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The primary objective of the automated voltage regulator (AVR) is to
maintain the terminal voltage of the synchronous generator at the specified
level with great precision in power production systems. Accurate voltage
regulation improves the longevity of equipment intended for operation at the
specified voltage within a power system network. This study presents a
robust control of an AVR system utilizing proportional integral derivative
(PID) control based on sliding mode techniques. The suggested control
method is implemented by utilizing the particle swarm optimization (PSO)
technique to tune the parameters of the proposed controller in the AVR
system. A comparative performance analysis is conducted between the
proposed controller, PID controller, and (PSO-fractional order proportional
integral derivative (FOPID) controller. The comparison is derived using
transient response characteristics and parameter uncertainty. The results
reveal that the proposed PSO-PID-sliding mode control (SMC) controller
has superior performance, characterized by rapid convergence, reduced
overshoot, stability achievements in time domains, and robustness against
parameter fluctuations. The proposed controller has markedly enhanced the
performance of the AVR system and can be effectively implemented inside
it.
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1. INTRODUCTION

Ensuring a consistent output voltage in synchronous generators under dynamic load fluctuations has
posed a considerable engineering difficulty, with various investigations documented [1]. Some of these
researches are based on an automated voltage regulator (AVR). The AVR is connected to synchronous
generators in power production systems to regulate and sustain the generator's terminal voltage at operational

levels.

A synchronous generator's exciting system involves sensing the terminal voltage of the generator
and comparing it to the reference value. The AVR then adjusts the field voltage of the generator in response
to this error signal, regulating the reactive power flow to the load. However, a synchronous generator's
terminal voltage magnitude is the primary responsibility of an AVR [2], [3].

Achieving a rapid and reliable reaction from the regulator is difficult because of the power system's
complicated performance, which includes factors such nonlinear system characteristics, load change,
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different operating points, and the generator field windings' high inductance [4]. In order to make sure the

closed loop system responds efficiently to temporary changes in terminal voltage, it is crucial to use a

controller to improve the AVR's behavior, resilience, and speed [5], [6].

A decrease in the generator's output voltage is inevitable, resulting from line losses, voltage
variations, power outages, and harm to loads and networks. Attaining rapid and consistent voltage
management presents a considerable difficulty for the AVR [7]. Consequently, effective control strategies for
AVR systems are essential to guarantee the stability of electrical power systems.

Important requirements for AVR systems include stability and the ability to modulate the correct
terminal voltage based on load fluctuations; all while avoiding abrupt performance oscillations. Therefore,
the AVR system needs careful design to produce a better reaction. In recent years, a number of sophisticated
progressive control approaches have been created. The proportional integral derivative (PID) controller is a
great main controller for AVR systems because of its simple construction and resilience [8], [9]. Both
traditional and cutting-edge approaches to tuning the PID controller settings have shown positive results in
the published literature.

In an effort to improve the response of the AVR system, a number of different control strategies
have been suggested for the purpose of regulating the generator voltage [10]. Alongside the fractional-order
PID controller [11]-[14], fuzzy logic controller (FLC) [15], sliding mode controller (SMC) [16], and the
FOPID with optimization techniques [17], [18]. The PID controller is the predominant controller used in
AVR systems. This is due to the fact that it is straightforward and easy to construct. As a consequence of this,
the enhancement of the efficiency of the AVR system through the development of innovative control
strategies continues to be an important and major area of research. More specifically, an improvement should
be made to the AVR system's transient reaction.

This paper's principal contributions are detailed:

— A standard PID controller using the sliding mode approach has been designed to maintain the terminal
voltage of a synchronous generator at a specified level. The stability of the suggested controller is
theoretically confirmed by the Lyapunov theorem.

— The optimization of the suggested controller utilizing the particle swarm optimization (PSO) algorithm.

— A comparative analysis of the proposed controller against PID and PSO-fractional order proportional
integral derivative (FOPID) controllers from existing literature to substantiate its efficacy.

