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ABSTRACT Voltage stability is critical in electrical power systems, and automatic voltage regulators play
a crucial role in maintaining voltage levels within permissible limits. Due to their simplicity and effec-
tiveness, traditional Proportional-Integral-Derivative (PID) controllers have been widely used in automatic
voltage regulation. However, they may not always perform optimally in complex power systems with
varying operating conditions and external disturbances. This research introduces an integrated approach of
employing a 3-degrees of freedom-PID-Acceleration (3-DOF-PIDA) controller coupled with a disturbance
observer-based control strategy. This combination is embedded with a simple but effective salp swarm
optimisation algorithm. This novel control approach of the combined 3-DOF-PIDA, disturbance observer
and salp swarm optimisation will enhance the voltage regulation of the system. The proposed novel control
strategy incorporates an acceleration component to continuously adjust its parameters based on system
dynamics. Simultaneously, the disturbance observer is responsible for estimating and compensating for
external disturbances, further improving the system’s performance. The salp swarm optimization is applied
to optimize both the PIDA control parameters and the disturbance observer’s parameters in the automatic
voltage regulation system to find optimal solutions that improve voltage regulation and disturbance rejection
capabilities. The results are established by performing statistical and graphical analyses with time-varying
step load fluctuations, and under various system parameter variations. The results are validated by compar-
isons to five popular optimization algorithms found in the reviewed literature. The investigations demonstrate
that this new proposed approach provides outstanding performance, in the presence of substantial system
parameter fluctuations and uncertainties.

INDEX TERMS Disturbance observer, PIDA controller, salp swarm optimization, voltage regulation.

NOMENCLATURE G.(s) Exciter transfer function.

D Dimensional vector. G, (s) Generator transfer function.

D, (s) Estimated lumped disturbance. Kae Acceleration gain.

E (s) 3-DOF-PIDA tracking error. K4 Derivative gain.

F (s)  3-DOF-PIDA parameter tuning function. K; Integral gain.

G,(s) Amplifier transfer function. K; Lumped disturbance gain.

G4 (t) Load disturbance. K, Proportional gain.

N, Acceleration filter coefficient.

The associate editor coordinating the review of this manuscript and Ng Derivative filter coefficient.

approving it for publication was Zhiguang Feng . R (s) 3-DOF-PIDA reference voltage.
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Tn Maximum number of SOS iterations.
U (s) 3-DOF-PIDA control action.

Y (s) 3-DOF-PIDA sensor feedback.
dK, Change in amplifier gain.

dK, Change in exciter gain.

dK, Change in generator gain.

dK; Change in sensor gain.

dT, Change in amplifier time.

dT, Change in exciter time.

dT, Change in generator time.

dT;  Change in sensor time.

d (t) Lumped disturbance.

e(t)  Voltage error.

n The random population of salps.
r(t)  AVR reference voltage.

y(¢t)  Generator output voltage,.

y(t)  Generator terminal voltage.

z(t) Generator estimated state.

o Proportional set-point coefficient.
B Derivative set-point coefficient.
y Acceleration set-point coefficient.

I. INTRODUCTION

The change in the electrical energy environment and tech-
nological advancements have heightened the importance of
voltage regulation in contemporary power systems. These
systems are continually challenged by several factors, such as
the constant increase in load demand, uncertainties in system
parameters, dynamic changes in load, and the integration of
erratic renewable energy sources. The importance of deliv-
ering consistent, high-quality electrical power is essential,
emphasizing the need for stability and reliability in these
advanced power systems.

Maintaining the integrity of power transmission and distri-
bution networks and assuring the quality of electrical energy
delivered to consumers depend on the ability to maintain
voltage levels within predetermined limits [1]. By control-
ling the output voltage of generators, in reaction to load
fluctuations and external disturbances, Automatic Voltage
Regulation (AVR) systems are essential in reaching this
goal [2]. The authors of [2] emphasize the real-world dif-
ficulties in designing and operating AVR systems. Due
to its simplicity and efficiency in regulating voltage, PID
controllers have historically been the pillar of AVR sys-
tems [3]. They are known for their rapid and precise voltage
regulation, and their robustness in handling various operat-
ing conditions. However, it is pointed out in [4] that PID
controller performance is often limited in the presence of
external disturbances, nonlinearities in the system, and a
wide range of operating circumstances. Advanced control
strategies are required in these situations to improve voltage
regulation capabilities by adapting to dynamic changes and
disturbances [4].

An improvement of the traditional PID controller is the
PIDA controller [5]. It has an acceleration component that
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constantly adjusts controller parameters, improving flexibil-
ity to shifting operating conditions and disturbances. In [5]
the authors highlight the advantages of PIDA controllers,
including their faster response times and increased accuracy
compared to traditional PID controllers. As power systems
become more complex, there is a need for increasingly
sophisticated control procedures. By decoupling the acceler-
ation mechanism from the PIDA controller, the 2-DOF-PID
controller adds a new degree of freedom to the control
structure [6]. This decoupling allows the acceleration compo-
nent to be tuned more precisely, improving the performance
and reliability of the controller. By adding a third DOF,
a 3-DOF-PID controller, as suggested in [7], goes a step
further and allows for the simultaneous adjustments of pro-
portional, integral, derivative, and acceleration gains, which
enables the controller to respond to complex power system
dynamics with greater flexibility and precision. In [8] the
authors show that the 3-DOF-PID controller performs better
in a multi-area power system compared to the PID controller
and the 2-DOF-PID controller.

The integration of a DOB into the 3-DOF-PIDA control
framework is a significant progression for AVR systems.
A comprehensive review of DOBs is offered in [9], with
an emphasis on their use in nonlinear systems. The authors
of [9] highlight the versatility of DOBs in managing a
wide range of disturbances encountered in real-world power
systems. Observer-based control strategies were employed
in [10], [11], and [12] to estimate and reject both matched
and mismatched types of lumped disturbances, which include
load variations, nonlinearities, and uncertainties, in AVR sys-
tems. By incorporating a DOB, the 3-DOF-PID controller
gains the capability to detect and react to disturbances in real-
time, thereby enhancing the system’s disturbance rejection
capabilities [13].

