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ABSTRACT 

An Automatic Voltage Regulator (AVR) system maintains a constant terminal voltage irrespective of the load. 
The output of an AVR system without a proper controller has undesirable time domain specifications when subjected to a 
particular input. A Proportional-Integral-Derivative (PID) controller cascaded with the AVR system enables a stable 
control method resulting in optimum time domain specifications. PID controller is one of the most popularly used control 
algorithm in industrial problems. The controller must be tuned to obtain the best possible values for the three gains namely 
proportional (P), integral (I), and derivative (D) in order to achieve the desired performance by meeting the design 
requirements. Automatic tuning of PID controller is one of the feasible option for real time application of AVRsystems.In 
general, nature inspired evolutionary algorithms are employed for optimal tuning of the PID controller for the given 
system. In this paper, Differential Evolution (DE) algorithm which is one the evolutionary algorithms is used for the 
optimal tuning of PID controller. The choice of the fitness function plays a crucial role in the tuning process. Different 
fitness functions are used for optimal tuning of PID controller and the obtained results are compared and presented for the 
given AVR system in this paper. 
 
Keywords: differential evolution algorithm, automatic voltage regulator system, optimal tuning, proportional-integral-derivative 
controller, fitness function. 
 
1. INTRODUCTION 

The main function of an Automatic Voltage 
Regulation (AVR) system is to ensure that the voltage 
generated by a generator is smooth and constant and 
stabilizes the voltage value when there is a sudden change 
in load. AVR systems are used to control the output 
voltage of the generator depending upon the load 
connected, thus preventing voltage fluctuations and 
effectively protecting the generator from possible 
damages. The control of output voltage is achieved by 
varying the excitation current to the generator depending 
on the load. This form of control can be manual or 
automatic. Due to numerous disadvantages, manual 
control is usually not preferred. Automatic control is the 
most favoured form of controller. [1] 

The most popular automatic controller used for 
this purpose is the Proportional-Integral-Derivative (PID) 
controller. A PID controller is a control loop feedback 
mechanism that is widely used in industrial control. They 
are easy to construct and simple to manipulate based on 
the problem statement. The main function of the PID 
controller is to improve the performance indices of the 
AVR system. The performance indices are a set of 
parameters that determine the general characteristics of 
any system. An AVR system without a PID controller has 
undesirable characteristics like high peak overshoot, more 
settling time etc. that might cause damage to the system 
and degrade its efficiency. On the other hand, an AVR 
system with PID controller reduces the peak overshoot, 
settling time and so on. 

  A set of parameters of the PID controller, viz-a-
viz, proportional gain Kp, integral gain Ki and derivative 

gains Kd affect the performance of the system. The process 
of setting the optimal gains for P, I and D to get an ideal 
response from a control system is called tuning. [3] The 
optimum values are achieved by trial and error method 
and could be time consuming. Thus, tuning is usually done 
automatically with the help of different algorithms and the 
most commonly used ones are Evolutionary Algorithms 
(EA). 

EAs are nature inspired algorithms which are 
stochastic in nature. It imitates the natural process of 
evolution where in the organisms adapt themselves to the 
environment for their survival. Similarly, evolutionary 
algorithms are population based algorithms. A set of 
possible candidate solutions serve as the initial population. 
Processes such as mutation and recombination bring about 
diversity in the population. On the other hand, a 
deterministic selection process is used to reduce the 
diversity. These processes are carried on repetitively so 
that the population adapts to the required set of conditions, 
also known as the fitness function. Over time the fitness of 
the population increases and the best candidate solution 
for the given problem is obtained. [2] 

