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Abstract 

This paper proposes the using of artificial neural networks (ANNs') to 
control the synchronous generator automatic voltage regulator (AVR), with 
unbalance load operating conditions. The neural network for control a nonlinear 
system is described and used to demonstrate the effectiveness of the neural 
network for control the drives with nonlinearities. In this study, performances of a 
simulated neural network AVR evaluated for a wide range of unbalanced loads 
operating conditions. The variance factors are calculated, as an indicator of 
optimum operation, and their values are compared for different feedback signals 
and various unbalanced operating conditions. The optimum control is introduced, 
which gives an average variance factor in ANN controller is about 1.105%, 
whereas the average variance factor in traditional PI controller is about 2.035%.    
Keywords: Synchronous generator, automatic voltage regulator, unbalanced load, 

neural network controller.  

الأوتوماتیكي  الجھدعلى منظم  ةتخدام الشبكات العصبیة الأصطناعیأسالسیطرة ب
الغیر متوازنة التزامني في ظروف التشغیل للأحمال للمولد  

 الخلاصة
م جھد ة الأصطناعیة كمسیطر ذكي على منظیقدم ھذا البحث كیفیة أستخدام الشبكات العصبی

ر اطوالأثلاثیة  في ظروف التشغیل مع الأحمال  راطوالثلاثي الأ تزامنيالأوتوماتیكي في المولد ال الأخراج
للسیطرةِ على النظام اللاخطى للتدلیل على فاعلیة الشبكة العصبیة الموصوفةُ  تأُستُخدِم. الغیر متزنة

قُییمَ في ھذه الدراسة أداء نموذج المحاكاة لمسیطر الشبكة العصبیة . الشبكات العصبیة مع السواقات اللاخطیة
كمؤشر للتشغیل  معامل التباین تم حساب. في منظم الجھد الأوتوماتیكي عند مدى واسع للأحمال الغیر متزنة

قَدمت . ومختلف ظروف التشغیل للحمل الغیر متزن عكسیةلمختلف أنواع التغذیة ال قیمھُ ت مقارنةتمالأمثل و
، في )1.105% (في المسیطر العصبي حوالي  معامل التباینطریقة السیطرة المثلى والتي كان فیھا متوسط 

  .)2.035% ( حوالي )ةالتكاملی بیةالتناس( PIتحكم التقلیدیة الحین أن متوسط معامل التباین في وحدة 

1. Introduction
Synchronous generator 

excitation control is one of the most 
important measures to enhance power 
system stability and to guarantee the 
quality of electrical power it provides. 
The main control function of the 

excitation system is to regulate the 
generator terminal voltage which is 
accomplished by adjusting the field 
voltage with respect to the variation 
of the terminal voltage [1]. 
Synchronous generators are used 
almost exclusively in power systems 
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as a source of electrical energy. The 
generator is supplied with real power 
from a prime mover, usually a 
turbine, whilst the excitation current 
is provide by the excitation system. 
The excitation voltage fE  is 
supplied from exciter and is 
controlled by the automatic voltage 
regulator (AVR). Its aim is to keep 
the terminal voltage V equal to the 
reference value refV [2]. Since then, 
artificial neural networks (ANNs) are 
rapidly gaining popularity among 
power system researches. ANNs are 
extremely useful in the area of 
learning control. Consequently, the 
traditional adaptive control design has 
taken a new turn with advent of 
ANNs. ANNs are capable of learning 
from off-line simulation data and can 
then be trained to reflect the behavior 
of the system under various operating 
conditions [3]. In this study a 
synchronous generator is simulated in 
an unbalanced system and its 
performances are evaluated from 
different points of view. It is   shown 
that AVR performances are 
significantly affected by the voltage 
feedbacks and their optimized values 
are determined by precise analysis of 
the simulation results. 
2.  Modeling of synchronous 
machine 

For modeling a Synchronous 
machine system, simple circuit of its 
electrical diagram as shown in Fig. 
(1) is considered. For modeling and 
simulation of synchronous machine 
system, the following steps to be 
made step by step; 
Step 1: Represent Synchronous 
Machine Circuit diagram. 
Step 2: Represent System 
Mathematical equations. 
Step 3: Calculate the Transfer 
Function of overall system. 