The use of optimization algorithms to improve AVR con-
trollers is a major advancement in voltage regulation. The
need for more flexible and efficient control strategies has
grown exponentially, as contemporary power systems deal
with increased complexities, varying generation technologies
and evolving demand patterns. Recent studies and compara-
tive analyses have explored a wide range of Intelligence Base
Algorithms, and heuristic and metaheuristic optimization
techniques, which are employed in AVR systems [2], [4], [5],
(61, [71, [81, [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27]. Some of the prevalent
algorithms in the literature include the Bat Algorithm (BA),
Fruit Fly (FFA), Whale Optimization Algorithm (WOA),
Harmony Search (HAS), Grey Wolf Algorithm (GWA),
Monarch Butterfly Algorithm (MBA), Ant Colony (ACO),
Dragonfly (DFO), Cuckoo Search (CSO), Moth Flame Opti-
mization (MFO), Artificial Bee Colony (ABC), Grasshopper
Optimisation Algorithm (GOA) the Genetic Algorithm (GA),
Tabu Search (TSA), Water Cycle Algorithm (WCA),
Local Unimodal Sampling (LUS), as well as several
adaptations and modifications of the Particle Swarm
Optimization (PSO), and Teaching and Learning Based
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Algorithms (TLBA) [2], [4], [5], [6], [71, [8], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32], [33], [34]. These
algorithms provide adaptable and flexible optimization capa-
bilities, enabling systematic exploration of control parameter
spaces, and ensuring that controllers are optimized across a
wide range of operating conditions. By using the potential
of optimisation techniques, AVR controllers can adjust to
dynamic changes in load demands, disturbances, and fluc-
tuations in system parameters. This adaptability contributes
to enhanced stability and reliability in the ever-evolving envi-
ronment of modern power systems [12], [13], [14], [15], [16],
(171, [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31], [32], [33], [34]. Heuristic optimization
methods can adjust to a variety of control circumstances and
system types, making them apt for systems with nonlinear
dynamics or indeterminate parameters [31], [32]. Their con-
ceptual simplicity and computational efficiency make them
suitable for real-time control applications. Metaheuristic opti-
misation techniques are recognized for their proficiency in
effectively identifying near-optimal solutions across a wide
range of problem domains [33], [34].

The selection of an efficient optimization method is crucial
in AVR control systems. There must be a balance between
the benefits of optimization and the potential obstacles such
as increased complexity, longer computation times, and addi-
tional costs. The SSO, is an effective optimization method to
provide such features [35], [36], [37], [38], [39], [40], [41],
[42], [43]. In-depth reviews of the SSO are presented in [35]
and [36]. The effectiveness of a multi-objective SSO is illus-
trated in [37], where it is compared with the DFO algorithm,
the GOA and the ant lion optimiser. The SSO’s application
in determining the optimal PID controller parameters of the
AVR system is discussed in [38], where the analysis of tran-
sient response indicates that the SSO exhibits superior tuning
capabilities and efficiency in enhancing the step response
of an AVR system, outperforming the Ziegler-Nichols tra-
ditional tuning method and the ABC algorithm. However,
the robustness or sensitivity of the proposed technique was
not explored, and only a single test analysis was performed
to assess the effectiveness of the SSO. The use of the SSO
in tuning a fractional-order PID controller (FoPID) in the
AVR system is investigated in [39]. The authors contrast
the performance of the SSO-tuned controller with a PSO
controller and the ABC-tuned controller, emphasizing the
effectiveness of the SSO. In [40], the SSO-based FoPID
tuning method for AVR systems outperforms the SSO-tuned
PID controller in terms of disturbance rejection capabilities.
However, the research does not demonstrate the effectiveness
and efficiency of the proposed method in comparison with
other contemporary tuning methods. The transient response
analysis in [41] reveals that the SSO-PID outperforms the
WCO-based PID controller. The findings in [42] corrobo-
rate the superior performance of the SSO compared to the
GOA and the collective decision optimisation algorithm in a
multi-area power system.
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The benefits of an enhanced SSO are highlighted in [44].
The authors in [45] demonstrate the dominance of an
advanced SSO when compared to the MFO algorithm,
a refined HSA and the GA. The strengths of the SSO are
merged with the PSO in [46]. A range of SSO modifica-
tions and adaptations are detailed in [26] and [47]. Despite
the proven efficacy of the proposed advancements in [26],
[44], [45], [46], and [47], there are no discussions on the
computational complexities of these strategies, which poses
challenges for their application in real-world AVR control
systems.

The strength of the SSO lies in its simplicity to ensure
excellent tuning of optimal control parameters. The SSO
takes inspiration from the behaviour of salp chains [43].
These chains can adapt and navigate towards a continuously
changing optimal solution (food source), thereby exploring,
and exploiting the defined search space for better solutions.
The unique features of the SSO that differentiate it from other
optimization algorithms as per [43] are:

(a) The algorithm keeps the best solution found after each
iteration, assigning it to the global optimum (food source)
variable. This ensures the preservation of the best solution,
even if the entire population declines.

(b) The SSO adjusts the position of the leading salp in
relation to the food source, which is the best solution cur-
rently identified. This enables the leader salp to continuously
explore and exploit its surroundings for improved solutions.

(c) The SSO adjusts the position of follower salps relative
to each other, allowing them to gradually move towards the
leading salp.

(d) The slow movements of follower salps prevent the
SSO from getting trapped in local optima, and the adaptive
mechanism allows it to accurately estimate the best solution
while continuously avoiding entrapment in local solutions.

(e) The SSO has a single control parameter which is adap-
tively decreased over iterations, assisting the algorithm in
initially exploring the search space and exploiting it towards
the end, thus simplifying its implementation and reducing the
complexity.

These advantages position the SSO as a potentially supe-
rior solution for optimization problems compared to tradi-
tional methods and computationally complex approaches,
which is the motivation for the current research. Balanc-
ing the benefits of optimization with the added complexity
and increased computational times is a significant consid-
eration in AVR systems. The SSO is conceptually simple
and computationally efficient, making it suitable for real-time
control applications. The relevant literature confirms that
the combined approach of embedding the SSO with a
3-DOF-PIDA and a DOB, to configure a unified AVR con-
trol approach, has not been previously investigated. Hence,
this research paper investigates the performance of a 3-
DOF-PIDA controller combined with a standard DOB and
embedded with an SSO in the AVR control system. The
SSO is used to optimize the parameters of the 3-DOF-PIDA
controller and the DOB, ensuring they work in harmony to
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achieve enhanced disturbance rejection and precise voltage
regulation. Together, they aim to provide superior voltage reg-
ulation performance by addressing dynamic operating condi-
tions and external disturbances which improves disturbance
rejection, adaptability, and robustness in control systems,
making this combination a valuable tool in AVR applica-
tions. Considering the above, the dynamics and modelling
of AVR control systems using MATLAB 2023 software,
the following are the significant contributions of the current
work:

o To estimate the total effect of various irregularities,
parametric uncertainties, and load disturbance for the
generator dynamics as a single lumped disturbance.