One such evolutionary algorithm is the 
Differential Evolution (DE) algorithm. It was introduced 
in the year 1996 by Storn and Price. It is used for 
optimising real valued functions subject to the given 
constraints, which are otherwise difficult to solve 
manually. This metaheuristic approach works towards 
finding the global maxima/minima by using mutation, 
crossover and selection processes. 
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Depending on the fitness function chosen, 
different optimal values of Kp,Ki&Kd are obtained. As 
expected, the performance of the system differs with each 
set of optimal values. This paper explores the optimal 
values obtained with different fitness functions and 
compares the results, in an effort to identify the most 
suitable values for the system. 
 The rest of the paper is organized as follows: 
Section 2 is allotted for problem description of the AVR 
system. The detailed description of DE algorithm is 

explained in Section 3. The results obtained by 
implementing the DE algorithm to AVR system are 
presented in Section 4 and finally conclusion is drawn in 
Section 5. 
 
2. PROBLEM DESCRIPTION 
 The block diagram [5] shown in Figure-1 is the 
general representation of an AVR system with no control 
element.  
 

 

 
 

Figure-1. Block diagram of AVR system. 
 

It consists of an amplifier stage, which increases 
the magnitude of the input quantity for further 
manipulation. It is followed by the exciter stage which 
controls the current to the excitation field and directly 
influences the speed of the generator, which is the next 
stage of the block diagram. The sensor stage, which is an 
integral part of the feedback loop monitors the control 
variable and directs some portion of it to the summing 
block.  

The feedback signal, which is a portion of the 
generated output voltage, is compared with the reference 
voltage set by the user. Any mismatch between the two is 
amplified and fed to the exciter which in turn controls the 
output voltage of the generator. The feedback employed is 
degenerative in nature. 
 The transfer function of the system without any 
controller is given by Equation. (1). 
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 where Ta,Te, Tg and Tsare the time 
constants offered by the amplifier, exciter, generator and 
sensor blocks respectively, Ka ,Ke, Kg and Ks are the gain 
offered by the amplifier, exciter, generator and the sensor 

stages respectively,  sVt is the Laplace transform of 

output voltage of the AVR system and  sVref is the 

Laplace transform of input voltage applied to AVR 
system. 
 The block diagram [5] of the AVR system 
coupled with a PID controller is represented in Figure-2. 
 

 
 

Figure-2. Block diagram of AVR system with PID controller. 
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Equation 2 describes the transfer function of the AVR system with PID controller 
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 Where Kp,Ki and Kd are the gains offered 
by the proportional, integral and derivative components of 
a PID Controller respectively.  

In this case, the mismatch between the feedback 
signal and reference voltage is given to a PID controller 
whose output is amplified and fed to the 
exciter. Depending on the weightage given to each set of 
time domain specifications, different values of PID gains 
are obtained. These gains change the transfer function of 
the system and affect its performance. In the following 
few paragraphs, we explore the values of  and used for 
tuning, followed by the results section which compares the 
simulation results corresponding to different  and 

values. 
 The performance of the system is altered 
depending on the values of Kp, Ki and Kd. The process of 
tuning is done by minimising the fitness function 
described by Equation. (3) [6]. 
 
     srp TTessMsf         (3) 

 
 where Mp is the maximum peak overshoot 
which denotes the maximum value of the response, rise 
time tr is the time required for the response to reach its 
maximum value, ts is the time required for the system 
response to settle down to a steady value and ess is the 
steady state error. 

The optimal solution of the above fitness function 
is obtained through software simulation by giving 
different values of   and   . With each set of and , the 
performance indices of the system changes. For example, 
by choosing a value of    greater than   , we obtain 
optimal gains which prominently reduce the value of peak 
overshoot with little or no improvement in settling time. 
Often, the value of   and   are chosen depending on the 
problem statement, with a trade-off between peak 
overshoot and the settling time. In this paper, we compare 
the optimal values of gains obtained through software 
simulation for different values of    and . 
 The fitness function described by Equation. (3) is 
minimized by satisfying the following inequality 
constraints described in Equation. (4) 
 

maxmin ppp KKK  , maxmin iii KKK  and

maxmin ddd KKK                (4) 

 

 where minpK , miniK and mindK are the 

minimum limits of proportional, integral and derivative 

gains respectively and Kpmax , maxiK and maxdK are the 

minimum limits of proportional, integral and derivative 
gains respectively.  
 
