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Abstract: The primary goal of this paper is to develop and apply an adaptive fuzzy (AF) based on the proportional 

integral derivative (PID) controller for the automatic voltage regular (AVR) system in the synchronous generator (SG) 

to improve output voltage stability. This proposed AF-PID is applied to ameliorate the shortcomings of the traditional 

PID controller by determining the optimal coefficients for the controller. Firstly, the initial coefficients of the 

traditional PID controller are calculated by using the Ziegler-Nichols method. After that, it develops the AF algorithm 

based on the fuzzification, rules of the fuzzy controller, and defuzzification of the voltage signals for self-tuning the 

coefficients to add the traditional PID controller. The transient response of the system is simulated and analyzed by 

considering the different step changes in reference voltage. The efficacy of the proposed AF-PID controller for the 

AVR system in the SG is illustrated by comparing it with traditional PID and without the controller based on the 

obtained results from the case studies. It can be concluded that when applying the proposed method, the transient 

response characteristics of the system from the perspective of simulating via the time domain under any sudden load 

changes in system operation, such as the rise time, steady-state error, max peak overshoot, and settling time are greatly 

improved. The simulation has been performed using the MATLAB/Simulink program. 

Keywords: Automatic voltage regular (AVR), Synchronous generator (SG), Adaptive fuzzy (AF), Voltage stability. 

 

 

1. Introduction 

Nowadays, electrical energy can be generated 

from two other types that are the generation source 

from solar photovoltaic and rotating machines. The 

electricity generator based on the rotating machines 

is the synchronous machine. Unlink the induction 

machine that is widely used as an electric motor. 

Meanwhile, the synchronous machine is 

predominantly used as an electric generator. The 

synchronous generator (SG) is commonly applied for 

variable speed turbines. The SG operates at a variable 

speed and will generate the variable voltage and 

frequency. In addition, The SG’s output voltage is 

instability while changing the electrical load. 

Voltage stability in the power network under 

varying conditions is one of the important control 

concerns of power systems. This is closely related to 

power quality, grid security, and dependability since 

the equipment used in the electrical power system is 

chosen based on the normal voltage level. When the 

grid's voltage level varies, it causes major changes in 

the dynamics of the system, which may lower the 

performance and shorten the lifetime of the linked 

devices. 

In the power system, voltage stability is closely 

tied to changes in reactive power. As a result, systems 

without reactive power significantly impact voltage 

instability, and the power system's control devices 

suffer damage. Additionally, injecting reactive power 

flow is another aspect of local bus voltage 

stabilization. The generator excitation system, also 

known as the automatic voltage regulator (AVR) 

system or the reactive power compensation device, 

also known as the flexible alternating current 

transmission system (FACTS device), is installed in 

the electrical power system in order to achieve the 

aforementioned objectives. 

The output voltage stability at the power plant 

employing the SG is a key factor and must be 
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considered highly. Therefore, while designing and 

operating the generator system, it is vital to pay 

attention to the stability of the output voltage, which 

may assist the power system in maintaining stability. 

The AVR system is placed on the SG to control and 

maintain the output voltage at a generally constant 

amount [1]. In addition, the AVR is responsible for 

dividing the reactive power amongst the SGs working 

in parallel situations [2]. This AVR system is a 

closed-loop control system employing multiple 

controllers to provide higher dynamic performance 

and miniaturize the steady-state error. Among these, 

the proportional integral derivative (PID) controller 

consists of the proportional, integral, and derivative 

coefficients. Because of the simple design, 

straightforward implementation, and strong 

performance in a broad variety of operating situations, 

this controller has been extensively utilized. Finding 

the values of these three coefficient values that give 

the optimal system control performance, however, is 

problematic [3]. 

There are ways to determine the three coefficients 

of the PID controller. The conventional tuning 

procedures, such as the Ziegler-Nichols (ZN) created 

in 1942 [4] and Cohen-Coon (CC) presented in 1953 

[5] have been the most common until the last two 

decades [6]. These approaches can not deliver the 

greatest performance in the case of the control 

utilized in the closed loop. However, in order to 

acquire the greatest performance, it relies on the 

expertise of the designer [7]. 

Some algorithms based on the heuristic 

optimization technique have been developed to tackle 

the disadvantages of the ZN and the CC approaches. 

