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Abstract— Induction generators which may be operated 

in grid or self-excited mode, are found to be successful 
machines for wind energy conversion. Out of these two self-
excited mode is gaining importance due to its ability to 
convert the wind energy into electrical energy for large 
variations in operating speed. However it has been found that 
these machine exhibits a poor voltage regulation. Steady-state 
analysis of self excited induction generator reveals that such 
generators are not capable to maintain the terminal voltage 
and frequency in the absence of expensive controllers. In turn 
addition of such controllers may result into a fall in 
popularity of this machine due to its simplicity. Another 
simple way to control the terminal voltage is through 
excitation control using series compensation. In this paper 
artificial intelligent techniques are used to model the control 
strategy for proper reactive compensation under different 
operating conditions. Genetic algorithm along with artificial 
neural network has been proposed to estimate the values of 
shunt and series excitation capacitance to maintain the 
terminal and load voltage. Simulated results as found using 
proposed control technique are verified using experimental 
results on a test machine. Simulated results are found to be in 
close agreement with experimental results. 
 

Keywords— Artificial Neural Network, Genetic 
Algorithm, Optimization, Self Excited Induction Generator, 
Wind Energy Generation. 

 
 

NOMENCLATURE 

a          per unit frequency 

b        per unit speed 

shC      shunt excitation capacitance per phase 

seC      series excitation capacitance per phase 
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1E       air gap voltage per phase at rated frequency 

f     rated frequency 

1I      stator current per phase 

2I        rotor current per phase, referred to stator 

rI      load current per phase 

mI      magnetizing current per phase 

R      load resistance per phase 

1R      stator resistance per phase 

2R       rotor resistance per phase, referred to stator 

V      load voltage per phase 

tV      terminal voltage per phase 

1X      stator reactance per phase 

2X       rotor reactance per phase, referred to stator 

shX      capacitive reactance due to shC  at rated 
frequency 

seX      capacitive reactance due to seC  at rated 
frequency 

mX      magnetizing reactance per phase at rated 
frequency 

I. INTRODUCTION 
 ost of the electrical power generation across the 
world is due to the use of fossil fuel, which are 
limited in reserve. These may vanish from earth 

if continued to be used at the same pace. A rapid 
depletion of fossil fuels as well as a fast growing power 

M
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demand has pressurized the scientists to think about 
non conventional sources of energy such as wind 
energy, solar energy, tidal energy, etc. Use of such 
sources may be helpful to retain our resources of fossil 
fuel for some additional years. Scientists have observed 
that out of all potential non conventional sources wind 
energy seems to be more attractive and viable. It is 
observed that winds carry enormous amount of energy 
and the regions in which strong winds prevail for a 
sufficient time during the year may use it for electrical 
energy generation. In addition to this wind energy 
generation provides a clean and pollution free 
environment and does not lead to global warming. 
Further a wind turbine generator may be a worthwhile 
proposition for an isolated remote area due to absence 
of power grid. There are many considerations in the 
choice of generators for the wind turbine applications 
and several views prevail. However most of the 
researchers are in the favour of induction generators in 
self-excited mode due to its ability to convert 
mechanical power over a wide range of rotor speeds. 
Induction generators are also preferred due to several 
other advantages such as low cost, less maintenance 
and easy operation. The self-excited induction 
generators (SEIG) are also found suitable for few other 
applications such as tidal and mini hydroelectric energy 
conversion. Operation of induction generator in self-
excited mode is useful under variable speed operation 
especially when wind speed is fluctuating within a 
wide range. Therefore it becomes the duty of 
researchers to investigate the behaviour of specific 
problem related issues of SEIG. To compute the steady 
state performance of SEIG, researchers adopted 
different models [1-12]. Main observation which was 
pointed out in case of self-excited induction generator 
is its poor voltage regulation. Various regulating 
schemes were proposed by research persons [13-25] to 
overcome this issue. However it has been realized that 
such schemes makes the system complicated and 
expensive. Reference [26] found the series 
compensation a simple and cheap alternative to such 
schemes. Many research scholars [27-31] studied the 
effects of series compensation using different 
techniques. It has been observed that during the 
analysis the degree of polynomial equation in unknown 
frequency increases due to the presence of series 
capacitor.  