— Robustness analysis is used to model uncertainties with other PID and PSO-FOPID controllers
documented in the literature.

The organization of this paper is as follows: section 1 presents an overview of the various
controllers utilized in the AVR system. Furthermore, section 2 delineates the articulated issue with the
regulation of the AVR system. Section 3 offers a comprehensive elucidation of the PSO-PID-SMC approach.
Section 4 provides an analysis of the findings achieved and compares the PID-SMC controller in the AVR
system utilizing the PSO algorithm with alternative methodologies through several case studies. Ultimately,
section 5 encapsulates the conclusions of this research.

2. AUTOMATED VOLTAGE REGULATOR MODEL DESCRIPTION

Synchronous generators display oscillatory behavior around the equilibrium state when subjected to
disturbances such as sudden load variations, changes in transmission line properties, fluctuations in turbine
output, and analogous conditions. In addition to posing a threat to power system stability, these
electromechanical oscillations can limit power transfer capabilities in some cases. Most synchronous
generators have an excitation system installed to make the power system more dynamically stable and to
guarantee the electricity it delivers is of high quality. A power system stabilizer and an automatic voltage
regulator control this system. An AVR's principal role is to keep the magnitude of a synchronous generator's
terminal voltage at a constant, predefined value [19]-[21]. Ensuring the stability of the AVR system is
essential and crucial to the reliability of the power grid, as stated in [7]. This is why improving the AVR
system's stability and transient performance capability via the development of a controller is absolutely
necessary.

The standard four-part AVR setup includes a signal source, amplifier, exciter, and generator. Here,
we neglect saturation and other nonlinearities in favor of considering a linearized model that accounts for the
primary time constant. Here are the respective representations of the transfer functions of these components.

Amplifier output voltage V,(s) depends on the error voltage e(s). The amplifier model is a first
order transfer function defined as (1):

AVg(s) _ Kg

Ga(S) = Ae(s) - 1+74S (1)
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with K, and 7, represent respectively the gain and the time constant of the amplifier. The numerical values of
the gain k, and the time constant 7, are 10 < k, < 40 and 0.02 < 7, < 0.1 s. The nominal values of these
parameters are k, = 40 and t, = 0.1s.

The field exciter provides a suitable control signal for controlling the voltage across the alternator.
Let R, and L, represent respectively the resistance and the inductance of the excitation field, then we obtain
as (2) and (3):

AV, (5) = ReAi(s) + L 222 )

AV,(5) = RoAio(s) + Los Aig (s) (3)

Changing the excitation field current Ai, produces an appropriate field voltage AV,. The variation of the field
voltage depends on the variation of the field current.

AV (s) = K Aie(s) (4)
The excitation model is a first order system whose transfer function is (5):

AVe(s) _ Ke
AVg(s) 1+7,S

Ge(s) =

(®)

with K, and 7, = % represent the constant gain and the time constant of the excitation field. The numerical

values of the gain k, and the time constant 7, are: 1 < k, < 10 and 0.4 < 7, < 1.0 s. The nominal values of
the parameters k, and 7, are k, = 1and 7, = 0.4 s.

Generally, generator the generator field was excited by the field voltage V,. Let Ry and Ly denote the
resistance and reactance of the generator field respectively. At no load (no load applied), the voltage across
the generator V is proportional to the field current i,.

AVg (s) _ Kg
AVe(s) 1+74S

Gg )=

(6)

with K, and 7, = ;—f represent the gain and the time constant of the alternating current (AC) generator. The
f

parameters K, and 7, are a function of the variation of loads in the electrical network. The values of these
two parameters are such that 0.7 < k, < 1.0 and 1.0 < 7, < 2.0 s. Their nominal values are k, = 1 and
74 = 1.0s.