For example, the genetic algorithm (GA) was 

developed to find the PID-AVR controller 

coefficients [8]. The advantage of this approach is 

tweaking the optimum coefficients depending on the 

complexity of the considered performance index. It is 

only to specify a suitable target function and create a 

finite limit on the optimal coefficients [1]. The 

particle swarm optimization (PSO) was developed to 

optimize the PID-AVR coefficients [9]. When using 

this method, the SG system is increased the stability 

margin and is improved the operating performance. 

An extensive study on the chaotic PSO (CPSO) was 

developed in 2014 [10]. Comparing the PSO, the 

AVR system’s performance based on the CPSO is 

enhanced in the case of the peak overshoot and 

setting time. Ant colony optimization (ACO) is a 

metaheuristic algorithm developed to find solutions 

to difficult combinatorial optimization problems [11]. 

In that number, the ACO is proposed to tune the PID-

AVR coefficients [12]. However, this method has its 

main disadvantage, such as slow convergence and 

easily falling into local optimum because of having 

too many coefficients. The bacteria-foraging 

optimization (BFO) algorithm was developed in 2022 

[13] and employed to modify the settings of the PID 

controller of AVR [14]. The BFO has remarkable 

tunability of the coefficients of PID by establishing a 

good balance between time domain indices that may 

assist the system in attaining stability. However, this 

method's slow convergence is a disadvantage [15]. In 

addition, the obtained coefficients related to research 

experience are based on the choice of a metaheuristic 

tuner [16]. 

Some additional studies suggested employing 

different artificial intelligence (AI) approaches to 

optimize the PID coefficients in the AVR system, 

such as fuzzy logic [17], neural network [18], 

artificial neural network (ANN) [19], and neural-

fuzzy logic (NFL) [20]. Compared to the above-

mentioned heuristic approaches, these methods have 

several shortcomings, such as the convergence time, 

training procedure and modifying the membership 

function [21]. To overcome the mentioned drawback, 

many researchers tried to combine these methods 

with other ones or modify them to enhance their 

efficiency and convergence time and to procure the 

minimum step response characteristics. For example, 

the authors of [22] combined the GA and PSO. This 

method can tune the PID coefficients faster and better 

than PSO and GA. Another method using the GA to 

combine the BFO is developed in 2011 [23]. The 

obtained results using this method achieve the best 

AVR step response. Another method using the 

combination between the PSO and the BFO was 

proposed in 2019 [24]. As result, the AVR step 

response is better in comparison to the conventional 

PSO and PFO methods. 

Although there have been numerous studies on 

the use of various optimization techniques for 

determining the PID controller’s coefficients for the 

AVR system of the SG, it is not known which of the 

developed algorithms performs the best in terms of 

quick convergence and the determination of the PID 

coefficients for the AVR step response. According to 

the analysis of the related literature in Section 1.2, the 

fuzzy logic method is widely used and has stepped up 

as a powerful controller. Recently, it has been applied 

in many power systems and electric drive 

applications. This work targets the improvement of 

the output voltage of the SG by finding the PID 

controller coefficients for the AVR system.  For this 

reason, the adaptive fuzzy PID (AF-PID) controller 

proposes for investigation. The produced AF is not 

the controller, but it uses to determine the additional 

coefficients in the PID controller. This AF is 

implemented as a controller connected in series with 
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a nominal PID controller. The nominal PID controller 

settings will be adjusted by adding the constants 

based on the mandani type fuzzy logic rule when a 

disturbance happens. These optimal PID controller 

coefficients are determined utilizing the hybrid 

control system between the nominal PID controller 

and the AF algorithm. The control coefficients of the 

nominal PID controller are the optimally selected 

constant values. The modified coefficients are 

calculated using the AF algorithm based on the 

fuzzification, fuzzy controller rules, and voltage 

signals defuzzification. The robustness analysis of 

the suggested technique has been evaluated using the 

simulated case studies and compared with the 

nominal PID controller. The simulation results using 

MATLAB/Simulink confirmed that the proposed 

AF-PID controller improves the voltage reference 

tracking in the AVR-SG system. Therefore, the 

primary contributions of this work are explicitly 

described as follows: 

(i) The control quality for the AVR is improved 

by determining the PID control coefficients; 

(ii) The SG’s output voltage quality is ensured 

when the grid voltage oscillation (including the grid 

fault and load change); 

(iii) it develops the AF algorithm base on the 

fuzzification, rules of the fuzzy controller, and 

defuzzification of the input and output voltage signals. 

