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 الملخص

تُعتبر مكونات حيوية في أنظمة توليد الطاقة الكهربائية، حيث تضمن استقرار جهد الخرج  (AVRs) منظمات الجهد الآلية
ثر عوامل مثل تباينات  لمولدات التيار التزامني. يتحقق هذا الاستقرار من خلال تعديل جهد الإثارة للمولد. ومع ذلك، قد تؤ 

متحكم   لضبط  مختلفتين  طريقتين  الدراسة  هذه  تستكشف  المنظم.  أداء  على  سلبًا  المولد  في  المجال  ملفات  وحثّ  الحمل 
تعتمد  PID تفاضلي(-تكاملي-)نسبي الطرفية.  الجهود  في  العابرة  للاضطرابات  وفعالة  وسريعة  مستقرة  استجابة  لتحقيق 

نيكولز، بينما تستخدم الطريقة الثانية الخوارزميات   -تقليدي باستخدام تقنية زيغلر PID تحكمالطريقة الأولى على تصميم م
 . .PID لتحسين معاملات متحكم (GAs) الجينية

تظهر نتائج المحاكاة أن المتحكم المعتمد على الخوارزمية الجينية يقلل بشكل ملحوظ من ثوابت الخطأ وزمن الصعود وزمن 
 ، فإن معاملات Matlab/Simulink نيكولز. بناءً على محاكاة أُجريت باستخدام برنامج    -الاستقرار مقارنة بطريقة زيغلر

PID  ّتقد الجينية  بالخوارزمية  متحكمالمحسّنة  يمتلك  ذلك،  على  علاوةً  المغلقة.  للحلقة  أفضل  أداءً  على  PID م  القائم 
الخوارزمية الجينية قدرة محسّنة على رفض الاضطرابات ومقاومة أكبر لتباينات الحمل عند تتبع نقاط الضبط والتعامل مع 

 .اضطرابات الحمل

Abstract: 

Excitation systems are crucial components in electric power generation systems, ensuring a 
stable terminal output voltage from synchronous generators. The AVR achieves this voltage 
stabilization by modulating the generator's exciter voltage. However, factors such as load 
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variations and the generator's field windings induction can negatively impact the regulator's 
performance. This study investigates two distinct PID (Proportional-Integral-Derivative) 
controller tuning methods to achieve a stable, rapid, and efficient response to transient 
disturbances in terminal voltages. The first method involves designing a classical PID 
controller using the Ziegler-Nichols technique. The second approach utilizes genetic 
algorithms (GAs) to maximize the parameters of the PID controller. According to simulation 
data, the controller based on evolutionary algorithms considerably lowers error constants. 

, rise time, and settling time compared to the Ziegler-Nichols method. Based on simulations 
performed in Matlab/Simulink, the PID coefficients optimized by the genetic algorithm 
provide superior closed-loop output. Furthermore, the controller GA-PID exhibits enhanced 
disturbance rejection and resilience to load variations when tracking set points and 
managing load disturbances.       

Keywords: (PID) Controller, Disturbance avoid and (GA) Genetic Algorithm, Ziegler-
Nichol's method, set point, Mean Squared Error (MSE) Automatic Voltage Regulator 
(AVR). 

1. Introduction  

   Maintaining a synchronous generator's terminal voltage magnitude at a 
predetermined level is the principal duty of an AVR.  A simplified schematic 
representation of the AVR is shown in Fig. 1.  It has been noted that when 
the generator's reactive power load rises, the terminal voltage magnitude 
decreases.  A potential transformer in one phase is used to measure the 
voltage magnitude.  After being rectified, this voltage is then contrasted with 
a reference voltage.  The voltage at the exciter terminals rises as a result of 
the amplified error signal produced by this comparison controlling the exciter 
field.  As a result, the generator's field current is increased, which raises the 
electromotive force (emf) produced. The generation of reactive power is 
escalated to a new equilibrium state, thereby fulfilling the requisite terminal 
voltage (Ula and Hasan, 1992). A brief examination of the components of 
the simplified AVR system will be undertaken (Saadat, 1999). 
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Despite the widespread application of the (PID) controller within the 
industrial domain, its parameters are frequently adjusted through trial and 
error or manual methods in conventional control systems. This limitation 
precludes the identification of the most effective function capable of 
encompassing all design objectives with varying characteristics across 
different processes and disturbances.  