3. DIFFERENTIAL EVOLUTION (DE) 

ALGORITHM 
The first article on Differential Evolution (DE) 

algorithm was prepared by R.Storn and K.V.Price in the 
year 1995. The algorithm derives its name from the fact 
that it involves differential operation in its mutation stage. 
More than a decade ago, the DE algorithm, a population 
based stochastic, fast, simple and parallel search technique 
emerged as a very competitive form of evolutionary 
computing. [7]-[9]. Its ability to solve real life engineering 
and scientific problems made it popular. [10][11]. 
The following section explains the various steps of DE 
algorithm:  
 
a) Initialization of parameter vectors 

The DE algorithm starts with initialization of 
parameter vectors or target vector of decision variables 
D  based on their upper and lower bounds. The 
population size N of the parameter vectors varies 
depending upon the problem. The parameter vector in DE 
algorithm is represented as 

 D
G,iG,iG,iG,i x,...,x,xX 21 , where N,...,,i 21 and 

G represents the current  generation. These parameter 
vectors are generated randomly between predefined lower 
and upper bounds  maxmin X,X  where 

 D
minminminmin x,...,x,xX 21  and  

 D
maxmaxmaxmax x,...,x,xX 21 and is initialized using 

Equation.(5). 
 

 iii
j

ii
Gj xxrandxx minmaxmin,          (5) 

 

Where 
i
jrand is a uniformly distributed random 

number lying between 0 and 1. 
 
b) Mutation 

The mutation strategies which is implemented in 
this paper is given by Equation. (6).  
   DE/best/1: 
 

 GrGrGbestGi XXFXV ,2,1,,       (6) 
 

Where Gr ,1  and Gr ,2  are mutually exclusive 

integers which are randomly generated within [12] which 
also differs from index i . The scaling factor or mutation 
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factor F  is a positive control parameter for scaling the 
difference vector is in the range 2.10  F .

GbestX ,
the 

best individual target vector with the best fitness  in the 
population of the current generation G and the mutant 

vector 




 D

GivGivGivGiV ,,...,2
,,1

,,
 where 

j
iv  is the mutant 

vector of decision variable j  in vector i . 

 
Crossover 
         Generally in an evolutionary algorithm a crossover 
step is introduced so as to increase the diversity of the 
parameter vector  In DE, the trial vector is produced by 
applying this operation to each pair of target vector and its 
corresponding mutant vector [5][10]. There are two major 
kinds of crossover techniques. They are exponential 
crossover and binomial crossover techniques [5]. The 
binomial crossover function is predominantly used in 
these real world problems is represented in Equation. (7) 
 








j
G,i

j
G,ij

G,i
x

v
u

otherwise

if rand
j

i jjorCRrand       (7) 

 
Where CR  is the crossover rate which is a user-

specified constant within the range of 0 and 1, which 
controls the fraction of variables to be copied from the 

mutant vector, 
j

irand is the randomly generated number 

between 0 and 1 and randj is the randomly chosen 

integer in the range  D,1  which ensures that trial vector 

GiU ,  differs from its target or parameter vector. 

c) Selection 
Selection is the last process in DE which decides 

whether or not the trial vector Ui,G becomes the member of 
the parameter vector in the next generation. Based on the 
selection scheme. The one-to-one greedy scheme based on 
the fitness value of the trial and parameter vector for 
minimization problem can be formulated as in equation 
(8): 
 






G,i

G,i
G,i X

U
X 1

   
otherwise

if G,iG,i XfUf           (8) 

 
Where  GiUf ,

 and  GiXF ,
 are the fitness values of 

GiU ,
and

GiX ,
.  