The transient response characteristics including the 

peak overshot, rising time, and steady-state error 

improved. 

The structure of this research is as follows: 

Following the Introduction section, Section 2 

provides the theoretical development of the AVR 

system and its model under investigation. The AVR 

system's control strategy is developed in Section 3. 

The results of verifying the recommended control 

approach are discussed in Section 4, and Section 5 

concludes with recommendations. 

2. Theory development 

The AVR is one of the necessary automated 

equipment in generator sets. It is utilized to keep the 

terminal voltage magnitude of the SG at a 

predetermined level. If the AVR fails, the SG will 

lose excitation. This lack of excitation will cause the 

voltage to decrease rapidly, leading the SG to shut 

down on an under-voltage fault. If the SG does not 

have an under-voltage protection set, it may continue 

to run, which could cause severe damage to the power 

generation system. 

Fig. 1 illustrates the connection of the AVR unit 

to the SG set linked to a turbine. The objective is the 

quality and stability enhancement of SG. The AVR 

unit includes basic models such as a sensor, 

comparator, amplifier, and exciter. The plant includes 

of fundamental components such as a turbine, 

generator, and power grid. In reality, the SG is 

working at the frequency of 50 Hz with the set output 

voltage, and it will revolve at a constant speed. 

However, its speed is influenced by altering the load.  

As known, the speed will decrease as the load rises, 

and vice versa. This has been an issue for AVR in 

retaining voltage stability. Hence, if we expect the SG  
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Figure. 1 The AVR-connected synchorous generator system 
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to be operated at a constant speed while the load 

fluctuates, the AVR system’s stability is crucial, and 

its control mechanism is required to create. 

There are two approaches to simulate the AVR, 

namely the transfer function and the state variable 

method. For simplicity and convenience of 

application, the transfer function approach is utilized 

to emulate the AVR system. The linearized model of 

the AVR system without a controller consists of four 

sub-models and may be expressed under the closed-

loop form as indicated in the zoom-in of Fig. 1. All 

sub-models are provided by a basic first-order 

transfer function that comprises a gain of k and a time 

constant of  specified in second. The subscript “a” 

signifies the amplifier, “e” denotes the exciter, “g” 

refers the generator, and “s” denotes the sensor. 

These transfer functions are developed as follows: 

 

Sensor model (Gs(s)): This type comprises the 

transformer and bridge rectifier. The transformer 

receives the terminal voltage of the SG ug(s). It 

travels via the bridge rectifier to produce a feedback 

voltage us(s). Its transfer function is described as 

follows: 

 

𝐺𝑠(𝑠) =
𝑢𝑠(𝑠)

𝑢𝑔(𝑠)
=

𝑘𝑠

1+𝑠𝜏𝑠
  

with  {
0.9 ≤ 𝑘𝑠 ≤ 1.1
0.001  𝑠𝑒𝑐 ≤ 𝜏𝑠 ≤ 0.06 𝑠𝑒𝑐

           (1) 

 

where ks and s are the gain and the time constant of 

the sensor model, respectively and us(s) is the output 

voltage. 

 

Amplifier model (Ga(s)):  The output voltage of the 

sensor model is compared with the input reference 

voltage to generate the voltage error uer(s). Then this 

voltage error is enlarged by the amplifier model to 

generate the voltage signal ua(s). Its transfer function 

is described as follows: 

 

𝐺𝑎(𝑠) =
𝑢𝑎(𝑠)

𝑢er(𝑠)
=

𝑘𝑎

1+𝑠𝜏𝑎
  

with  {
10 ≤ 𝑘𝑎 ≤ 40
0.02 𝑠𝑒𝑐 ≤ 𝜏𝑎 ≤ 0.1 𝑠𝑒𝑐

             (2) 

 

where ka and a are the gain and the time constant of 

the amplifier model, respectively. 