Step 4: Convert to model block. 
Step 5: Simulate the model using 
neural network. 
2.1 A Description of Synchronous    
          Machine 

The armature windings are 
designed for generation of balanced 
three phase voltages and are arranged 
to develop the same number of 
magnetic poles as the field winding 
that is on the rotor. The rotor is also 
equipped with one or more short 
circuited windings known as damper 
winding. The rotor is driven by prime 
mover at constant speed and its field 
circuit is excited by direct current 
flow. The excitation may be provided 
through slip rings and brushes by 
means of AC generators mounted on 
the same shaft as the rotor of the 
synchronous machine. Modern 
excitation system usually use AC 
generator with rotating rectifiers, are 
known as brushless excitation [4]. 
2.2 Mathematical modeling and 
simulation of synchronous machine 

The mathematical description 
of the synchronous machine is the 
same as all types of AC machines, 
which have two main problems: first, 
is the complex 3-phase represented 
differential equations, and second, is 
the time varying mutual inductance 
between stator and rotor winding, 
through the dynamic response of the 
SG. Simply, the first problem can be 
solved by using axis transformation to 
transfer the 3-phase parameters and 
quantities (like: voltage, current, 
flux….) to 2-phase parameters, which 
called Park's transformation or, Park 
model of SG. In which all stator 
quantities are transferred from phase 
a, b and c into equivalent dq axis new 
variables. Equations (1 to 4) show the 
approximate Park's transformation by 
neglecting the zero sequence 
parameters: [5, 6] 
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The time varying problem can 
be solved by using the synchronously 
rotating reference frame model, in 
which all stator variables associated 
with fictitious winding rotating with 
the rotor at synchronous speed [6]. 
The transformation equations are: 
 

  ..(5) 

 

                …(6) 

 
Figure (2) shows the 

synchronous generator stator and 
rotor windings in the dq-axis model, 
it's obviously that the effect of the 
field winding appears only in the d-
axis, whereas the effect of the damper 
winding is equivalent to the rotor 
cage winding of an induction motor, 
which appears in both dq-axis 
circuits. 
Therefore, the synchronously rotating 
reference frame equivalent circuits of 

the SG in de-qe axes can be shown in 
fig (3). Equations ( 7  to  18) show 
stator and rotor circuits equations in 
de-qe axes: 
 

 [5, 6] 

 

 
 [5, 6] 

 

 

 

 
    
Where all rotor parameters are 
referred to stator circuit and the 
mutual and self inductance of air gap 
(main) flux linkage are identical to 
Lqm and Ldm rotor to stator reduction.  
 

 
 
 
 

 
 

  
[5, 6] 

 
 [5, 6] 

 
2.3 The per Unit (P.U.) d-q Model 

The P.U. d-q model requires 
base quantities only for the stator. 
Though the selection of base 
quantities the following set is widely 
accepted: 
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2nb VV =    peak stator phase 
nominal voltage . 

2nb II =    Peak stator phase 
nominal current. 

nnb IVS 3=   Nominal apparent 
power. 

rb ωω =     Rated electrical angular 

speed ( 1/2 Pfr πω = ) 
Based on this restricted set, additional 
base variables are derived [5, 6]: 
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the same in P.U. values. Though in 
some instances time is also provided 
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inertia is, consequently,  
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The P.U. variables and 
coefficient (inductances, reactance, 
and resistances) are generally denoted 
by lowercase letters. Consequently, 
the P.U. d-q model equations, 
extracted from equation (7) through 
equation (18), become: 
 

 

 

 

 

 
 

 
 

 
 

 

 
                                                 ….(19) 
With et  equal to the P.U. torque, 
which it should be positive when 
opposite to the direction of motion 
(generator mode). The Park 
transformation (matrix) in P.U. 
variables basically retains its original 
form. Its usage is essential in making 
the transition between the real 
machine and d-q model voltages (in 
general).  
2.4 The steady state via the dq-
model 

During steady state, the stator 
voltages and currents are sinusoidal, 
and the stator frequency 1ω  is equal 
to rotor electrical speed == 1ωωr  
constant [6]:  
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Using the park transformation with 