« To develop the disturbance rejection structure using the
information from the DOB for the AVR system and to
evaluate the performance of the AVR under several con-
sidered cases. Unlike the work presented in [12], here,
only one DOB is utilized to estimate and compensate for
the effect of the lumped disturbance from the generator
dynamics.

o Most of the controllers designed for AVR systems
have a 1-DOF or 2-DOF PID control structure.
In [28], a 3-DOF PID controller is proposed using the
feed-forward compensation method for the load dis-
turbance only. However, such a controller may not be
capable of compensating for the total effect of various
irregularities, parametric uncertainties, and load disturb-
ance [10], [11]. Hence, in this paper, a novel 3-DOF
PID plus Acceleration (i.e., PIDA) controller is proposed
to enhance the performance and robustness of the AVR
system.

o The simulation results of the SSO-integrated 3-DOF-
PIDA controller are compared with five popular AVR
control strategies with detailed graphical and analytical
analyses.

The subsequent sections of this paper provide the theo-
retical foundations of AVR systems, the integration of a
single Extended State Observer (ESO) based DOB into the
AVR system, the 3-DOF-PIDA controller, and the utilization
of the SSO for parameter optimization. Simulated results
and comparative analyses are presented and compared to
five other controller designs that are popular in the rele-
vant literature, namely, WOA-PIDA [21], TLBO-PIDA [27],
LUS-PIDA [25], HAS-PIDA [22], and BAT-PIDA [19],
to demonstrate the effectiveness of the proposed novel
approach in improving voltage regulation.

Il. DYNAMICS OF THE AVR
AVR, a critical component in power systems, is responsible
for maintaining a consistent, stable, and desired voltage level
at the generator’s terminals. The primary function of the AVR
is to regulate the generator’s field excitation to control the
output voltage within acceptable limits, under varying load
conditions and disturbances.

The operation of the AVR is explained in [1], [28], [29],
and [30]. Fig. 1 shows the basic components of an
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AVR system. The AVR continuously monitors the generator’s
output voltage, y(¢) via sensor feedback, and the difference
between the reference voltage, r(¢) and the actual terminal
voltage, y(¢) is calculated to determine the voltage error, e(t).
This signal is applied to the amplifier with a transfer func-
tion, G4(s). To minimize the voltage error and maintain the
terminal voltage within a specified range, the exciter of the
AVR generates a control signal with a transfer function,
G,(s) that adjusts the field voltage applied to the generator’s
rotor or field winding. The generator field can be represented
by a block with a transfer function, G,(s). The generator’s
excitation level is controlled by the field voltage, which
impacts the terminal voltage. By adjusting the field voltage,
the AVR controls the magnetic field strength within the gen-
erator, affecting the electromotive force (EMF) induced in the
stator windings. This, in turn, regulates the terminal voltage
to maintain it at or near the desired reference level.

The AVR constantly responds to changes in the electrical
load, V,4(¢), ensuring that the terminal voltage remains sta-
ble. When load variations occur, the AVR quickly adjusts
the field excitation to counteract voltage drops or spikes,
maintaining system stability and the quality of the supplied
power. The mathematical model of an AVR is developed
by [1]. The amplifier, exciter, generator, and sensor with para-
metric uncertainties: K, dK,, dKg, dKy, dT,, dT., dT,, dT5,
within the ranges shown in Table 1, can be approximated
by (1)-(4) [12].

K, + dK,
G,(s) = ——a T @Ba 1
« )= T AT s 11 M

K, + dK,
Go(s) = — e TR 2
O = T a1 1 @
Gols) = 2T Ke 3)

(Tg+dTg) s+ 1

K, + dK

Gyls) = —— T “)

(Ts +dT) s+ 1

Using (1)-(4), the AVR state-space model with load distur-
bance, G, (¢) including parametric uncertainties, and nonlin-
earities in the generator dynamics are described by (5)-(7).
Where, x(t1) = [Vo (1) Ve (1) Vo ()], u(t) = V. (), and
¥(t) = Vg (2), as the state, input, and output vectors, respec-
tively [12].

, 1 K,
Xy (1) = — (7) x (8) + (T) x2 (1)
8 8

N (—Vd — Vi (Tg + dT,) + dKgxa (1) — X1 (1) dTg)

Tg
)
N 1 K. 6
o) =— (i) x(t) + (E) x3(t) (6)
Co 1 K, 7
x3() = — (Fa) x3(t) + (T_a) u(t) @)
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y(t) Amplifier Exciter Generator

Gi(s)

Sensor

FIGURE 1. Block Diagram of an AVR System.

TABLE 1. Description of AVR components and their ranges [1].

AVR Gain Time
Components
Amplifier 10 <K, <40 002<T,<0.1
Exciter 1<K,<10 04<T,<1
Generator 07<K;<1 IS T, <2
Sensor Ky, =1 0.001 < T5, <0.06

Were, these dynamics with lumped disturbance, d(¢) in the
standard state-space model by (8)-(10).

—dai b] 0 0 1

x(t): 0 —a by x (1) + 0 u(t) + 0 d(t)
0 0 —as b3 0

®)

yoy=[1 0 0]x@ ©)

) = —Va—Vy (Tg+dTy) +dKyxo(t)—1(1)dT, w0

Tg

1lll. DYNAMICS OF DOB

The DOB serves as a valuable component of the AVR control
system. The disturbance captures the total effect of irregulari-
ties like parametric uncertainties, nonlinearities, and external
load disturbances which are commonly referred to as lumped
disturbances [9]. The detailed model of the AVR along with
the lump disturbance, d (¢) in the generator component is pre-
sented by (8)-(10). Based on (5)-(7), it is observed that, d(t)
is a mismatched type of lumped disturbance [9]. It is demon-
strated that the estimator and controller design, for tackling
mismatched disturbances in real-time systems akin to AVR is
challenging [11], [12]. In this paper, a single ESO approach
is used, from the MESOBC method presented in [10]. The
overall generator dynamics with lumped disturbance can be
represented by (11) [10]:

x1(1) = —arxi(t) + bixa(t) + d (1) ]
y (1) = x1(2)
The voltage of the exciter x(#) can be used as an input using
the proper sensor for (11). Using the MESO methodology, the
lumped disturbance d(¢) is considered as an extended state.
The new state variables are formed as follows:
z1(#) = x1(?) and z2(¢) = d(1)
u(r) = xa(r) (12)
(1) = zi(t)

Y
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Combining (11) and (12), under the assumptions mentioned
in [10], the estimated states of the generator model are pre-
sented in (13):

20(0) = —arZ1 (1) + 22 (1) + brii(r) + 11 (21 (1) = 21(0)) ]
2(t) = bz (1) — 21(1))
(13)

Considering, e; (r) = z1 (f) — z1(f), and e (t) = 20 (1) —
Zo(1), the first derivative of the estimation error vector,

_ | ae®
e = [ez(r)

é(r)=[_“‘0_" 1}e(r)+[‘f]d<r> (14)
I

_12
—a;—10 1
153 0 —b

remains Hurwitz then the estimation error dynamics of ESO
in (14) converges asymptotically [9], [10]. To solve this
problem, single frequency, w; can be chosen such that, [} =

2w; —ay and [, = wlz.