 

Exciter model (Ge(s)): This model is the main 

component of the AVR. Its base function is to deliver 

the direct current to the field winding. In addition, it 

also has other functions, such as controlling and 

protecting the system based on the control of field 

current. The exciter voltage signal ue(s) is generated 

from the voltage signal ua(s) through this model. Its 

transfer function is represented as follows: 

 

𝐺𝑒(𝑠) =
𝑢𝑒(𝑠)

𝑢𝑎(𝑠)
=

𝑘𝑒

1+𝑠𝜏𝑒
  

with  {
1 ≤ 𝑘𝑒 ≤ 40
0.4 𝑠𝑒𝑐 ≤ 𝜏𝑒 ≤ 1 𝑠𝑒𝑐

            (3) 

 

where ke and e are the gain and the time constant of 

the exciter model, respectively. 

 

Generator model (Gg(s)): The terminal voltage of the 

SG is dependent on the load level, excitation voltage, 

and rotation. Its transfer function is modelled as 

follows: 

 

𝐺𝑔(𝑠) =
𝑢𝑠(𝑠)

𝑢𝑒(𝑠)
=

𝑘𝑔

1+𝑠𝜏𝑔
  

with   {
0.7 ≤ 𝑘𝑔 ≤ 1.0

1 sec ≤ 𝜏𝑔 ≤ 2 sec
             (4) 

 
where kg and tg are the gain and time constants of the 

generator model, respectively. 

Herein, the generator model is similar to different 

models in conditions of its transfer function. 

However, kg and g are dependent on the connected-

load conditions. 

Therefore, the whole transfer function 

considering the generator terminal voltage ug(s) and 

the reference voltage uref(s) utilizes Mason’s gain rule 

is shown in the zoom-out part of Fig. 1 and it can be 

represented under the closed-loop form as follows: 

 

𝐺AVR(𝑠) =
𝑢𝑔(𝑠)

𝑢ref(𝑠)
  

=
𝑘𝑔𝑘𝑎𝑘𝑒(1+𝑠𝜏𝑠)

(1+𝑠𝜏𝑔)(1+𝑠𝜏𝑎)(1+𝑠𝜏𝑒)(1+𝑠𝜏𝑠)+𝑘𝑔𝑘𝑎𝑘𝑒𝑘𝑠
     (5) 

 

Fig. 2 shows the simulation results of the step 

response of two AVR1 and AVR2 systems 

corresponding to the coefficients in Table 1. From 

these results, we see that the terminal voltage of the 

SG has a large overshoot and oscillation, high steady-

state error, and slow response time in the case of the 

AVR1, and a similar issue happens with the AVR2. 

As we have in the simulation results in Fig. 2, 

even for generator gain of kg = 1, the AVR step 

response is not sufficient. This value is larger than the 

system leading to an unlimited response, a high 

steady-state error, and loss of the stability system. An 

example of the load condition having the value of kg 

is 1.07, and the system instability is severe, as can be 

seen in the sky-blue line in Fig. 2. 

To solve this problem, we need to design a 

controller for the AVR system. This controller  
 



Received:  September 2, 2022.     Revised: September 18, 2022.                                                                                      469 

International Journal of Intelligent Engineering and Systems, Vol.15, No.6, 2022           DOI: 10.22266/ijies2022.1231.42 

Table 1. Coefficients of the studied two AVR systems without a controller 

Gains 
Values  Time 

constants 

Values 

AVR1  AVR2 AVR1 AVR2 

ks 1 1 ts 0.01 sec 0.01 sec 

ka 10 10 ta 0.1 sec 0.1 sec 

ke 1 1 te 1 sec 0.4 sec 

kg 1 1 tg 0.4 sec 0.4 sec 

 

 
Figure. 2 The output voltage response of two AVR systems without the controller 

 
requires improving the transient response 

characteristics of the system under any sudden load 

changes in operation. 

3. Control solutions for the AVR system 

3.1 Problem description 

As analysed above, the design of the AVR 

controller system in the SG needs to be reminded of 

the following remarks: 

 

Remark 1: when the generator works in the condition 

of variable output load, AVR system structure 

coefficients in Eq. (5) will be variable and uncertain. 

 

Remark 2: Connecting and shedding loads or faults 

in the power grid will result in an unexpected voltage 

drop or surge. This problem makes the terminal 

voltage of the generator not maintain a stable level. 

3.2 The traditional controller 

In any system, the controller plays a crucial role, 

and the remedial control action hep its realization. 