It is acknowledged that the dynamic and exceptional requirements of the 
energy system are incessantly evolving as consumer loads and industrial 
demands fluctuate. Consequently, the regulation of fuel input to a turbo 
generator or water input to a hydroelectric generator must be meticulously 
managed; otherwise, fluctuations in engine speed may ensue, leading to 
undesirable alterations in the performance of the drive system. In practical 
terms, while one may theoretically modify a condition to zero, operational 
constraints render this impracticable. Therefore, in the majority of scenarios, 
acceptable limits of deviation must be established. Significant alterations in 
conditions can adversely affect consumers and may inflict substantial 
damage to industrial equipment. Presently, all systems are inherently 
interconnected; hence, maintaining a constant frequency poses considerable 
challenges. The inefficiency of manual commands within expansive network 
systems has consequently necessitated the development of automated 
systems to address various issues, including communication delays . 

Variability in frequency necessitates the development of a control system 
that is intrinsically robust and exceptionally adaptable. It is well-documented 
that over 90% of industries continue to utilize Proportional-Integral-
Derivative (PID) controllers due to their straightforwardness, transparent 
performance metrics, and user-friendly nature. Nevertheless, numerous 
practitioners have noted that the PID controller conventionally employed 
does not meet satisfactory performance standards. Consequently, 



Stability Analysis of Automatic Voltage --------------------Ahmed Mohamed Ali Altnazfti  et. al 

 -ISSN: 3014-6266                                     27911(  ردمد: 2025نوفمبر(، )37(، العدد )10الـعـلـوم الشـامـلـة  المجلد )مـجلـة 

 

methodologies such as Genetic Algorithms (GA), among others, along with 
advanced control techniques, initially appeared to offer superior alternatives 
to conventional PID design; however, it subsequently became evident that 
these controllers were intricate and encountered significant robustness 
challenges in practical environments. The prevalence of PID controllers, 
coupled with inaccuracies in control systems, prompted researchers to 
recognize the necessity of integrating the simplicity of PID controllers with 
artificial intelligence. Empirical evidence has demonstrated that such hybrid 
controllers yield commendable performance under conditions characterized 
by measurement uncertainty and disturbance rejection. In scenarios 
involving disturbances and instability, the primary objective of this paper is 
to ascertain the optimal values for ( Kp, Ki, Kd ) in the context of PID 
control for AVR utilizing a Genetic Algorithm-based PID controller. This 
manuscript is systematically organized into the following sections: the 
preceding section serves as an introduction to the challenges and control 
systems addressed herein, while Section 2 delineates the model of the AVR 
for a single-area power system. Section 3 concentrates on the PID 
controller, detailing its tuning via the Ziegler-Nichols methodology. A 
succinct overview of the genetic algorithm is provided in Section 4. In 
Section 5, a simulation study is presented to illustrate the performance of 
the closed-loop system employing both of conventionally tuned and GA-
PID control strategies. The concluding remarks and recommendations for 
future research endeavors are articulated in Section 6. 

2.   Model of AVR in Generation Power Plant  

   An Automatic Voltage Regulator AVR is designed to maintain the terminal 
voltage amount of a synchronous generator at a predetermined level. A basic 
AVR system consists of four primary components: an amplifier, an exciter, a 
generator, and a sensor.  
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These components are interconnected as shown in Fig. 1.  

The mathematical of model and transfer function analysis, each component is 
typically linearized, focusing on the dominant time constant and neglecting 
saturation or other non-linearities.  

The components transfer functions can be represented as shown in Fig. 1. 