:| using (13) can be given by (14).

Finally, if L = ] is chosen in such that, [

IV. STRUCTURE OF THE SSO-3-DOF-PIDA CONTROLLER
The next objective is to minimize the effect of the lumped
disturbances using the DOB estimated disturbance, d, ().
It is the prime objective of the AVR control system to main-
tain the generator’s terminal voltage close to the reference
voltage, r(t). Hence, for stability advancement, response
enhancement and disturbance rejections, various PID con-
trollers have been used including FoPID, 2-DOF-PID,
3-DOF-PID, etc. [7], [8], [17], [18].

However, an additional term called ‘“Acceleration” has
been introduced with the PID controllers that improve the
speed of response and increase the stability margin compared
with the PID controllers. This is commonly known as a PIDA
controller [32], [33], [34]. The control action delivered by the
PIDA controller is given as a function of a tracking error by,
E (s) = R(s) — Y (s) which may be expressed by (15)-(16)
with the ten 3-DOF-PIDA controller optimisation parameters
defined in Table 2.

K;
U(s) =K, [R(s) =Y ()] + ~ [R(s) =Y (9)]
+Kas[R(s) — Y (5)] + KaeS* [R(s) — Y ()] (15)
K;
U@s) =Ky [E(9)] + " [E($)] + Kas [E(5)] + Kaes® [E(5)]
(16)

This section introduces a new structure of a PIDA con-
troller with an embedded DOB and a SSO based parameter
tuning mechanism as shown in Fig. 2.

A. STRUCTURE OF THE 3-DOF-PIDA CONTROLLER

The structure of the proposed 3-DOF-PIDA controller is
shown in Fig. 3 using the Laplace domain. It is composed
of three inputs; R(s), Y(s), and D, (s), and one control out-
put; U(s). Here, R(s) is the reference voltage, ¥(s) denotes
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TABLE 2. Description of SSO-3-DOF-PIDA parameters.

Symbol Description Symbol Description
K, Proportional gain a Proportional set-point
coefficient
K; Integral gain B Derivative  set-point
coefficient
Ky Derivative gain y Acceleration set-point
coefficient
Kac Acceleration gain Ny Derivative filter
coefficient
K; Lumped N, Acceleration filter
disturbance gain coefficient
Salp Swarm Optimization
(ss0)
l di(t)
=
r(t 7/
( ) (t) )/ a(t)
doft) 3DorpA U Amplifer —»| Exciter (—>{Generat
o Controller mpliter Xciter enerator
A
yit)
EI
Disturbance J
Observer

(DOB)

FIGURE 2. Model of an AVR system with the inclusion of SSO-3-DOF-
PIDA controller and with DOB.

the sensor feedback from the output of the power system,
D, (s) dotes the estimated lumped disturbance in the generator
dynamics. The control action is presented by U (s).

As shown in Fig. 3, the controller output can be expressed
as a function of 3-input signals as follows:

U (s)
K;
=Ky [aR(s) = Y (s)] + " [R(s) =Y (9)]

1K ( Nas
d s+ Ny
2
u ) [VR(s) — Y ()] + KiDe(s) (17
Ngs Nus 2 K;
= ()le+,3Kd (S+Nd)+yKaC (S—i-—N) +? R (s)

K+ Ky (N5 4k, ((Nes 2+Ki Y (5)
_ _ )
P d s+ Ny ac s+ N, K

+ [K1]1D.(s) (18)

) [BR(s) =Y (9)]

It is observed from (17) that the control output, U (s),
is not the direct function of the tracking error, E(s) but
an integral component thereof. The set-point coefficients,
o, B,and y are multiplied with the proportional, derivative
and acceleration terms respectively. These constants help in
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- &>
R(s) <+> ’
@
m RE 4y
D a ’ s;IN: N,s U(s)
0 @’ s+lt\1[,, ] s+7V,,

[R>
G f
De(s) Ll

FIGURE 3. Structure of the 3-DOF-PIDA Controller.

tracking the desired terminal voltage levels, thus improving
the transient and steady-state performances of the generator.
Also, the first-ordered derivative filter and second-ordered
acceleration filter with filter coefficients of, N; and, N,
respectively, are introduced to handle the derivative kick and
low frequency noise. Lastly, K; is integrated with the DOB
estimated disturbance, D, (s) to minimize the effect of the
lumped disturbance.

The effectiveness of the 3-DOF component can be seen
from another representation of the control action, U (s) as
shown in (19):

U(s) =Fi(s)R(s) + F2(5) Y (5) + F3D,(s) 19)

Nys LK Ngs 2+Ki
s+Ny VR ac s+N, s

Were,

F1(s) =aKp+ﬂKd(

(20)

Fy (s) :Kp+Kd( Nas )—i—KaC (M)Zﬁ @1
s+Ny s+N, s

F3(s) =K; (22)

The three terms, F (s), F> (s) and F3 (s), shown in (20)-
(22), which are functions of the tuning parameters, are
multiplied with the reference input, R (s) the terminal out-
put, y(s) and the estimated lumped disturbance, D, (s)
respectively. Hence, the proposed control structure has
3-Degrees of Freedom (DOF) compatibility to provide
set-point tracking, disturbance rejection and robust perfor-
mance. These 10 parameters are optimized using the Integral
Time-weighted Square Error (ITSE) criterion-based SSO.
The optimized values and their ranges are summarized in the
Appendix.

B. SALP SWARM OPTIMIZATION (5S0)

The SSO is a bio-inspired optimization algorithm that draws
inspiration from the collective behavior of salps, which
are marine filter-feeding organisms. In recent years, the
SSO has gained recognition as a potent tool for optimizing
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complex systems, particularly in the field of control engineer-
ing [35], [36], [37], [38], [39], [40], [41], [42], [43]. The SSO
algorithm begins by initializing a population of virtual salps
within the solution space, each representing a potential set
of control parameters for the AVR system. This population
reflects the diversity of potential solutions.

The core of the SSO’s operation lies in evaluating the
fitness or objective function for each salp’s position, quanti-
fying the quality of the corresponding solution in optimizing
the AVR system’s parameters. The evaluation serves as the
basis for decision-making. Salps make decisions based on
a blend of exploitation and exploration tendencies. They
are influenced by the positions of the best solutions they
have encountered (exploitation) and the positions of other
well-performing salps (exploration).