The most dominant function of the controller is to 

keep the output at the desired level and eliminate the 

difference between the measured output value and the 

reference value. The PID controller is the most 

widely used type of controller in industrial control 

systems due to its simplicity and ease of 

implementation.  

In order to improve the transient response and 

decrease the steady-state error of the AVR system in 

Eq. (5), the PID controller is chosen as a solution. Fig. 

3 shows the transfer function model of the AVR 

system connecting the PID controller. In this study, 

the continuous s-domain is used to simulate the PID 

controller system and it can see zoom-out this figure. 

The transfer function of the PID controller model is 

represented as follows: 

 

𝐺𝑃𝐼𝐷(𝑠) =
𝑢𝑐(𝑠)

𝑢er(𝑠)
= 𝑘𝑝 +

𝑘𝑠

𝑠
+ 𝑘𝑑𝑠            (6) 

 

The transfer function of the AVR system uses 

Mason’s gain rule and it can be given in Eq. (7). 

 

 

𝐺AVR(𝑠) =
𝑢𝑔(𝑠)

𝑢ref(𝑠)
=

(𝑠2𝑘𝑑+𝑠𝑘𝑝+𝑘𝑖)(1+𝑠𝜏𝑠)𝑘𝑔𝑘𝑎𝑘𝑒

𝑠(1+𝑠𝜏𝑔)(1+𝑠𝜏𝑎)(1+𝑠𝜏𝑒)(1+𝑠𝜏𝑠)+(𝑠2𝑘𝑑+𝑠𝑘𝑝+𝑘𝑖)𝑘𝑔𝑘𝑎𝑘𝑒𝑘𝑠
                              (7) 

 
Table 2. The parameter value of the PID controller  

Parameter kp ki kd 

Value 0.60𝑘𝑢 
2𝑘𝑝

𝑝𝑢

 
𝑘𝑝𝑝𝑢

8
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Figure. 3 The AVR system with a PID controller under the transfer function model 

 
where kp is the proportional gain, it helps to generate 

a signal that is proportional to the input error 

according to the sampling time; ki  is the integral time 

constant, it helps to create the adjustment signal so 

that the error is decreased to zero; kd is the derivative 

time constant, it helps to produce an adjustment 

signal so that it is proportional to the rate of change 

of the input error. 

There are many methods to determine the PID 

controller coefficients, such as software, Cohen-

Coon, and Ziegler-Nichols. Among them, the 

Ziegler-Nichols method, including two ways, namely 

the step response and ultimate frequency, is widely 

used today. In this paper, the ultimate frequency is re-

applied to calculate the coefficients of the PID 

controller. Firstly, we drive the system into the 

condition of instability by increasing the proportional 

gain kp when it is reached sustained oscillations 

meaning that it is reached the critical value of gain ku. 

Secondly, we measure the period of oscillation from 

the step response method, which is the critical time 

constant pu. Once these ku and pu values are obtained, 

the coefficients of the PID controller can be 

calculated as listed in Table 2. Applying this method, 

with ku = 0.3 and pu = 3, the PID controller 

coefficients corresponding to the AVR1 system are 

given by the following equation. 

 

𝐺𝑃𝐼𝐷(𝑠) = 0.18 +
0.12

𝑠
+ 0.0675𝑠            (8) 

 

The terminal voltage step response when using 

this method is also shown in Fig. 4. Observing this 

figure, the AVR1 system response when using the 

PID controller. The result shows that the steady-state 

error, settling time and percent overshoot is still high 

since in a conventional PID controller, the 

coefficients kp, ki, and kd are fixed based on the 

system's output response. These control coefficients 

ensure a good and fast response in the limited input 

range. Considering the actual conditions, the grid-

connected voltage of the generator must maintain 

stability; the AVR system with the conventional PID 

controller is not appropriate. Therefore, a controller 

that automatically adjusts these coefficients is needed 

for the system. In order to achieve the goal, this study 

provides an optimal solution and will present in Sub-

section 3.3. 

 

 
Figure. 4 The terminal voltage response of AVR1 system without and with the PID controller 
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3.3 The proposed controller 

As mentioned in Subsection 3.1, using the PID 

controller to control the generator voltage will not 

bring about high efficiency since the control signal is 

fixed and not optimal. In order to overcome this 

problem, the fuzzy-based optimization method is 

proposed to tune the coefficients in the PID controller. 