The AC generator voltage is measured by the voltage detection device, passed through the rectifier
and filter circuit, and then differentiated with the reference voltage V,.., to generate a voltage error signal.
The main advantage of using a voltage sensor is that it responds quickly to the voltage across the generator.

_ AVs(s) _ Ks
Gs(S) = AVg(s) ~ 1+1sS )

with K and ¢ represent the gain and the time constant of the voltage sensor. The values of the gain kg and
the time constant 7, are 0.9 < kg < 1.1 and 0.001 < 7, < 0.06 s. The nominal values of these parameters
are kg = 1 and 7, = 0.01 5. The closed-loop of an AVR system is given in Figure 1.

Vrer (S) AORN2 |k | & ACR
1+ 1,8 1+1,.s 1+ 145
Amplifier Exciter Generator
Vs(S) K, |
1+7cs A
Sensor

Figure 1. Block diagram of an AVR system (without controller)
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The transfer function of the AVR system can be determined by using (1), (5), and (6). It will be used
in the design procedure of the PID based on sliding mode control:

Vg(S) KqKeKg (8)
Va(S) — (1+74S)(1+7eS)(1+74S)

Vg (S) by
il v 9)
Va(S) ai1S3+a,S%+a3zS+1

where: a; = T4T,Tg, A = ToT, + ToTg + T,Tg, 3 = Tq + T, + Tg and by = K K K.
Based on the transfer function, we can obtain the following state space model:

)'Cl = xz
) Xy = X3 (10)
X3 = 2 [b1ug — ax3 — azx; — x4]

with: x; = vy, x, = vy, X3 = Uy. v, IS the control signal.

The parameters’ values of the AVR system are given in the Table 1 [22]. Figure 2 illustrates the step
response of the AVR system without of any controller. The results indicate that the generator’s output
voltage deviates from the intended reference. The AVR system exhibits significant steady-state inaccuracy,
considerable overshoot, prolonged settling time, and oscillatory behavior.

Table 1. Transfer functions and parameter rangesfor each AVR component
Component  Transfer function  Range of gains  Range of time constants (s)  Used parameters

Amplifier K, 10 < K, <40 002<7,<0.1 K, =10,7, =0.1
1+1,S

Exciter K. 1<K, <10 04<7,<1 K,=171,=04
1+1,S

Generator Ky 07<K;<1 1<t,<2 Ky=11,=1
1+1,5

Sensor K 09<K,<11 0.001 < 1, <0.06 K, =1,7, = 0.01
1+1S

1.5¢ Reference |
Output

5}

(o}

2 \/ \\~~—

©

2 Rise time:0.2606 s

> o051 SettlingTime: 7.5197 s |

Overshoot: 65.7855 %
Steady state error: 0.0913

0 1 1
0 5 10 15

Time (Sec)

Figure 2. Step response (closed-loop) without controller

The generator’s output voltage of the AVR system should be improved. A controller is necessary to
eliminate steady-state error and oscillations, thereby reducing the settling time. To achieve the desired
response, the particle swarm optimization-proportional integral-derivative (PSO-PID-sliding) mode control is

chosen.
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3. PARTICLE SWARM OPTIMIZATION OF PROPORTIONAL INTEGRAL-DERIVATIVE
BASED ON SLIDING MODE CONTROL

SMC is nonlinear control methodology recognized for its capacity to preserve system’s stability in
the face of disruptions and fluctuations in system parameters [23]. SMC has been extensively utilized in
diverse engineering systems, such as active suspension systems, pneumatic systems, and active magnetic
bearing systems, owing to its robustness [24]-[26].

The SMC structure consists of two phases, as illustrated in Figure 3. The initial phase, referred to
the reaching phase, compels the system trajectory to transition from a starting condition to the designated
sliding surface. The second phase, referred to the sliding phase, occurs after the sliding surface is attained.
During this phase, SMC maintains the trajectory of the system on the sliding surface and progresses towards
the desired state.