The algorithm’s success hinges on effectively balancing
these two aspects. Salps iteratively update their positions and
solutions based on the movement rules and fitness function
evaluations. As the optimization progresses, salps gradually
converge toward optimal or near-optimal control settings for
the AVR system. The algorithm continues until a predefined
termination criterion is met. Common termination criteria
include reaching a maximum number of iterations or achiev-
ing a specified level of solution quality. The mathematical
representation of the movement of salps in the SSO can be
expressed as follows; The initialization of the algorithm starts
by generating a random population of, ‘n’ salps, in the ‘D’
dimensional vector.

x () = [x1, x2,%3...... 4Dl Vi=1,2,3....n (23)

Were, D is the dimension of decision variables. The spa-
tial coordinates of all the salps are verified within a
two-dimensional matrix referred to as, ‘x’. Further, a spec-
ified food source denoted as, ‘F’ is presumed to be the target,
within the exploration area of the swarm. The SSO parame-
ters are defined in Table 3. The leader position is presented
in (24) [43]:

(24)

o | Fta ((UBj — LB;j) c2 + LBj)) c3 > 0
77| Fj—c1 ((UB; — LBj) c2 + LB))) c3 < 0

TABLE 3. Description of SSO parameters.

Symbol Description

Xj position of leader in, j* dimension
F leader position in, j* dimension.
UB; upper bound of ;" dimension

LB; lower bound of j* dimension
C1,Cp, & C3 random numbers

The effectiveness of the SSO in the exploration and exploita-
tion of food is shaped by, c;, and may be presented
as (25) [43]:

41

cp=2e¢ Tm (25)
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Were, T, represents the maximum number of iterations and
‘I’ represents the current iteration. ¢3, & c3 are random num-
bers generated during the iteration process. The follower’s
position is instantly updated and given by (26) [43]:

1 B
= (xf' ! 1) Vi > 28 (26)

x[' is the position of n'  follower in j# dimension. If a

salp moves beyond the defined search space, it is rapidly
substituted with a new solution chosen at random. This guar-
antees that the replacement solution is confined within the
search space boundaries. The algorithm stops upon reaching
the designated maximum iteration count or when specific
pre-defined criteria are met. The execution flowchart of the
SSO is provided in Fig. 4.

Set the
parameters: Dimension of
variables D, number of Salps n,
Upper limit UB, Lower limit LB,

and maximum number of
iterations

Randomly Inmal.ue Evaluate the Fitness| Store best Salp as F
the Salp population Values

Calculate and save Update the location Update the location
the Salp with best 4= of follower from (€= of leader from |
fitness. equation 19 equation 17

Calculate C; from
equation 18

Has the

te.rml.natlon L
criteria been
met?

FIGURE 4. The flowchart of the SSO execution process.

V. RESULTS AND ANALYSIS

The mathematical modelling of the AVR, the 3-DOF-PIDA,
the DOB, and the SSO is presented in the previous sections
of this paper. In the investigations and simulations, the Inte-
gral Time-weighted Squared Error (ITSE) is chosen as the
objective function to minimize the error of the system and
to obtain an improved output of the AVR using the proposed
SSO-3-DOF-PIDA regulator as shown in (27):

J= / [(r (1) — y(1))? x t] dt 27)
Int

o

Were,

r(t) = Reference voltage
¥(t) = Terminal output voltage

The performance of the SSO-3-DOF-PIDA, under vari-
ous considered cases, is compared with five other con-
troller designs that are popular in the reviewed litera-
ture, namely, WOA-PIDA, TLBO-PIDA, LUS-PIDA, HAS-
PIDA, and BAT-PIDA. From Table 1, the AVR simulation
parameters are:
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K, = 10K, = 1,K, = LK, = 1,7, = 0.1,T, =
04,T, = 1, Ty = 0.01, with the applicable units. Using
these simulation parameters, the AVR, state-space matrices
are given by (28).

1 1 0
A=| 0 -—25 25|,
0 0 —10
[0
B=| 0|, c=[1 0 0] (28)
| 100

The pair of, (A&B) is controllable and the pair, (A&C)
is observable [10]; hence the control design is further
investigated. To achieve optimal and robust performance
against lumped disturbances, the main components of the
AVR system; amplifier; exciter; generator; with sensor are
incorporated into the design. The performance of the SSO-
3-DOF-PIDA is first evaluated and compared under normal
conditions and the output of the proposed AVR, with the
inclusion of the DOB using the ESO structure, is com-
pared with the following popular optimization AVR designs;
WOA-PIDA, TLBO-PIDA, LUS-PIDA, HAS-PIDA, and
BAT-PIDA.

Fig. 5 illustrates the convergence profile of the SSO during
the minimization of the ITSE value, with a set maximum
iteration number of 100. The graph indicates a notable ini-
tial decrease in the ITSE value, followed by a consistent
reduction without undesirable oscillations. This suggests that
the SSO demonstrates promising convergence characteristics.
Notably, from Fig. 5 it is observed that the algorithm stag-
nated and reached the final solution within 40-50 iterations.
Subsequent iterations did not yield further improvement in
the ITSE value. This supports the decision to limit the maxi-
mum iteration to 100 for the current study.

0.07

0.06

0.04 -

Cost

0.03

0.02

0.01

10 20 30 40 50 60 70 80 %0 100
No. of Iteration

FIGURE 5. Convergence response of cost function (ITSE) with respect to
number of iterations.

The graphical result for the terminal voltage is shown in
Fig. 6 and the analytical results are given in Table 4. There-
after, the performance of the SSO-3-DOF-PIDA is evaluated
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FIGURE 6. Response of terminal voltage under normal conditions.

TABLE 4. Dynamic response specification of AVR with normal condition.

Overshoot / Peak . .
Method Undershoot Value ?Sliz(?;:crl:(; ITSE
(%) (p-w)
WOA-PIDA 1.6 1.016 0.54 0.01651
[21]
TLBO-PIDA 1.0 1.01 1.35 0.01205
[27]
LUS-PIDA 32 1.032 1.23 0.01636
[23]
HAS-PIDA 0.4 0.996 1.35 0.01425
[23]
BAT-PIDA 0.1 1.0010 2.05 0.01616
(18]
SSO-3-DOF- 0.07 1.0007 04 0.00130
PIDA

06

0.4 ——WOA-FIDA
1 TLBO-PIDA

Terminal Voltage (p.u)

0.2 0B

Time (Seconds)

FIGURE 7. Response of terminal voltage under +30% step change in load
voltage.

and compared under 30% step load voltage variation. The
graphical result for the terminal voltage is shown in Fig. 7
and the analytical performance is given in Table 5.

It is observed, in Fig. 6, that the terminal voltage deviates
with overshoot and is unable to promptly settle to refer-
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TABLE 5. Dynamic response specification of AVR under +30% step load
voltage variation.