Power systems with multiple control areas, but analyzed as a single control 
zone, represent a combination of interconnected power systems, incorporating 
the unique challenges and control structures of each region.  

Fig. 1 depicts a single-zone power system block diagram. Within this system, 
a regulator manages the speed and load of the synchronous generator 
according to demand.  

Here, Pd represents load variation, Tg is the time constant of the speed 
regulator, Tt is the inlet valve time constant, TL is the inertia constant in 
seconds, and R represents the speed regulation coefficient. T 

he system is assumed to operate continuously under equilibrium conditions, as 
illustrated in Fig. 1. 

Initially, the system parameters are at a steady-state with no changes. A 
disturbance, such as a change in load PD, disrupts the power balance, leading 
to alterations in both speed and power output. 

 
Fig. 1 Automatic Voltage Regulator System 
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Fig. 2 Block of the AVR for the  power plant system. 

There are four different blocks of AVR must be consisted as follows. 

Amplifier with Dynamic 𝐺𝐴(𝑠) ∶ 
𝑉𝑅(𝑠)

=
𝐾𝐴

1 + 𝑇𝐴𝑆
  𝑉𝑒(𝑠)                                                                                                                          ( 1 ) 

Exciter with Dynamics 𝐺𝐸(𝑠) : 
𝑉𝐹(𝑠)

=
𝐾𝐸

1 + 𝑇𝐸𝑆
  𝑉𝑅(𝑠)                                                                                                                           ( 2 ) 

Generator Filed with dynamics 𝐺𝐺𝐹(𝑠): 
𝑉𝑡(𝑠)

=
𝐾𝐺𝐹

1 + 𝑇𝐺𝐹𝑆
  ∆𝑉𝐹(𝑠)                                                                                                                   ( 3 ) 

Feedback Sensor with Dynamics 𝐺𝑆(𝑠) ∶ 
𝑉𝑒(𝑠)
= 𝑉𝑟𝑒𝑓(𝑠)

−
𝐾𝑠𝑛

1 + 𝑇𝑠𝑛𝑆
  𝑉𝑠(𝑠)                                                                                                    ( 4 ) 

 

Where 𝐾𝐴 , 𝐾𝐸 , 𝐾𝐺𝐹 𝐾𝑠𝑛 , are the amplifier gain, exciter gain, generator field 
gain and sensor gain respectively. 
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And  𝑇𝐴 , 𝑇𝐸 , 𝑇𝐺𝐹 𝑇𝑠𝑛, are the amplifier delay time constant, Exciter delay time 
constant, generator field delay time constant and sensor delay time constant 
respectively. 

The open loop transfer function  of  AVR is:[1] 
𝑃𝑂𝐴𝑉𝑅(𝑆)
= 𝐺𝐴(𝑠)𝐺𝐸(𝑠)𝐺𝐺𝐹 (𝑆)                                                                                                       ( 5 ) 

 
𝑃𝑂𝐴𝑉𝑅(𝑆) =

  𝐾𝐴 ,𝐾𝐸,𝐾𝐺𝐹  

(1+𝑇𝐴𝑆)(1+𝑇𝐸𝑆)(1+𝑇𝐺𝐹𝑆)
                                                                                                 ( 6 ) 

          
𝑃𝑂𝐴𝑉𝑅(𝑆)

=
8

(1 + 0.1𝑆)(1 + 0.4𝑆)(1 + 1.4𝑆)
                                                                              ( 7 ) 

 
𝑃𝑂𝐴𝑉𝑅(𝑆)

=
8

0.056𝑆3 + 0.74𝑆2 + 1.9𝑆 + 1
                                                                                   ( 8 ) 

The feedback gain, implemented using droop characteristics (typically 
represented as 1/R), is applied in power systems to improve the damping 
properties of Automatic Voltage Regulators (AVR).  