The structure of the proposed controller of the AVR 

system is shown in Fig. 5. This control is one of the 

configurations in a hybrid control system between the 

PID controller and fuzzy algorithm. The control 

signal received from the proposed AF-PID strategy 

from Eq. (6) can be rewritten under the self-turning 

based on the fuzzy solution as follows: 

 

𝑢𝑓(𝑠) = 𝑢𝑓𝑝(𝑠) + 𝑢𝑓𝑖(𝑠) + 𝑢𝑓𝑑(𝑠)           (9) 

 

where ufp, ufi, and ufd are the AF-PID control 

coefficients, and it can be determined as follows:  

 

{

𝑢𝑓𝑝(𝑠) = 𝑘𝑝0𝑢er(𝑠) + 𝑘𝑝𝑓 

𝑢𝑓𝑖(𝑠) = 𝑘𝑖0 ∫ 𝑢er(𝑠)
𝑠

0
𝑑𝑠 + 𝑘𝑖𝑓 

𝑢𝑓𝑑(𝑠) = 𝑘𝑑0
𝑑𝑢er(𝑠)

𝑑𝑠
+ 𝑘𝑑𝑓 

          (10) 

 

in which kp0, ki0, and kd0 are the original coefficients 

of PID controller. The kpf, kif, and kdf are the 

coefficients generated by the fuzzy to add the PID 

coefficients. 

The used adaptive fuzzy is designed to generate 

kpf, kif, and kdf from two input signals (the error uer and 

its change uerc based on the fuzzification, rules, and 

defuzzification modules. The output of the fuzzy 

system can be expressed as follows: 

 

𝑢𝑓 =

∑

𝑖=1
ℎ

𝐵𝑖[ ∏

𝑗=1
𝑛

𝜇
𝐴𝑗

𝑖 ((𝑢𝑒𝑟)𝑗)]

∑

𝑖=1
ℎ

[ ∏

𝑗=1
𝑛

𝜇
𝐴𝑗

𝑖 ((𝑢𝑒𝑟)𝑗)]

                     (11) 

 

where 𝜇
𝐴𝑗

𝑖 ((𝑢𝑒𝑟)𝑗) represents the membership 

function value fuzzy variable (𝑢𝑒𝑟)𝑗, h is the number 

of IF-THEN rules, and .𝐴1
𝑖 , 𝐴2

𝑖 , … , 𝐴𝑛
𝑖 ., and 𝐵𝑖 are the 

input and fuzzy output variables. The simple IF-

THEN rules with a condition and conclusion as 

expressed in Eq. (12) 

 

IF        (𝑢𝑒𝑟)1 is  𝐴1
𝑖  …  and (𝑢𝑒𝑟)𝑛 is  𝐴𝑛

𝑖   

THEN 𝑢𝑓 = 𝐵𝑖                      (12) 

 

The proposed fuzzy inference system is seen in 

Fig. 6(a). This structure has two input signals, 

including the error uer and its change uerc and three 

output signals, including the kpf, kif, and kdf are the 

additional PID coefficients. The procedure of the 

proposed AF-PID method is realized based on the 

three steps below: 

 

Step 1: Fuzzification: The fuzzification module is 

used to transform the error uer and its change uerc into 

the semantic value and the fuzzy range of uer and uerc 

are a uniform fuzzy range [- 45 45] and [- 1105 

1105], respectively.  The fuzzy sub-sets of uer and 

uerc are [NE NSS NS ZE PS PSS PO] and [NS ZE 

PS], respectively, where NE is negative; NSS is 

negative small small; NS is negative small; ZE is zero; 

PS is positive small; PSS is positive small small; PO 

is positive.  