01 θωθ += ter  the d–q voltages is 
obtained: 
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Making use of equation (20) in 
equation (21) yields the following: 
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In a similar way, we obtain the 
current 0dI and 0qI : 
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Under steady state, the d–q 

model stator voltages and currents are 
DC quantities. Consequently, for 
steady state, we should consider 

0=dt
d  in equation (19): 
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From the previous equations 
and using equations (7 to 18) in P.U 
form, with ignoring the effect of the 
damper winding ( for simplicity ), we 

can simulate the per-phase dynamic 
reference frame  model of a 
synchronous generator as shown in 
fig.( 4 ). In this research the per-phase 
model is not sufficient to perform the 
unbalance load operation of the S.G. 
Therefore, a three-phase model is 
required, which can be simply 
represented by simulate three of per-
phase stator-rotor model with one 
torque-speed simulation block, as 
shown in fig. (5). 
3. Traditional AVR system 

An adaptive proportional-
integral (PI) controller is the most 
powerful method to regulate terminal 
voltage of the S.G used with different 
operating loads and power factors [1]. 
The operating principle is to sense the 
terminal phase voltage and use it as a 
feedback signal through the PI 
controller to generate command 
setting signal which adapt the excited 
voltage of the S.G, which gives an 
acceptable behavior of the system for 
different balance loads. This 
controller can be easily adapted by 
using trial and error method to obtain 
the proportional gain (kp) and the 
integral gain (ki). the overall system 
is shown in fig. ( 5 ), and the output 
performance of the system at full-load 
operation shown in fig. ( 6 ), with 
kp=1   ki=2.35 and the feedback signal 
can be taken from any output phase 
(A,B or C). 

Unfortunately, when the 
system operated with unbalanced 
load, as shown in fig. (7), a problem 
occurs from the confusion of: from 
which phase the feedback signal can 
be taken? The suitable operation 
criteria is depends on calculating the 
variance factor of the three phase 
output voltage with respect to the 
desired output voltage, where the 
smallest variance factor gives the best 
operation and best control. Table (1) 
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gives the variance factor of the output 
voltage when the feedback signal was 
taken from phase A, B and C for 
different unbalanced operating loads. 
4. RMS and Mean feedback control 

One of used method to 
overcome the effect of unbalance 
operation, is to calculate the root 
mean square (RMS) or the Mean 
value of the unbalance output three 
phase voltages, and used these values 
as a feedback signal to control the 
excitation voltage through the PI 
controller, instead of sensing one 
phase voltage. This system can be 
easily implemented by adding RMS 
or Mean calculation block to the 
previous simulation diagram as 
shown in figs. (8 & 9). Table 2 shows 
the variance factor of the RMS and 
Mean method for different unbalance 
loads. 
5.1 Artificial Neural Networks 

Nowadays, we have seen 
extensive researches and 
developments effort to use the 
intelligent system in many industrial 
applications, because of its strong 
features like: learning ability, massive 
parallelism, fast adaptation, inherent 
approximation capability, and high 
degree of tolerance [7]. Neural 
Network Controller (NNC) was 
effectively introduced to improve the 
performance of nonlinear system, 
which are a powerful tools used to 
predict the optimum performance for 
both identification and control 
system. The universal approximation 
capabilities of multi-layer perceptron 
make it popular choice for modeling 
nonlinear systems and for 
implementing general-purpose 
controllers. The neural network is an 
intelligent system which could be 
learned or trained using an actual 
existing input and output table, 