It's generally connected before the AVR control design. Therefore, AVR design 
can be approached in (at least) two ways, incorporating this droop 
characteristic.                                                                          

The closed loop transfer function of Automatic Voltage Regulator (AVR) is :                                                                                                                                          

𝑃𝐶𝐴𝑉𝑅(𝑆) =
𝐺𝐺𝐹𝐺𝐸𝐺𝐴

1+𝐺𝐺𝐹𝐺𝐸𝐺𝐴𝐺𝑠𝑛
                                                                                                       

( 9 ) 
𝑃𝐶𝐴𝑉𝑅(𝑆)

=
 𝐾𝐴   𝐾𝐸   𝐾𝐺𝐹   𝐾𝑠𝑛  (1 + 𝑇𝑠𝑛𝑆)

(1 + 𝑇𝐴𝑆)(1 + 𝑇𝐸𝑆)(1 + 𝑇𝐺𝐹𝑆)(1 + 𝑇𝑠𝑛𝑆) + 𝐾𝐴   𝐾𝐸   𝐾𝐺𝐹   𝐾𝑠𝑛
                        (10) 
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Table 1: The nominal parameters value of AVR  . 

Quality 
Gain/Time 
constant 

Value 

Amplifier Gain 𝑲𝑨 10 

Exciter gain 𝑲𝑬 1 

Generator Filed Gain 𝑲𝑮𝑭 0.8 

Sensor gain 𝑲𝒔𝒏 1 

Amplifier Time Constant 𝑻𝑨 0.1 

(Exciter time constant) 𝑻𝑬 0.4 

(Generator Filed time constant) 𝑻𝑮𝑭 1.4 

(Sensor time constant) 𝑻𝒔𝒏 0.01 

 

Numerically the transfer function become 
𝑃𝐶𝐴𝑉𝑅(𝑆)

=
0.08S + 8

0.00056S4 + 0.0634𝑆3 + 0.759𝑆2 + 1.91S + 9
                                                    (11 )      

3- Using Classical Ziegler- Nichols Tuning for PID controller 

  This section only describes the Ziegler-Nichols PID control method. If 
incorrect control values are used, an operating system may experience poor 
performance or even become unstable. Therefore, it is important to adjust the 
values of the controller to achieve satisfactory performance. Tuning the 
controller involves selecting the optimal values for kc, Ti and Td (if the PID 
algorithm is used). This is often a subjective process and really depends on 
the process. This is the most popular method for integrating PID controllers. 
The process is simple. Preliminary set the controller to P position only. Then 
set the controller gain (kc) to the low line. Make small changes to the setpoint 
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(or load) and observe the response of the control variable. If kc is small, the 
reaction must be slow. Double the Kc and make another small change in 
position or load. Continue adding kc (twice) until the thread vibrates. Then 
adjust kc until a solution is found that consistently returns .  
This is called (until) the final victory. Pay attention to the oscillation period 
(Pu). The steps required for this procedure are given below. We need to set 
the base and derivative coefficients to zero. Gradually increase the parameters 
from zero until the system becomes stable. The relative coefficient in this 
category is called final profit Ku. The oscillation period of this phase is called 
the final period Pu. Ku = gain of the system and Pu = (2*pi)/wcg. Here, wcg. 
This is a temporary advantage. It is the inverse of the gain amplitude ratio . 
Audit rules are now available in Table 1 below and also in the wcg. The PID 
gain value after simulation is given in Table II below. 

 
Table2: PID -Controller's settings . 

Controller 𝑲𝒑 𝑻𝒊 𝑻𝒅 

  𝐾𝑢

2
   

PI 𝐾𝑢

2.2
 𝑃𝑢

1.2
  

PID 𝐾𝑢

1.7
 𝑃𝑢

2
 𝑃𝑢

8
 

4- Overview of Genetic-Algorithm (GA) 
Genetic Algorithm is method that simulates the genetic evolution of a 
model. It is used to solve many different problems. A genetic algorithm is 
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used in this paper to find the optimal values of PID controller gain suitable 
for linear load control in power systems. Also to helps improving the 
transient of the system. Performance is improved using the fitness function. 
initially, genetic algorithm consists of the three stages: the selection, the 
crossover and the transformation. Using these three methods will create 
new people who can treat their parents well. This algorithm was used over 
and over for generations and eventually came to an end when people 
discovered that this was the best solution to this problem. The gain of the 
PID controller at different loads and speeds is calculated using the algorithm 
as shown in Fig. 3. 