 

Step 2: Fuzzy controller rules: This step establishes 

the fuzzy inference rules between the input-output 

variables based on input-output data. The fuzzy sub-

sets of kpf, kif, and kdf are [NEE NE NSS NS ZE PS 

PSS PO POO], [NEe Ne NSs Ns Ze Ps PSs Po POo], 

[nee ne nss ns ze ps pss po poo], where NEE is 

Negative Negative and POO is Positive Positive. The 

fuzzy set of kpf, kif, and kdf  is presented with the range 

of values 0 to 1. As mentioned in Eq. (12), 

communion is realized based on the simple IF-THEN 

rules with a condition and conclusion: “IF the error 

uer is Ai and uerc is Bj, THEN kpf, kif, and kdf  are Cij, Dij, 

and Eij” respectively, where Ai, Bj, Cij, Dij, and Eij are 

corresponding to the fuzzy subsets of uer, uerc, kpf, kif, 

and kdf  , respectively. An example of the ith rule is 

“IF uer is NS and uerc is PS THEN kpf, kif, and kdf are 

ZE, Ze, and ze”, respectively. The fuzzy inference 

rules are generated and summarized in Table 3, and 

the rule bases view is shown in Fig. 6(b). There are 

21 rules for each kpf, kif, and kdf . The surface viewer 

of the proposed AF-PID controller is described in Fig. 

6 (c). Observing this figure, the input variables uer and 

uerc are distributed in the range of [-45 45] and  

[-1105 1105], respectively, and the output of kpf is 

distributed in the range of [-0.15 0. 5]. 

 

Step 3: Defuzzification: The defuzzification applies 

to convert the fuzzy value into numeric values. After 

the defuzzification, the three control coefficients ufp, 

ufi, and ufd can be obtained from Eq. (10). Therefore, 

the control signal received from the proposed AF-

PID strategy is shown in Eq. (9). 

The terminal voltage step response of the AVR1 

system is as shown in Fig. 7, when applying the 

proposed method and coefficients in Table 4. As can  
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Figure. 5 The proposed self-tuning fuzzy-PID controller for The AVR system 

 
Table 3. Rules of input and output coefficients 

 
uerc 

uer 

 NE NSS NS ZE PS PSS PO 

kpf 

NS NEE NE NSS NS ZE PS PSS 

ZE NE NSS NS ZE PS PSS PO 

PS NSS NS ZE PS PSS PO POO 

kif 

NS NEe Ne NSs Ns Ze Ps PSs 

ZE Ne Nss Ns Ze Ps PSs Po 

PS Nss Ns Ze Ps PSs Po POo 

kdf 

NS nee ne nss ns ze ps pss 

ZE ne nss ns ze ps pss po 

PS nss ns ze ps pss po poo 

 
Table 4. The parameter of the AF-PID controller  

Parameter kp0 ki0 kd0 kpf kif kdf   

Value 0.18 0.12 0.0675 [-0.15 0.15] [-0.005 0.005] [-0.003 0.003] 

 

 
(a) 

 
(c) 

 
(b) 

 

Figure. 6 The fuzzy processing procedure: (a) Fuzzy inference block, (b) Rule base view of input and output signals, and 

(c) Control surface viewer 
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Figure. 7 The terminal voltage response of the AVR1 system with and without the controllers 

 

 
Figure. 8 The tested AVR-SG-connected system 

 
Table 5. The parameter of synchronous generator  

Parameter Value  Parameter Value  

The three-phase nominal power Pn (VA) 8100 Stator resistance per phase Rs () 1.62 

The nominal line-to-line voltage Un (Vrms) 400 Stator leakage inductance Ll  (H) 0.004527 

The nominal frequency fn (Hz) 50 The load active power PLoad (W) 3000 

 

see in this figure, the overshoot, settling time, and 

rise time of the system were reduced to minimal. 

This tends to smooth out operations and improve 

overall efficiency. 

4. Test the SG system with AVR controller 

The AVR-SG-connected system with the 

structure of a single machine infinite bus is 

considered for testing the proposed method as shown 

in Fig. 8. All parameters are shown in Table 4, Table 

5, and Fig. 8. The system is simulated under the 

conditions of changing the terminal voltage and 

rotating at the synchronous speed of SG. The change 

of the terminal voltage is considered as the different 

loading conditions. It is focused on simulation and 

materialized using the MATLAB/Simulink 

simulation program in the following three cases. 

4.1 Unchanging terminal voltage 

The simulation for this case is made by 

considering three unchanging reference voltage 

values. Fig. 9(a), (b), and (c) show the response of the 

system in conditions of reference voltages of 170 V, 

190 V, and 220 V, respectively. Observing Fig. 9 

shows that the peak overshot and rise time of the 

generator’s terminal voltage for using both PID and 

AF-PID controllers is the same. However, the system 

reaches the steady state in a shorter time using the 

AF-PID controller than PID one. Observing the 

zoom-out of Fig. 9, the system reached the steady 

state and took 4 seconds when using the proposed 

controller. Meanwhile, that took 7 seconds when 

using the traditional PID controller. 