learning or training can be achieved 
in real-time or off-time operation  

[3, 7].   
5.2 Design of Neural Network 
These features give a good ability to 
solve the problem of unbalance load 
operation, by adapt a suitable neural 
network to predict the desired 
feedback signal from the three phase 
unbalanced voltages. Fig. (10) shows 
the structure of used neural network 
in this work is consist of three input 
neurons which are the synchronous 
generator output phase voltages ( Va, 
Vb, and Vc), and one output neurons 
which is the feedback signal. Also, 
consist of five hidden layers. The 
training process done by using large 
number of input and output data, 
obtained from different unbalance 3-
phase load operation. The back-
propagation Levenberg-Marquardt 
training algorithm is used, which 
design to approach second-order 
training speed. 
Fig. (11) shows the MSR (mean 
square error) of the training process. 
The overall simulation with the neural 
network can be shown in fig. (12). 
Table 3 shows the variance factor for 
different unbalanced loads. Table (4) 
summarized the variance factor for 
different feedback methods at 
different unbalance operating load. 
6. Conclusions 
● From the results obtained it's 
obviously that the neural network 
feedback control gives smallest 
average variance factor of the output 
voltages, which is about 1.105%. 
Whereas, in the traditional PI 
controller and both RMS and Mean 
feedback methods the average 
variance factors are 1.707% and 
2.035% respectively. That means the 
automatic voltage controller of the 
synchronous generator gives the best 
performance of the terminal voltage 
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with using the Neural Network 
Controller.  
● The variance factors of symmetrical 
unbalanced load, such as (1_0.8_0.6) 
and (0.8_0.6_1), are not equals in the 
NNC link other methods, but it is still 
the best performance. An additional 
training data taking in account that 
cases and consisting different 
symmetrical unbalanced loads can be 
used to improve the NNC 
performance.   
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Table (1) Variance factor of direct 
feedback 

 
     

 
 
 
 
 

Table (2) Variance factor of RMS 
and Mean value feedback signal 

 

Unbalance 
load 
P.U. 

% variance factor 

Feedback method 

A B C RMS Mean 

1 0.8 0.6 2.66 3.29 

0.6 1 1 1.38 1.45 

0.8 0.6 1 2.66 3.29 

0.6 1 0.8 2.66 3.29 

1 1 0.8 0.59 0.62 

0.8 0.8 0.6 0.29 0.25 
 
 

 
 
 

Unbalance 
load 
P.U. 

% variance factor 

Feedback from 

A B C A B C 

1 0.8 0.6 1.62 2.6
1 3.6 

0.6 1 1 1.02 1.1
9 

1.1
9 

0.8 0.6 1 2.61 3.6 1.6
2 

0.6 1 0.8 3.6 1.6
2 

2.6
1 

1 1 0.8 1.19 1.1
9 

1.0
2 

0.8 0.8 0.6 2.51 2.5
1 

2.3
7 
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Table (3) Variance factor of neural 
network controller 

 
Unbalance load 

P.U. 
 

%variance 
factor 

Of NNC A B C 

1 0.8 0.6 1.29 

0.6 1 1 0.94 

0.8 0.6 1 2.6 

0.6 1 0.8 1.08 

1 1 0.8 0.54 

0.8 0.8 0.6 0.18 

 
 
 
 

Table (4) Variance factor of 
different feedback methods 

 
 

Unbalance 
load 
P.U. 

 
% Variance factor 

Feedback from 

A B C RMS Mean NNC 

1 0.8 0.6 2.66 3.29 1.29 

0.6 1 1 1.38 1.45 0.94 

0.8 0.6 1 2.66 3.29 2.6 

0.6 1 0.8 2.66 3.29 1.08 

1 1 0.8 0.59 0.62 0.54 

0.8 0.8 0.6 0.29 0.25 0.18 

Average 1.70
7 

2.03
5 

1.10
5 

 
Figure (1) A close loop control of 

S.G. and its excitation system. 
 

 
Figure (2) S.G. windings in qd-axis 
 
 

 
Figure (3) Stator and rotor 

equivalent circuits in qd-axis 
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Figure (4) Simulation of per-phase 

S.G. 
 
 

 
Figure (5) 3-phase simulation of 

S.G. with PI excitation controller 

 
Figure  (6) Terminal voltage and 

current with balanced load 
operation 

 
Figure (7) Terminal voltage and 

current with unbalanced load 
operation 
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Figure  (8) Excitation control with 

mean value feedback 
 

 
Figure (9) Excitation control with 

RMS value feedback 
 
 

 
Figure (10) Neural Network 

structure 

 
Figure (11) Training MSE 

 

 
Figure (12) Excitation control with 

NNC 
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