A

x(t)

\ Initial condition(x, x4)

Reachingphase

\ x(6)

Sliding
surface

Sliding surface : S(t) =0

»

Figure 3. Structure of sliding mode control

The sliding surface is defined with the tracking error, its integral and rate of change:
S = Kye + K, [ edt + K é (11)

where K, K;, and K, are the PID parameters providing flexibility for sliding surface.
The tracking error is expressed by (12):

€=V — Vs =T —Xg (12)

where v,.r and v are respectively the desired reference and the output system. The expression of SMC
control law is defined as (13):

Uspyc = Ueq + Ugy (13)
where u,, is the equivalent control which refers to the reaching phase when S =0, and ug, is the switching
control which corresponds to the sliding phase.

The tracking error will remain within the sliding surface and asymptotically converge to the desired
point where S = § = § = 0. The expression for the second derivative of the sliding surface S is (14):

S =K, +Ké+K;¢ (14)
The error’s third derivative is (15):

1
e=i-— [biug — azxs — azx, — x4 (15)

Substituting (15) in (14), the expression of $ becomes:
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S = K,é + K;é + K, — Z—f [biug — azx; — azx; — x4] (16)
By introducing § = 0 into previous equations, the equivalent control can be obtained as (17):

Upqg = i ;—Z (Kpé' + K;é + Kdi’) +a,x; +asx, + xl] a7
The switching control can be determined as (18):

Ugy = NS + Ksign(S) (18)

where K € R* and n € R*are respectively the switching gain and exponential coefficient reaching law, and
sign(S) is the sign function, which is defined as (19):

1,5>0
sign(S) =4 0,5=0 (19)
-1,$§<0
The SMC control law can be as (20):

Usye = i[;—: (Kpé + Kié + K47) + apxs + asx, + xl] + 7S + Ksign(S) (20)

The PID-sliding mode control structure for the AVR system is given in Figure 4. It combines the
PID regulation with SMC. The PID controller is responsible for ensuring tracking performance and steady-
state accuracy, while the SMC ensures robustness against parameter uncertainties and external disturbances

in the AVR system.
VY
+ Y -

Vyer (8) PID S K, K, K, /A&
n P 1+ 1+ s [ 1+ 1,8 >

Amplifier Exciter Generator

Vi(S) K
1+ 748

Sensor

Figure 4. Structure of PSO-PID-sliding mode control of AVR system

The controller’s stability has been verified by using Lyapunov’s theorem, based on the following
Lyapunov function candidate:

V(s) = %SZ + %5’2 (21)

with V(S) is a positive definite function (V(S) > 0,V (0) = 0).
The derivative of Lyapunov function VV(S) with respect of time is given by (22):

V(S) =SS+ SS§ (22)

Substituting (16) and (20) in (22), we obtain:
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V(S) = —KSsign(S) = —K|S| < 0 (24)

V(S) < 0 is negative definite. According to Lyapunov theory, the designed controller is asymptotically
stable.

Define the tracking error e = v,..r — v, With v,.., and v, are respectively the desired reference and
the output system. The sliding surface is defined with the tracking error, its integral and rate of change:

S =Kye + K; [ edt + K é (25)

where PID control gains K, K;, and K, are selected to ensure adequate convergence of the tracking error
dynamics (25). The PID-SMC parameters in (25) are optimally tuned through PSO [27]. The optimization
aims to minimize the tracking error; which is represented model by (26):

Minimize F = fotleldt (26)

Kgnin < Kp < K;nax
Sibject to{ K/"" < K; < K" (27)
Kénin < Kd < Kénax

The proportional gain K, lie in [8, 24], integral gain K; is between [16, 144] and derivative gain K,
is bounded in [0.1, 5]. The PSO parameters are selected based on the total number of iterations N;..,, = 100,
minimum velocity v, = 0.1, maximum velocity v,,, =1, weight coefficients c¢,/c, =2 /2,
respectively. In addition, the convergence criteria is chosen as (28):

F—Fal < e @9

Where & denotes the tolerance of convergence error, which is set to 102 in this paper; F; and F;_; denote the
fitness function values computed at the /" and the (j — 1) iterations, respectively.