4.2 Sudden decrease of the terminal voltage 

The second case is performed to determine the 

robustness of the proposed controller in the condition 

that the voltage sudden reduced from 220 V to 190 V, 

170 V, and 150 V at 10 sec. These changes in the 

terminal voltage are considered as the different 

loading conditions. Observing the obtained result in 

Fig. 10 (a), when reducing the voltage at the value of 

190 V, the steady-state error reduces, the rise time is 

improved, but the system is lost stability when 

applying the conventional PID. If the voltage  
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(a) 

 
(b) 

 
(c) 

Figure. 9 The system’s terminal voltage response with three unchanging reference voltage values: (a) the reference 

voltage of 170 V, (b) the reference voltage of 190 V, and (c) the reference voltage of 220 V 

 

continues reducing to 170 V and even 150 V, as 

shown in Fig. 10 (b) and (c), the peak overshot time 

is higher, but the rise time does not change. However, 

compared to the conventional PID controller, the 

overshoot, settling time, and damping ratio are 

improved for applying the proposed controller. This 

result can see in three tested cases from the zoom-out 

in Fig. 10. 

4.3 Sudden increase and decrease of the terminal 

voltage 

As known, the voltage on the power system 

changes all the time continuously under various 

influences, especially affected due to load switching. 

The third test is simulated to confirm the feasible 

controller when given several load-changing 

conditions. Fig. 11 (a) shows the system's response 

in the condition that the voltage suddenly reduced 

from 220 V to the 190V at 7 sec and continued 

reducing to 150 V at 14 sec from the previous value. 

As can be seen in this figure, the best results are 

related to the proposed controller under the overshoot 

and settling time. 

Fig. 11 (b) shows the system's response in the 

condition that the voltage suddenly reduced from 220 

V to 150 V at 7 sec and continued increasing to 150 

V at 14 sec from the previous value. As seen in this 

figure, the best results are related to the proposed 
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(a) 

 
(b) 

 
(c) 

Figure. 10 The system’s terminal voltage response with the sudden decrease voltage: (a) From 220 V to 190 V, (b) From 

220 V to 170 V, and (c) From 220 V to 150 V 

 

controller under the overshoot and the settling time 

for the case that the voltage suddenly increases from 

150 V to 190 V at 14 sec.  

Fig. 11 (c) shows the system's response in the 

condition that the voltage suddenly increased from 

190 V to 220 V at 7 sec and then continued reducing 

to 150 V at 14 sec from the previous value. As seen 

in this figure, the best results are related to the 

proposed controller under the overshoot and the 

settling time for the case that the voltage suddenly 

increases from 190 V to 220 V at 7 sec. 

5. Conclusions 

This paper proposed the AVR system's controller 

to improve the SG's output voltage stability. To solve 

this problem, the PID control technique was selected 

since the response provided by the AVR may create 

a DC source that fulfills the excitation needs of the 

generator. The hybrid control system between the 

nominal PID controller and the AF algorithm is 

proposed to adjust the optimum coefficients of the 

PID controller. The AF method is developed based 

on the fuzzification, rules of the fuzzy control, and 

defuzzification of the voltage signals to determine the 

optimal coefficients to change the traditional PID 

controller coefficients.  

MATLAB/Simulink program used to simulate 

the transient response of the AVR-SG system 

considering several different case studies in the 

reference voltage step changes (different load  
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(a) 

 
(b) 

 
(c) 

Figure. 11 The system’s terminal voltage response with the sudden increase and decrease voltage: (a) Decrease from 220 

V to 190 V and then to 150V, (b) Decrease from 220 V to 150 V and then increase to 190 V, and (c) Increase from 190 V 

to 220 V and the decrease to 150 V 

 

 

conditions). Based on the simulation results, it can be 

concluded that the AVR-SG system using the 

proposed controller can improve the characteristics 

of transient step response of the output voltage better 

than the Ziegler-Nichols method-based PID 

controller, such as the rise time, the steady-state error, 

peak overshoot along with fast convergence time are 

substantially improved.  

Further in this work is the development of a test 

hardware system to evaluate the results obtained from 

the simulation. 
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