 The above mentioned steps are repeated until the 
best fitness of the population does not show much changes 
over successive changes or the iterative process is carried 
on for a fixed number of generations.[6]. 
 
4. RESULTS 
 In this section, the results obtained by 
implementing DE algorithm to the AVR system is 
presented and discussed. The parameter values for each 
variable existing in transfer function described in 
Equation. (1) is obtained from [11]. The step response of 
the AVR system without PID controller is shown in 
Figure-3. 

 

 
Figure-3. Step response of AVR system without PID controller. 

 
The time domain specification of the AVR 

system without PID controller are: %72.65pM , 

sts 9865.6 , pt = 0.7522 s and ess

0.093826.Based on these results, it is evident that the 
system has undesirable characteristics such as a large 
overshoot, more settling time etc. which might cause harm 
to the AVR system. Hence, to improve its time domain 

specifications a conventional PID controller with DE 
algorithm is incorporated to the system. The fitness 
function to be minimized is explained in Equation. (3).  
 This section is fully dedicated for comparison of 
simulation results for each set of values for  and .The 

flow of this section is as follows: first, the convergence 
graphs for all three cases is plotted. This is followed by the 
comparison of time domain specifications obtained for the 
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different sets of values of  and   which is listed in 

Table-1. 
Table-1. Different sets of weightage. 

 

 
  

The maximum and minimum limits of Kp, 
KiandKd is listed in Table 2[12]. The DE algorithm for the 
givenAVR system has been implemented in MATLAB 
2013b on Intel (R) Core (TM) i3 - 2100 CPU 3.10 GHz 
with 4G-RAM. 
 

Table-2. Limits of PID controller gains. 
 

 
 

In this paper, the parameters for the DE algorithm 
for the chosen system are N 100, 100max G ,

5.0CR and 8.0F . The convergence 
characteristics obtained by implementing DE algorithm for 
different weightage is shown in Figure-3. 
 

 
 

Figure-4. Convergence curve for different weightage. 
 

The optimal PID controller gain values obtained 
for different fitness function is listed in Table-3. 
 

Table-3. PID controller gains for different fitness 
functions. 

 

 
The step response of the AVR system with PID 

controller for different fitness function is shown in 
Figures-4 to 6. The transfer function used for getting the 
step response is given in Equation. (2) where the PID 
controller gains for different cases is taken from Table-3. 
 

 
 

Figure-5. Step response of AVR system with PID 
controller for Case (i). 

 

 
 

Figure-6. Step response of AVR system with PID 
controller for Case (ii). 
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Figure-7. Step response of AVR system with PID 
controller for Case (iii). 

 
 The time domain specifications for different 
fitness function is listed in Table-4. 
 

Table-4. Time domain specifications of different cases. 
 

 
 

The effectiveness of the DE algorithm for the 
AVR system with PID controller is studied by conducting 
50 test runs. The statistical results obtained from DE 
algorithm for 50 test runs is listed in Table-5 and is 
graphically represented in Figure-7. 
 

Table-5. Statistical analysis of DE algorithm for AVR 
system with PID controller. 

 

 
 
5. CONCLUSIONS 
 In this paper an AVR system with automatic PID 
controller was optimally tuned for proportional, integral 
and derivative gains using Differential Evolution (DE) 
algorithm. Different time domain specifications like 
maximum peak overshoot, settling time, rise time and so 
on is considered for this problem. In an effort to study the 
influence of the fitness function on the time domain 
specifications, different weightage is given to the fitness 
function. Software simulation of the system with different 
fitness function unveiled that the time domain 
specifications are almost similar for the three different sets 
of weights. However, the fitness function with weights 

=0.75 and =0.25 is found to yield better results for time 
domain specifications with lesser number of iterations to 
reach the minimum value. Statistical analysis of the 
simulation results reiterates the same fact. 
 

 
 

Figure-8. Statistical analysis of DE algorithm for AVR 
system with PID controller. 
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