Method Peak Peak Recovery ITSE
Overshoot / Value Time
Undershoot (p-u) (Seconds)
(%)
WOA-PIDA 1.65 1.0165 0.55 0.10861
(21]
TLBO-PIDA 1.00 1.0100 0.45 0.08906
[27]
LUS-PIDA 3.20 1.0320 1.23 0.09782
(23]
HAS-PIDA 0.05 0.9995 1.5 0.09725
[23]
BAT-PIDA 0.10 1.0010 1.45 0.09675
(18]
SSO-3-DOEF- 1.00 1.0100 0.08 0.01859
PIDA

ence value for the WOA-PIDA, TLBO-PIDA, LUS-PIDA,
and BAT-PIDA, while the HAS-PIDA does not display any
overshoot and has a quicker settling time of approximately
1.5 seconds compared to the other four controllers which
take approximately 4.0 seconds to reach the reference volt-
age. The SSO-3-DOF-PIDA returns to the 1.0 p.u. terminal
voltage within 0.5 seconds with no overshoot and without
any oscillations. The SSO-3-DOF-PIDA stands out as the top
performer, offering no overshoot, fast response, and excellent
steady-state control.

From Table 4, it is noted that the SSO-3-DOF-PIDA
exhibits the fastest transient response with the shortest rise
time of 0.4 seconds. It outperforms the other five methods
in terms of response speed. The BAT-PIDA and HAS-PIDA
have low peak overshoots of 0.1% and 0.4%, indicating a
smooth response with minimal overshoot. The TLBO-PIDA,
WOA-PIDA, and LUS-PIDA have irregular responses with
noticeable overshoot as indicated by the overshoot values
1.0%, 1.6%, and 3.2% respectively. The SSO-3-DOF-PIDA
performs exceptionally well with an extremely low peak
overshoot of 0.07%. The SSO-3-DOF-PIDA has the lowest
ITSE value of 0.001308, implying excellent steady-state con-
trol and negligible error accumulation over time, compared
to the other five methods. The WOA-PIDA and the HAS-
PIDA balance peak overshoot combined with response speed
well, making them suitable for applications requiring quick
response with minimal overshoot. The BAT-PIDA performs
well in terms of smoothness but sacrifices response speed.
The TLBO-PIDA and LUS-PIDA offer smoother responses
but with slightly longer rise times. The SSO-3-DOF-PIDA
excels in terms of speed, precision, and low overshoot, mak-
ing it suitable for applications demanding high-performance
voltage regulation.

It is demonstrated in Fig. 7 that the SSO-3-DOF-PIDA is
much faster and more accurate with minimal overshoot in
reaching the SS error to zero after the voltage is varied +30%
from the reference value. From Table 5, it is observed that the
HAS-PIDA and BAT-PIDA have the lowest peak overshoots,
both at 0.05% and 0.10% respectively, implying minimal
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deviations from the desired voltage responses during the
transient period. While the WOA-PIDA, TLBO-PIDA, and
SSO-3-DOF-PIDA have moderate peak overshoots, with val-
ues ranging from 1.00% to 1.65%. The LUS-PIDA exhibits
the highest peak overshoot value of 3.2%, and peak value
of 1.0320 p.u, indicating a significant deviation from the
desired voltage response and a higher peak voltage during
the transient period. The HAS-PIDA has the lowest peak
value of 0.9995 p.u, suggesting a conservative response. The
other five controllers, including the SSO-3-DOF-PIDA, have
peak values close to 1.0100 p.u indicating a well-controlled
response.

The LUS-PIDA, BAT-PIDA, and HAS-PIDA have recov-
ery times of 1.23 seconds, 1.45 seconds, and 1.5 seconds
respectively, indicating much slower recovery times. The
TLBO-PIDA and WOA-PIDA show fast recovery times of
0.45 seconds and 0.55 seconds respectively. However, the
SSO-3-DOF-PIDA stands out with the shortest recovery time
of 0.08 seconds, indicating a rapid return to the desired volt-
age level, and it also has the lowest ITSE value of 0.01859,
indicating superior steady-state performance with negligible
error accumulation. The other five controllers have ITSE
values close to 0.1, implying good steady-state control.

The HAS-PIDA and BAT-PIDA provide moderate
responses with minimal overshoot and are suitable for appli-
cations where overshoot needs to be minimized while the
LUS-PIDA exhibits higher overshoot and longer recovery
time. The TLBO-PIDA offers good overall performance with
amoderate recovery time and ITSE value. However, the SSO-
3-DOF-PIDA offers rapid recovery and excellent steady-state
performance.

Fig. 8 shows the response of the DOB under +30% step
change in load voltage, and it is clear from the response
that the DOB can track the actual load disturbance and is
hence capable of improving the dynamic performance of the
proposed AVR system.

o
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Load Voltage (p.u)
o

0.05 !

-0.05

01 . I . I I
4 5 6 7 8 8 10 11 12
Time (Seconds)

FIGURE 8. Response of Disturbance Observer under +30% step change in
load voltage.

Fig. 9 shows the graphical response of the terminal voltage
and the DOB under multi-step change in load voltage with
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the SSO enhanced 3-DOF-PIDA controller and it is revealed
that the DOB can track the actual disturbance and there is not
much difference between actual and estimated disturbance
and hence the SSO optimized 3-DOF-PIDA is successful in
minimizing peak overshoot/undershoot, improving the set-
tling time and eliminating the steady state error from the AVR
response under multi-step change in the load voltage.

— Terminal Voltage (p.u)
———Aciual Disturbance (p.u)
LT o Estimated Disturbance (p.u)
121
| r i
08} r
06
n"’ "
0.4 ’/ \
= i
1/— \
0.2 1/ \\‘
/ A i
D 1 L L L 1 \\‘-.
4 6 8 10 12 14 16 18

Time (Seconds)

FIGURE 9. Response of terminal voltage and Disturbance Observer under
a multi-step change in load voltage with SSO-enhanced 3-DOF-PIDA
Controller.

A sensitivity analysis is conducted to determine the robust-
ness of the SSO-3-DOF-PIDA-based AVR system. This is
achieved by changing the time constants of the amplifier (7,),
exciter (T,), generator (T,), and the system sensor (7}),
by +£25% of their original values. The graphical and numer-
ical results are shown to demonstrate the AVR’s tendency to
respond to various operating scenarios. The numerical results
for uncertainty, overshoot/undershoot, rise time, and error
value for various uncertainties are provided in Tables 6-9.

TABLE 6. Robust response of AVR under +25% change in Tq.

Parameter  Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
T -25 1.17 0.35 0.001209
2 +25 0.07 0.30 0.001456

TABLE 7. Robust response of AVR under +25% change in Te.

Parameter Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
T -25 0.07 0.35 0.001125
¢ +25 0.10 0.30 0.001577

Table 6 shows that the peak overshoot decreases from
1.17% to 0.07% when T, is increased by 25%. This indi-
cates that an increase in 7, results in a significantly
reduced overshoot, which is favourable for system stability.
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TABLE 8. Robust response of AVR under +25% change in Tg.