4.  SIMULATION AND RESULTS DISCUSSION

The PID, PSO-FOPID controller and PSO-PID-SMC are applied to the AVR system. All
simulations and analyses are carried out in MATLAB. The output voltage of the AVR system with PID,
PSO-FOPID, and PSO-PID based on sliding mode controller is shown in Figure 5. The obtained result by
using PID and PSO-FOPID controller shows that the unit response of the AVR system is more or less fast,
with a larger overshoot and some oscillations are observed. However, the result obtained by utilizing the
PSO-PID controller base on sliding mode technique exhibits good performances, the overshoot is reduced.
We can clearly see that the oscillations have been eliminated.

1.2

Reference
——PID controller ||
——PSO-PID-SMC
PSO-FOPID

PID controller PSO-PID-SMC PSO-FOPID
RiseTime: 0.2003 s 0.2574s 0.2123 s
SettlingTime: 1.1092 s 0.3906s 0.5765s
Overshoot: 12.3437 % 1.5232 % 5.0127 %
Steady state error: 0.0234 -0.0010 0.0080

0.5 1 1.5 2 2.5
Time (Sec)

Figure 5. Step response with PID, PSO-FOPID, and PSO-PID-SMC

Bulletin of Electr Eng & Inf, Vol. 14, No. 5, October 2025: 3392-3403



Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3399

Table 2 summarizes the performance of the used controllers in term of rise time, settling time,
overshoot, steady-state error, mean absolute error, and mean square error. The results clearly indicate the
advantage of the PSO-PID-SMC over the other controllers.

Table 2. Performance comparison of the AVR system with PID, PSO-FOPID and PSO-PID-SMC, and
without controller

Controllers Rise time (sec)  Settling time (sec) Ove((l;/sogoot S;re%dry(;ﬁt)e absol}{lj(::r;rror Meaenrrs(;qruare
AVR without 0.2606 7.5197 65.7855 0.0913 0.1592 0.538
any controller
PID controller 0.2003 1.1092 12.3437 0.0234 0.0991 0.0572
PSO-PID-SMC 0.2574 0.3906 1.5232 0.0010 0.0586 0.0384
PSO-FOPID 0.2123 0.5765 5.0127 0.0080 0.0656 0.0364

4.1. Robustness analysis

All of this points to the fact that, under typical circumstances, the proposed method improves the
AVR system's transient characteristics and operates inside a large stability region. But the controller has to
make sure the system stays stable even when parameters change and that the transient reaction is effective.
The following simulations are run to quantitatively evaluate the system's robustness regarding parameter
uncertainty. The system parameters have their temporal constants changed by +50% in +25% increments
from the nominal value; however, the controller parameters remain fixed. To verify the robustness of the
PSO-PID based on sliding mode technique, internal disturbances are applied in the AVR system. The
Figure 6 shows the structure of PSO-PID-SMC under disturbances.

N \lJ — 4 ds(t) d ()
v v v
Vref (S) PID S Ka Ke Kg [(9 (S)
P 15[ 14 Ts [ 14+71,s >
+
B Amplifier Exciter Generator
V:(S) K;
14158
Sensor

Figure 6. Structure of PSO-PID-sliding mode control of AVR system with parameter uncertainties and
disturbance

The proposed controllers’ robustness is evaluated under parameter uncertainties injected into the
AVR system in the following circumstances:

— Firstly, the amplifier parameters are assumed to be uncertain and varying: 10 < K, <40 and
0.02 < 7, < 0.1. The terminal voltage of the AVR system with PID, PSO-PID and PSO-PID based on
sliding mode controllers is shown in Figure 7(a).