 
Fig 3: Genetic Algorithms Architecture. 

Steps in the Genetic Algorithm 

Step 1: The initial population,  

The initial population consisting of potential solutions to on the specific issue, is 
defined in step one. 

 Step 2: Evaluate Fitness In this step, 

 Every individual in the population is examined for fitness, and the individuals, 
who represent potential solutions, are ranked according to their fitness values. 

 Step 3: Genetic Operations  

Genetic operations are similar to natural evolutionary procedures and involve 
three basic operations that create a new population with the goal of identifying 
the best solution: 

Selection 

Individuals (chromosomes) are selected for additional processing from the 
original population in this operation. Choosing the chromosomes is the difficult 
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part. Darwin's hypothesis states that the fittest people live and create new 
solutions. In general, parents chosen for crossover are those with greater 
fitness scores. 

Crossover 

Two chosen parents are combined in the crossover operation to create 
offspring (new solutions). Based on a predetermined crossover probability, this 
technique creates new solutions from preexisting ones. 

Mutation 

Following crossover, mutation occurs. Mutation refers to the random alteration 
of bits in the offspring, changing 0s to 1s or 1s to 0s. This process flips bits 
randomly depends on a small mutation probability. 

The process then returns to Step 2 to evaluate fitness again. This cycle 
continues up to the stopping criteria are met. 

Implementation of Tuning Procedure Using Genetic Algorithms 

The tuning procedure begins with defining the chromosome representation. 
Each chromosome is composed of three values corresponding to the gains that 
need to be adjusted for optimal performance: (Kp, Ki, and Kd) 

 . These gains are real numbers that characterize the individual to be 
evaluated. The goal is to adjust these three gains to achieve satisfactory 
behavior. 

In this context, the genetic algorithm (GA) is employed to calculate the optimal 
values of (Kp, Ki, and Kd) mean squared error (MSE) 

  for the GA controller. Performance indices, such as the mean squared error 
(MSE), are typically utilized for optimal controller tuning. This objective function 
is defined as follows (Eq. 12), that normally applied for optimum controller 
tuning . This objective function is: 
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The Mean Square Error (MSE)       
MSE 

=  ∫ e(t)dt

t

0

                                                                                                                                  (12) 

Where t and e ( t ) are time and the actuating signal respectively that compute 
as the difference between the input signal and the output signal. 

5- Simulation Results of (Z-N) - PID and (GA)-PID 

This section describes two ways for controlling the Automatic Voltage Regulator 
specified by Equation (11): a Genetic Algorithm (GA)-based PID controller 
tuning approach and a Classical Ziegler-Nichols (Z-N) tuned PID controller.  
There are three sections in this section: A, B, and C.  While Part B covers the 
GA-based PID controller tuning method using the Mean Squared Error (MSE) 
performance indices, Part A concentrates on the Classical Z-N tuned PID 
controller.  The findings of the simulation are examined in Part C.  The 
reference signal is taken to be a unit step signal throughout the duration of the 
simulations. 

A. Classical Method of Ziegler-Nichols Tuned PID Controller  

This section focuses on the classical Ziegler-Nichols method for tuning a PID 
controller. The PID gain values determined using this approach are presented 
in Table 3. The step response of the closed-loop system is illustrated in Fig. 
4a, while the Bode curve response is depicted in Fig. 4b. 

Table 3 Controller gain parameters and values 
Gain Coefficients 𝑻𝐃 𝐊𝐏 𝑻𝐈 

Values 0.6 0.3 1.5         
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      Fig.4a: System response with 
conventionally tuned PID controller. 