In this paper GA has been proposed to estimate the 
generated frequency, shunt and series capacitance for 
different operating speeds and with different load 
conditions. A control strategy using GA and ANN 
controller is proposed to control the terminal and load 
voltage of SEIG. Simulated results have been verified 
using experimental observation on a test machine. 

 

II. ARTIFICIAL INTELLIGENT TECHNIQUES 
A. Artificial Neural Networks 

Artificial neural networks (ANN)[32-34], also called 
parallel distributed processing systems and 
connectionist, are generally used for function 
approximation, nonlinear modeling, system 
identification, pattern association, pattern classification 
etc. Fig. 1 gives the ANN architecture.  

RR= Number of elements in Input 

S1=Number of neurons in layer 1 

S2= Number of neurons in layer 2 

Fig. 1. Structure of Artificial Neural Network. 

 

This network has a natural tendency for storing 
experimental knowledge and making it available for 
use. This architecture will not completely be 
constrained by the problem to be solved. The number 
of input and output neurons depend on the given 
problem but the number of hidden layers and 
associated neurons will depend on the designer. In this 
paper, the two-layer back propagation feed forward 
neural network has been used. A total of 5 neurons in 
hidden layer, two neuron in input layer and two neuron 
in output layer have been used. The network is set with 
‘logsig’ activation function at the middle layer and 
‘purelin’ activation function at the output layer. 
Levenberg-Marquadrt method has been adopted for 
supervised learning. Experimental data for test 
machine-1(see Appendix I) and computed data from 
GA have been used for training purpose.  

B. Genetic Algorithm 

Over the past few years, many researchers have been 
paying attention to real-coded evolutionary algorithms, 
particularly for solving real-world optimization 
problems. Genetic Algorithm (GA) [35] is one of them. 
Since the performance variables evaluation (  ,Ca sh and 
Cse) in SEIG may take any real number, therefore, in 
this paper a real-coded genetic algorithm has been used 
to investigate the performance. In a real-coded GA, 
variables are coded in real numbers itself [36]. GA 
operators are directly applied on the real numbers (  a
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,Csh and Cse) Three main operators responsible for the 
working of the GAs are reproduction, crossover, and 
mutation. Reproduction operator allows highly 
productive strings to live and reproduce, where the 
productivity of an individual is defined as a string’s 
non-negative objective function value. There are many 
ways to achieve effective reproduction. Here, 
tournament selection is used instead of roulette-wheel 
selection, which is generally used. Higher values of 
tournament size give higher selection pressure, making 
the convergence faster. The second operator, crossover, 
exchanges genetic information. The study reveals that a 
number of crossover operators such as blend crossover 
(BLX), simulated binary crossover (SBX), unimodal 
normal distribution crossover (UNDX), simplex 
crossover (SPX) are commonly used. A detailed study 
of such operators can be found in [37-40]. Here parent 
centric recombination operator (PCX) has been used, as 
this operator assigns more probability for an offspring 
to remain closer to the parents than away from parents. 
The search power of this crossover is better than the 
simple crossover i.e. local or broader search can be 
done. Different mutation operators are used based on 
the coding of the variable. Since continuous variables 
are coded directly, the algorithm is flexible in nature. 
As PCX and the real-coded mutation operators have 
been used to have a search power similar to their 
counterparts, the overall algorithm performs better than 
the binary-coded GAs. Modified GA [35] processes 
fast convergence in comparison to conventional GA as 
reported in [41].  

