The results suggest a strong potential for integration into
systems requiring reliable and efficient control strategies.

2) SCENARIO-2 (PERFORMANCE ANALYSES UNDER
RANDOM LOAD PERTURBATION)
To check the robustness of the proposed scheme, the dynamic
analysis of the FHO: (1+PI)-PI-TID CC was conducted
under a random step load (RSL) pattern in area 1. The RSL
perturbation involves a sequence of sudden generating unit
outages or abrupt load switches, representing amix of random
load variations. This scenario is depicted in Fig. 20. The
transient response to this scenario is illustrated in Figure 21,
where Figures 21a and 21b display the frequency changes
in areas 1 and 2, respectively, while Figure 21c shows the
power fluctuations in the tie-line power. The SLP time at
100 seconds is zoomed in for clarity in these figures. From
the results presented in Figure 21, it is evident that the FHO:
(1+PI)-PI-TID controller exhibits consistent dynamic perfor-
mance when compared to other controllers reported in the
literature. The controller demonstrates reduced undershoot
and overshoot, as well as faster convergence, underscor-
ing its robustness and effectiveness in managing dynamic
variations under randomized loading conditions in area 1.
This analysis highlights the controller’s capability to main-
tain stability and performance in the face of unpredictable
load changes, making it a strong candidate for practical
applications.

3) SCENARIO-3 (SENSITIVITY ANALYSIS/ROBUSTNESS)
A sensitivity analysis was conducted to evaluate the robust-
ness of the FHO-optimized (1+PI)-PI-TID CC. The stability
of the proposed controller was assessed by comparing the
responses of the original parameters to various metrics when
parameters such as Tt , Tr , Tw,and T12 are varied by approxi-
mately ±40% under 1PL1 = 1% SLP at area 1, as outlined
in [9]. Table 12 and Figs. 22a, 22b, and 22c demonstrate
the suggested controller’s reliability under altered system
settings. The impact of parameter fluctuations on the ITAE
criterion, settling time, and undershoot achieved by the
proposed FHO: (1+PI)-PI-TID CC under modifications of
system parameters was found to be negligible. For instance,
for Tt , the nominal ITAE is 0.03502; when the change is
made ±40%, the ITAE value is changed to 0.03658 for
up change and 0.04634 for down change. The analysis
reveals that even with significant variations of up to 40% in
parameters, the proposed FHO: (1+PI)-PI-TID CC exhibits
robustness and maintains excellent performance, with mini-
mal effects on the key evaluation metrics. This underscores
the robust nature of the controller and its ability to perform
effectively under varying system conditions.

This robustness is especially useful in real-world situations
where climatic changes, load variances, and component aging
can cause system characteristics to vary. Under these con-
ditions, the controller performs well, proving its practicality
and durability. In conclusion, the sensitivity analysis shows
that the FHO: (1+PI)-PI-TID controller is resilient and may
be used in dynamic contexts. The results show that the con-
troller can handle large parameter fluctuations while meeting
performance metrics, making it a good candidate for complex
control applications.

V. CONCLUSION
In this scientific paper, a detailed investigation was con-
ducted on a four-test model of interconnected power systems,
considering various nonlinearities and utilizing the innova-
tive fire fawk optimization (FHO) technique. Two cascade
controllers, namely (1+PI)-PI-TID and (1+PI)-PI-PID, were
implemented and thoroughly evaluated. The research encom-
passed the analysis of system responses under random step
load conditions and other dynamic scenarios. Comparisons
with existing strategies revealed a substantial percentage
improvement in the dynamic responsiveness and robust-
ness of the proposed (1+PI)-PI-TID controller. Additionally,
the study explored the impact of nonlinearity on power
system operations, examining factors such as GDB, BD,
CTD, and GRC. A sensitivity analysis demonstrated that the
proposed controllers exhibit remarkable stability and per-
formance, showcasing a significant percentage improvement
even when system parameters are varied by a substantial
margin. This is backed up by the percentage improvement in
ITAE of 84.3%, 10.7%, 42.1%, and 16.7%, and in settling
time of change in frequency of 7.7%, 6.4%, 33.4%, and
20% (1F1) and 100%, 100%, 100%, and 42.4% (1F2) in
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areas 1 and 2 of scenario 1 of the four test models under
study, respectively, in lieu of HHO: PD-PI and (1+PI)-PI-PID
schemes.

In conclusion, this research significantly advances load
frequency control systems by introducing the FHO technique
and designing novel cascade controllers. The findings under-
score the effectiveness and reliability of the (1+PI)-PI-TID
controller, showcasing a notable percentage improvement in
enhancing system stability and performance across various
operating conditions. These advancements pave the way for
more sustainable and resilient power systems in the future.

APPENDIX A
TWO-AREA NON REHEAT THERMAL POWER SYSTEM
PARAMETERS [1], [66]

PR = 2000MW; f = 60 Hz;B1 = B2 = 0.425 p.u.
MW
Hz

;

PL = 1000MW;R1 = R2 = 2.4
Hz
p

.u;Tg1 = Tg2 = 0.08 s;

Tt1 = Tt2 = 0.3 s;KPS1 = KPS2 = 120
Hz
pu

;

TPS1 = TPS2 = 20 s; 2 ∗ π ∗ T 12 = 0.545p.u.; a12 = −1.

APPENDIX B
TWO-AREA NON REHEAT THERMAL POWER SYSTEM
PARAMETERS WITH GDB [1], [66]

B1 = B2 = 0.425p.u.
MW
Hz

;R1 = R2 = 2.4
Hz
pu

;

Tg1=Tg2=0.2 s;Tt1=Tt2=0.3 s;KPS1=KPS2=120
Hz
pu

;

TPS1 = TPS1 = 20 s; 2 ∗ π ∗ T 12 = 0.0707p.u.; a12 = −1.

APPENDIX C
MULTI-UNIT MULTI AREA POWER SYSTEM PARAMETERS
[1], [66], [67]

B1 = B2=0.4312p.u
MW
Hz

;R1 = R2 = R3 = 2.4 p.u.
MW
Hz

;

Tsg1 = Tsg2 = 0.08s;Tt1 = Tt2 = 0.3 s;Kr1 = Kr2 = 0.3;

Tr1 = Tr2 = 10 s;KPS1 = KPS2 = 68.9566 Hz/p.u.;

T12 = 0.0433p.u.;a12 = −1;Tw1 = Tw2 = 1 s;

TRS1 = TRS2 = 5 s;TRH1 = TRH2 = 78.75 s;

TGH1 = TGH2 = 0.2 s;XC = 0.6 s;YC = 1s; cg = 1 s;

bg = 0.05 s;TF1 = TF2 = 0.23 s;KT = 0.543478;

KH = 0.326084;KG = 0.130438;KDC = 1;TDC = 0.2s;

TCR1 = TCR2 = 0.01 s;TCD1 = TCD2 = 0.2 s;

TPS1 = TPS2 = 11.49 s.

APPENDIX D
MUMA GAIN [1]

KT = 0.543478,KH = 0.326084, and KG = 0.130438
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