Parameter  Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
T -25 0.22 0.26 0.001299
& +25 0.40 0.35 0.001711

TABLE 9. Robust response of AVR under +25% change in Ts.

Parameter  Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
Ts -25 0.07 0.26 0.001406
+25 0.07 0.3 0.001215

Conversely, a decrease in 7, leads to a higher overshoot,
indicating that the system becomes less stable. The rise time
decreases from 0.35 seconds to 0.30 seconds when T, is
increased by 25%. This reduction in rise time indicates that
the system responds faster to changes in the reference signal
with an increased 7.

A decrease in T, leads to a 0.05 second increase
in the rise time. This is minimal but it does imply a
marginally slower response. In both cases, the ITSE val-
ues of 0.001209 and 0.001456 respectively are quite low
and are close to each other. This indicates that changes in
T, have a negligible impact on the steady-state performance
of the SSO0-3-DOF-PIDA system. The analysis reveals that
the SSO-3-DOF-PIDA controlled AVR system is robust to
variations in 7. The system exhibits stable performance with
minimal overshoot and good steady-state behaviour over a
range of £25% T, variations.

The two scenarios with a £25% change in T, are shown in
Table 7, for the SSO-3-DOF-PIDA controlled AVR system.
Both scenarios exhibit low peak overshoot values, with a
slight increase from 0.07% to 0.10% when T, is increased
by 25%. This indicates that an increase in 7, leads to a
minor increase in overshoot but maintains stable control.
A decrease in T, results in an extremely low overshoot. The
rise time decreases from 0.35 seconds to 0.30 seconds when
T, is increased by 25%. This suggests that the AVR system
responds slightly faster to changes in the reference signal
when there is an increase in 7, . Conversely, a decrease in
T, results in a slightly longer rise time, indicating a slower
response.

The ITSE values of 0.001125 and 0.001577 in both cases
are close to each other and are low, indicating that changes
in T, have an insignificant impact on the steady-state per-
formance of the AVR system. The system exhibits stable
performance with very low overshoot and good steady-state
behaviour over a range of +25% T, variations. This indicates
that the SSO-3-DOF-PIDA controlled AVR system is robust
to variations in 7.
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Table 8 shows that when T, is increased by 25%, the
peak overshoot increases marginally from 0.22% to 0.40%.
Thus, an increase in T results in a slight increase in overshoot
while maintaining steady control. A low overshoot is obtained
with a drop in T;. When T, is raised by 25%, the rise time
fluctuates between 0.26 and 0.35 seconds, staying within a
constrained range. This shows that changes in T, have a
negligible effect on how quickly the AVR system reacts. The
ITSE values of 0.001299 and 0.001711 are remarkably small,
indicating that changes in T, have a negligible effect on the
steady-state performance of the AVR system. This demon-
strates that the SSO-3-DOF-PIDA controlled AVR system is
robust to variations in 7. The system exhibits stable perfor-
mance with minimal overshoot and satisfactory steady-state
behaviour across a range of £25% T, variations.

The outcomes for sensor time variation Ty are detailed
in Table 9. In both cases, the peak overshoot remains con-
stant at 0.07%, indicating that the alterations in 7§, whether
increased or decreased by 25%, do not significantly affect
the peak overshoot, and the AVR system retains a low over-
shoot. The rise time changes by 0.04 seconds when T is
increased or decreased by 25%, implying that changes in T
have no impact on the rise time of the AVR system. The
ITSE values of 0.001406 and 0.001215 in both situations are
low and closely matched. This indicates that alterations in
T have a negligible effect on the steady-state performance
of the SSO-3-DOF-PIDA controlled AVR system. The sys-
tem maintains stable performance with low overshoot and
consistent steady-state behaviour over a range of £25% T
variations. The resilience of the SSO-3-DOF-PIDA-based
AVR is further examined by modifying the time constants
of the amplifier (7,), exciter (7T.), generator (T,), and sen-
sor (T) by £50% of their original values. The results of these
modifications are recorded in Tables 10-13.

TABLE 10. Robust response of AVR under +50% change in Tgq.

Parameter  Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%0)
T -50 0.07 04 0.001169
? +50 0.07 0.35 0.001651

TABLE 11. Robust response of AVR under +50% change in Te.

Parameter ~ Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
T -50 0.08 0.40 0.001051
i +50 0.21 0.34 0.001926

Table 10 presents two scenarios with a £50% change
in T, for the SSO-3-DOF-PIDA controlled AVR system.
In both scenarios the peak overshoot remains constant at
0.07%, indicating that changes in 7, have no impact on the
peak overshoot. When 7, is increased by 50%, the rise time
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TABLE 12. Robust response of AVR under +50% change in Tg.

Parameter  Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
T -50 0.36 0.3 0.001681
& +50 1.07 0.4 0.002529

TABLE 13. Robust response of AVR under +50% change in Ts.

Parameter  Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
T -50 0.07 0.3 0.001511
* +50 0.06 0.35 0.001135

decreases by 0.05 seconds. Conversely, when T, is decreased
by 50%, the rise time increases by 0.05 seconds. The ITSE
values in both cases are low at 0.001169 and 0.001651 and
are close to each other, as was the result with a +25% change
in T,,. Based on these results it can be concluded that the SSO-
3-DOF-PIDA controller provides robust control of the AVR
system, maintaining stable and satisfactory performance even
in the presence of substantial variations in 7.

The results obtained when T, is changed by £50% are
shown in Table 11. There is a low but noticeable differ-
ence in peak overshoot. When 7, is decreased by 50%, the
peak overshoot increases to 0.21%, indicating greater over-
shoot, and when 7, is increased by 50%, the peak overshoot
decreases to 0.08%. This suggests that changes in 7, have
a negative impact on peak overshoot. The rise time also
exhibits differences between the two scenarios. When 7 is
increased by 50%, the rise time decreases from 0.40 seconds
to 0.34 seconds. Conversely, when 7, is decreased by 50%,
the rise time increases from 0.40 seconds to 0.34 seconds.
These changes are consistent with the trend observed with a
+25% change in T,. At 0.001051 and 0.001926, the ITSE
values in both situations are comparatively low. Although the
change in 7, has an impact on the ITSE value, the impact is
minimal. £50% change in T, leads to noticeable differences
in peak overshoot and rise time, which indicates that the SSO-
3-DOF-PIDA controlled AVR system may be sensitive to
drastic changes in 7.