III. MODELING FOR STEADY STATE 
ANALYSIS 

The steady-state operation of the self-excited 
generator with series and shunt capacitors may be 
analyzed by using the equivalent circuit representation 
as shown in Fig. 2. 

 

Fig. 2.  Per phase equivalent circuit representation for two-
capacitor self-excited induction generator. 
 

 
 

Fig 3.  Per phase modified equivalent circuit representation. 

 

In this circuit model all parameters are assumed to be 
independent of saturation except for magnetizing 
reactance. The core losses have been ignored. The 
network above can be further transformed into Fig. 3. 

 
Where, 
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As Fig.3 does not contain any e.m.f. or current source, 
therefore for successful generator operation, nodal 
analysis results into; 
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Y=YR+jYI                                                                   (2)                                                                                                 

Where,  

YR= Real part of Y; YI= Imaginary part of Y. 

For generator operation (1) and (2) are to be satisfied 
for unknown values of generated frequency ‘a’ and 
magnetizing reactance ‘Xm’. ‘a’ may be evaluated by 
minimizing the real part of (2) and ‘Xm’ magnetizing 
reactance to be estimated using imaginary part of this 
equation. 

 

A. Selection of Csh at No Load 

GA has been used to find the shunt capacitance at 
different speeds to maintain the rated voltage across the 
stator terminals at no load. The fitness function (FF) 
used here is,  

FF=Yrr+Vterr;                                                              (3)                                                                                                                                 

Where  

YRR=YR* YR ; Vterr=(1.0-Vtpu)* (1.0-Vtpu); 

The value of R is ∞ and Xse=0 for computation of YR. 

The first part of the fitness function has been used to 
find the generated frequency ‘a’ and second part is 
used to maintain the voltage quality. Application of GA 
through (1) to (3) results into the computation of shunt 
excitation capacitance requirement at no load to 
maintain the rated voltage at a given operating speed. 
Such results may be used to establish the relation 
between operating speeds and shunt excitation 
capacitance. Fig. 4 shows the variation of shunt 
capacitance with speed for machine-I (see Appendix I) 
to maintain the terminal voltage as 1.0 pu at no load. It 
is observed reactive VARs requirement decreases with 
an increase in operating speed. 

 

 

Fig. 4. Variation of shunt excitation capacitance with 
speed. 

 

Curve in Fig.4 may be represented mathematically 
using MATLAB as;  

 
6808.244.21 −= bCsh  

 

Thus any variation in speed may be accommodated 
by proper control of shunt excitation capacitance 
through GA controller as shown in Fig. 5. 

 

 
 

Fig. 5. GA Controller for variable speed operation. 

  

Constants A and x are dependent upon machine 
parameters. 

B. Selection of  and Under Loaded Condition a seC

For given value of operating speed and shunt 
capacitance as calculated above, GA may be used to 
find the optimum values of generated frequency, a and 
series capacitance Cse for a given load impedance and 
corresponding to operating speed. The FF used here is;  

 

FF=Yrr+Verr+I1err; 

 

Where YRR=YR* YR and YR has been computed for a 
given load resistance ‘R’. 

 

Verr=(1.0-Vpu)* (1.0-Vpu); I1err=(1.0-I1pu)* (1.0-I1pu) 
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This fitness function is useful to control the voltage and 
stator current of SEIG.  

This will lead to the estimation of ‘a’ and ‘Cse’ through 
GA for constant voltage for any operating speed ‘b’ 
and load resistance ‘R’. 

 

 

Fig. 6. Variation of series capacitance with speed at different 
loads for constant load voltage. 

 

Fig. 6 shows the variation of computed values of Cse 
with operating speed for different values of load 
resistance. It is observed that with an increase in speed, 
initially the value of series capacitance Cse decreases 
and after attaining a minimum value it starts increasing. 
These characteristics are also useful to determine the 
operating speed for any load resulting in to minimum 
series capacitance with desired voltage regulation. 
Simultaneous variation of generated frequency with 
operating speed has been shown in Fig. 7.  