 
      Fig.4b: GM and PM response 

using Z-N  PID controlle
  B - Using MSE performance indices for GA-utility PID Controller tuning 
method. 

In this section, simulations were conducted to examine the impact of the Mean 
Squared Error (MSE) performance indicator on the closed-loop system 
response. The specifications of the designed Genetic Algorithm (GA) 
technique, utilizing performance indices, are detailed in Table I. 

Table 4: Specifications of GA 
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The response of GA based PID controller using the MSE method is shown in 
Fig.5a and the GA-based PID controller parameters: Kd= 0.11768  , 

Kp=0.29362  , and Ki= 0.9672 

are shown in Fig.5a. Whereas, the gain margin and phase margin are shown 
in Fig.5b. 

 
            Fig.5a: GA-based PID using MSE method response. 

 

 

Genetic Algorithm property Parameter/Value / Method 

Population size 100 

Function of fitness MSE 

Selection method Geometric Selection 

Crossover rate Arithmetic 

N. of crossover points 0.5 

Mutation rate Uniform Mutation 

Mutation probability 0.1 
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Fig.5b:  Convergence graph of the PID gains value in the GA method.   

 
Fig.5c: Gain margin and phase margin response 

 
• Using GA-based PID controller to investigating the effect of set 

point change on the performance : 

From Fig. (6.a) and (8.b), the tracking of the PID controller could be observed 
as acceptable, and the PID controller responds very well. 
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Fig. 6 a:  : Change the reference  

input   response of the system by 
using the GA-PID. 

 

Fig. 6c:  control input Signal of GA-
based PID  

Controller 

• Using GA-based PID controller to investigating the effect of load 
disturbance on the performance: 

This study examines the performance of the designed PID controller in 
mitigating various disturbances. The effectiveness of these controllers was 
tested under diverse disturbances and parameter changes, accounting for the 
system's inherent nonlinearity and sudden changes. Load changes were 
introduced at different times. Figures 7(a) and 7(b) demonstrate that the PID 
controller successfully mitigated the introduced disturbances while effectively 
suppressing overshoots within a reasonable timeframe. 

                
                  Fig.7a Disturbance Rejection of                                            
Fig. 7b:  Control input of GA-based PID GA-based PID Controller Controller. 
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Fig.7a load change   Rejection of                                                              

Fig. 7b:  Control input of GA-  based PIDGA-based PID Controller Controller . 

C. Simulation Result Analysis of GA- PID 

It can be observed from Figures 4a and 5a that the implementation of a 
conventionally tuned PID controller does not yield accurate results. In contrast, 
the optimized gain values of the controller, achieved through the 
implementation of a GA-based PID controller, demonstrate significant 
improvements. Comparative results are provided for reference. 

   Table 4. Comparison of results Parameters 
 

Parameters 𝐊𝐩 𝐊𝐢 𝐊𝐝 ts (Sec) tr (sec) Pt (Sec) GM PM 
deg 

Z-N 0.2 1.5 0.71 1.8444 0.1863 0.3765 -11 -144 

GA 0.29362   0.9672 0.11768   0.0391 0.0220 0.1055 0.0001 -2.38 

 

6- CONCLUSIONS 

 The proposed model was simulated in the MATLAB, necessitating the 
adjustment of three parameters Kp, Ki and Kd of the PID controller for 
improved performance in controlling the Automatic Voltage Regulator in a 
power system. As evidenced by the simulation results presented in Section 5, 
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the PID controller designed using Genetic Algorithms (GA) demonstrates 
superior response characteristics compared to those derived from classical 
methods. While classical methods provide useful preliminary estimates for the 
initial PID values, it is clear that the GA-based PID controller significantly 
outperforms the conventional approach in terms of overshoot and settling time. 
Furthermore, the results indicate that the GA-based PID controller effectively 
handles set-point changes and can eliminate step load disturbances. To 
further evaluate this controller design approach, it is essential to explore its 
implementation in real-time applications. 
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