— It is considered that the parameters of the exciter are uncertain and change: 1 <K, <10 and
0.4 < 7, < 1. The terminal voltage with previous designed controllers is shown in Figure 7(b).

— It is assumed that the parameters of the generator are uncertain and change: 0.7 <K, <1 and
1 < 7, < 2. The terminal voltage with previous designed controllers is shown in Figure 7(c).

All parameters K, 74, K, Te, Ky and 7, are assumed to be uncertain. The unit step response of AVR system

with previous designed controllers is shown in Figure 7(d).

Figure 7 and Table 3 demonstrate that the PSO-PID-SMC controller not only achieves effective
reference tracking but also improves the system's robustness to model uncertainties. The subsequent table
encapsulates the performance metrics of each controller. Table 3 summarizes the performance comparison of
the AVR system with PID, PSO-FOPID, and PSO-PID-SMC under parameter uncertainties.
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Figure 7. Step response with; (a) for K, and T, varying, (b) K, and T, varying, (c) K, and T varying, and
(d) all parameters varying

Table 3. Performance comparison of the AVR system with PID, PSO-FOPID, and PSO-PID-SMC under
parameter uncertainties

Controllers Rise time (sec)  Settling time (sec) OV?;SOOI Sgrera:)dry(;ﬁ;e abso’\l/lIﬁ:eror squ’;ﬁga:rror
Amplifier parameters uncertainties: 10 < K, < 40 and 0.02 <7, < 0.1
PID controller 0.3674 1.7911 9.8929 0.0548 0.0891 0.0331
PSO-PID-SMC 0.2604 0.5569 2.0139 0.0004 0.0233 0.0152
PSO-FOPID 0.9228 5.4113 2.0800 -0.0036 0.0651 0.0308
Exciter parameters uncertainties: 1 < K, <10and 04 <7, <1
PID controller 0.3736 2.4567 25.4382 0.0423 0.0953 0.0408
PSO-PID-SMC 0.2379 0.6360 3.4745 -0.0000 0.0243 0.0165
PSO-FOPID 0.7462 45114 3.3664 -0.0046 0.0732 0.0389
Generator parameters uncertainties: 0.7 < K; < land1 <71, <2
PID controller 0.3913 2.0048 14.7703 0.0633 0.1109 0.0416
PSO-PID-SMC 0.2402 0.6194 2.9138 0.0015 0.0249 0.0164
PSO-FOPID 1.0692 2.2895 0.1169 -0.0054 0.0734 0.0404
All parameters uncertainties
PID controller 0.3820 7.8253 28.2699 0.0400 0.0826 0.0377
PSO-PID-SMC 0.2531 0.7103 5.3589 -0.0027 0.0270 0.0160
PSO-FOPID 0.8052 7.1976 14.7002 0.0106 0.1046 0.0423

5. CONCLUSION

This study highlights the crucial role of an AVR in maintaining the voltage of the synchronous
generator and protecting equipment from potential damage. It emphasizes the importance of key parameters
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including; voltage regulation, response time, system stability, and efficiency performance under varying
parameters: K, 74, K, Te, K4, and 7,. Due to the unsatisfactory performance of the uncontrolled AVR system.
Characterized by long settling time, significant oscillations and excessive overshoots, the use of a robust and
appropriate controller becomes imperative. This research proposes a PSO optimization methodology for
tuning the parameters of PID-SMC and FOPID controllers in AVR systems. The results demonstrate that no
controller is superior to its counterpart across all potential design requirements. The PSO-PID based on SMC
has superior performance in achieving the conflicting goals of settling time, overshoot, and steady-state error
compared to the PSO-FOPID and PID controllers. Nonetheless, for the rising time target, the PID controller
surpasses both the PSO-based PID-SMC and PSO-FOPID controllers, respectively. The suggested
controller's performance is assessed using set-point tracking and modifications in parameters. In all test
scenarios, the suggested controller demonstrated exceptional efficiency and provided steady and robust
responses.
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