 

 

 

Fig. 7. Variation of generated frequency with speed at 
different loads for constant load voltage.  

 

Variation of ‘Cse’ and ‘a’ as shown in Fig. 6 and Fig. 7 
may be represented mathematically using MATLAB as 
shown in Appendix-II for machine-1. 

ANN which is faster than GA may be used to compute 
the series capacitance for any value of load across 
machine terminals. In order to achieve constant voltage 
operation, training data as used for ANN is computed 
using expressions as given in appendix-II. In addition 
some experimental data at random may be fed and this 
has been incorporated in the present paper. 

IV. PROPOSED CONTROL STRATEGY 
Fig. 8 shows the control strategy to achieve constant 
voltage operation for SEIG for any operating speed and 
loading condition. GA controller has been modeled to 
decide the appropriate value of shunt excitation for any 
speed under no load conditions. ANN controller is used 
to compute the unknown frequency and series 
capacitance in such a way that it results in constant 
voltage operation without exceeding the rated current 
for induction generator. 

 
 

Fig. 8. Constant voltage SEIG model. 

V. RESULTS AND DISCUSSIONS 
 Table I shows the comparison of simulated results 
using proposed control strategy and experimental 
results on machine-1. A close agreement between the 
two proves the validity of model proposed. Table II 
shows the computed results on machine 1 using ANN 
and GA for different operating speed and load current. 
GA has been used to compute the shunt excitation 
capacitance. ANN is employed to estimate the series 
capacitance and unknown generated frequency 
corresponding to given operating speed and load 
current. It is observed that there is a need of 
simultaneous control of shunt and series capacitance to 
achieve a constant voltage operation without exceeding 
the thermal limits (to be decided by stator current). 
Constant voltage variable frequency operation as given 
by proposed modeling may be useful for frequency 
insensitive loads such as heating etc. in remote and 
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windy areas. Further it has been observed that rated 
value of generated frequency is possible only and only 
if operating speed is maintained slightly above rated 
speed. 

 
TABLE I EXPERIMENTAL VERIFICATION OF PROPOSED 
MODEL 

 

TABLE II SIMULATED RESULTS ON SEIG. 

 

 

VI. CONCLUSION 
Induction generators have gained a lot of attention due 
to their applications in wind energy conversion 
systems. These may be operated in grid or self-excited 
mode. Self-excited induction generators are found to be 
most suitable for wind energy conversion in remote and 
windy locations. Such generators seem to be very 
attractive in case terminal and load voltages are 
controllable from no load to full load operation. In this 
paper a control technique based on GA and ANN has 
been proposed to achieve the constant voltage 
operation for SEIG. Proposed scheme results into the 
appropriate selection of shunt and series capacitors for 
any operating speed and load. Terminal and load 
voltage maintained near to the rated value without 
exceeding the rated current of induction generator. 

 

 
APPENDIX-I 

MACHINE-1  

• Specifications 
3-phase, 4-pole, 50 Hz, star connected, squirrel cage 
induction machine 
750W/1HP, 380 V, 1.9 A 
 
 

• Parameters 
The equivalent circuit parameters for the machine in pu 
are 

0766.0,0696.0,0823.0 2121 ==== XXRR  
 

• Base values 
Base voltage =219.3 V 
Base current =1.9 A 
Base Impedance=115.4 Ω  
Base frequency=50 Hz 
Base speed=1500rpm 
 

• Air gap voltage 
The variation of magnetizing reactance with air gap 

voltage at rated frequency for the induction machine is 
as given below. 
    

 
046.184
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APPENDIX-II 

 

For =350,following relationships are found; R
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15.105.132.14794.156
05.102.1136.64447.44
02.101.1719.64019.45
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Cse  
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For =500,following relationships are found; R
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For =1000,following relationships are found; R

15.185.0
3.13963.45872578432.3284424.705
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9871.09973.0 ba =  
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