Under a £50% change in T, the results in Table 12 demon-
strate a noticeable difference in peak overshoot and rise time
between the two states. When T is decreased the peak over-
shoot increases to 1.07%, and when T is increased, the peak
overshoot decreases to 0.36%. This indicates that a significant
decrease in T results in greater overshoot. Equally, a signif-
icant increase in T, produces a lower overshoot. When T is
increased or decreased, the rise time changes by 0.1 seconds.
The trend in rise time changes is consistent with the results
obtained under £25% change in T,. The change in T, has
a minimal impact on the steady-state performance of the
system as indicated by the low ITSE values of 0.001681 and
0.002529.
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TABLE 14. Response of AVR under +50% change in forward gain (Ks).

Parameter ~ Uncertainty Peak Rise Time ITSE
(%) Overshoot/ (seconds)
Undershoot
(%)
K -50 2.32 1.65 0.008248
f +50 0.58 0.28 0.001261
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FIGURE 10. Response of terminal voltage under +25% change in Ta.
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FIGURE 11. Response of terminal voltage under +25% change in Te.

In both scenarios indicated in Table 13, the results show
that a change in 7 leads to minimal variations in peak over-
shoot, rise time, and the ITSE values, which aligns with the
results observed earlier. This demonstrates that the controller
can maintain consistent performance even when 7 undergoes
significant changes.

The final robustness examination of the SSO-3-DOF-PIDA
is undertaken by varying forward gain (Kr), which may be
calculated as:

Kr =K, x Ko x K, (29)

Ky is a parameter in the control system that represents the
relationship between the control input and the system output
under the steady state (# — 00). In essence, it indicates how
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FIGURE 13. Response of terminal voltage under +25% change in Ts.
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FIGURE 14. Response of terminal voltage under +50% change in Ta.

sensitive the system is to changes in the input. The analysis is
conducted under £50% change in Ky, with the results shown
in Table 14. When Ky is decreased by 50%, from — 50%
uncertainty, the AVR system exhibits a peak overshoot
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FIGURE 15. Response of terminal voltage under +50% change in Te.
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FIGURE 16. Response of terminal voltage under +50% change in Tg.
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FIGURE 17. Response of terminal voltage under +50% change in Ts.

of 2.32%. In contrast, when Ky is increased by 50%, from
+50% uncertainty, the peak overshoot significantly decreases
to 0.58%. This indicates that a higher Ky results in reduced
peak overshoot. Similarly, when Ky is decreased by 50%,
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FIGURE 18. Response of terminal voltage under +50% change in forward
path gain (Ks).

the rise time increases to 1.65 seconds. However, when Ky
is increased by 50%, the rise time decreases to 0.28 seconds.
A higher Ky leads to a faster rise time. The ITSE value is
significantly lower when Ky is increased by 50% compared
to when it is decreased by 50%. This suggests that a higher
Ky results in better overall control performance in terms of
the ITSE values. The sensitivity analysis reveals that the
SSO-3-DOF-PIDA-controlled AVR system exhibits differ-
ent responses to changes in the Ky. A higher K results in
reduced peak overshoot, faster rise time, and a lower ITSE
value, indicating improved control performance. Conversely,
a lower Ky leads to higher peak overshoot, slower rise time,
and a higher ITSE value. The graphical results, presented
in Fig. 10-18, confirm the analytical results, affirming the
efficacy and promise of the SSO-3DOF-PIDA in producing
robust control for the AVR framework. This is evident across
a wide range of system parameter changes deviating from the
reference values.

VI. CONCLUSION

This research aims to develop a robust automatic voltage
regulation control strategy by integrating a 3-DOF-PIDA
controller, a disturbance observer, and a SSO algorithm. The
proposed control strategy’s performance is assessed under
non-linear uncertainties, parameter variations, and load dis-
turbances, and compared with five commonly used controller
designs.

Under normal operating conditions, the SSO-3-DOF-PIDA
demonstrates robust control capabilities, with a minimal peak
overshoot of 0.07%, rapid settling time of 0.5 seconds, min-
imal error accumulation of 0.001308, and the fastest rise
time of 0.4 seconds. When subjected to a +30% voltage
variation, the proposed strategy demonstrates its exceptional
speed, accuracy, and resilience, with minimal overshoot,
an impressive recovery time of 0.08 seconds and the low-
est ITSE value of 0.01859, indicating a swift return to the
desired voltage level, coupled with excellent steady-state
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TABLE 15. 3-DOF-PIDA controller optimized parameters.

Parameter Bounds Optimized Values
K, [0.1,2] 1.688369
K; [0.1,2] 1.09614
Ky [0.1,2] 1.559584
Kae [0.01,2] 0.1000689
K; [0.01,1] 0.05889
[0.1,1] 0.9999768
[0.1,1] 0.9999995
y [0.1,1] 0.2997942
Ny [10,1000] 492.495
N, [10,1000] 265.1647

performance and minimal error accumulation. Furthermore,
the inclusion of the disturbance observer in the control
framework enhances the dynamic performance of the pro-
posed strategy by effectively tracking real load disturbances,
with negligible difference between the actual and estimated
disturbance.

In the sensitivity analysis, the SSO-3-DOF-PIDA con-
trolled AVR system consistently delivers robust performance,
affirming its exceptional capabilities across diverse operating
scenarios. Under £25% parameter variations, the controller
demonstrates its enhanced stability with a remarkable reduc-
tion in peak overshoot from 1.17% to an impressive 0.07%
when increasing the amplifier and exciter time constants.
Further, when the generator and sensor time constants are
varied within +25%, negligible effects are observed in the
proposed control framework. Under £50% parameter varia-
tions, the proposed strategy maintains its remarkable stability
with insignificant control differences, emphasizing its adapt-
ability to significant variations. A conclusive examination
of the SSO-3DOF-PIDA control strategy is undertaken by
varying the forward gain by £50%. The results demonstrate
the robustness and effectiveness of the SSO-3DOF-PIDA in
providing stable AVR control.

The innovative integration of a 3-DOF-PIDA controller
with a standard disturbance observer, embedded with the
SSO, provides a unified and effective AVR control frame-
work. The SSO simultaneously optimizes the parameters of
the 3-DOF-PIDA controller and the disturbance observer,
ensuring they work in harmony to achieve enhanced dis-
turbance rejection and precise voltage regulation. Together,
they provide superior voltage regulation performance by
addressing dynamic operating conditions and external distur-
bances, which improves disturbance rejection, adaptability,
and robustness in control systems, making this combination
a valuable tool in AVR applications. In future work, the
following may be considered:

o The observer may be optimized for the entire range of
payload as well as the parameter variations for the total
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robust performance of the AVR under lumped distur-
bances.

« The investigations can be further extended by consider-
ing the frequency response analysis.

o The research work can be validated and investigated
using hardware in loop utilizing OPAL-RT for various
assorted operating conditions considering steady state
and dynamic conditions.

APPENDIX
See Table 15.
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