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This paper presents the improvement of generation quality for a wind energy 

conversion scheme using artificial neural network (ANN). High generation 

quality means that, the induction generator generate voltages and frequency at 

nominal specified values, under all operating conditions, determined by 

various wind speeds and loads. The scheme consists of a three-phase induction 

generator driven by a horizontal axis wind turbine and interfaced to an 

isolated load. A static VAR compensator (SVC) is connected at the induction 

generator terminals to regulate its voltage. The mechanical power input is 

controlled by regulating the blade pitch-angle. Both blade pitch-angle and 

firing angle are adjusted using an ANN to improve the generation quality for a 

wind energy conversion scheme. The proposed ANN training is based on 

suitable values of SVC firing angles and blade pitch-angles of the wind turbine, 

for achieving a high generation quality at different operating conditions. The 

training data is obtained by using Newton-Raphson method to generate 

voltages and frequency at nominal specified values. The simulation results 

prove that, the wind energy conversion scheme, with the proposed ANN, gives 

good power generation quality over wide range of wind speeds and loads. 

 

NOMENCLATURE 

Gr Gear box ratio Vw Wind speed 

Icom SVC current Xc Equivalent reactance-fixed capacitor 

Il Load current Xls, Xlr Stator and rotor  leakage reactance 

Is Stator current Xm Magnetizing  reactance 

P       Number of pole pairs Zr Rotor equivalent impedance  

Rl The load  resistance   Zs Stator equivalent impedance  

Rr Rotor resistance referred to stator Greek Symbols 

Rs Stator resistance  Firing angle  

S Machine slip  β Blade pitch angle 

Tg Induction  generator  torque  Tip speed ratio 

Tt Wind turbine  torque r  Electrical rotor angular  speed 

Vg The air gap voltage s Electrical stator angular  speed 

Vs The stator terminal voltage ωt Wind turbine angular speed 
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1. INTRODUCTION 

Recently, there has been growing a global use of induction machines in wind power 

generation.  The self-excited induction generator (SEIG), due to its high reliability, 

robustness, lower cost and less maintenance requirements, etc., is highly suitable for 

this application. The SEIG has been increasing used in renewable energy systems, 

which employ wind or mini-hydro power [1]. A reliable and simple method of starting 

the induction generator is to use the fixed excitation capacitor bank [2-3]. The SVC 

which consist of fixed capacitor in parallel with controlled reactor, is used for voltage 

regulation purpose [4-5]. Artificial neural network has been employed to adapt the 

value of the excitation capacitor based on steady state analysis [6].  

Steady-state analysis of SEIG is of interest, both from the design and 

operational points of view. In an isolated power system, both the terminal voltage and 

frequency are unknown and have to be computed for a given speed, capacitance, and 

load impedance. A large number of articles have appeared on the steady-state analysis 

of the SEIG [7]–[10]. 

In [10], steady-state analysis and performance of SEIG, driven by regulated 

and unregulated turbines, using Newton-Raphson have been presented.  

In [11], an attempt has been made to present a simple model to control the 

output voltage and frequency in case of SEIG under different operating conditions. It 

was realized that rotor resistance control for a wound rotor machine results in to a 

constant voltage constant frequency operation.  

Many investigations were reported [2-11], about steady state analysis and 

control of SEIG, but no attention was paid to the effect of the nonlinear  characteristic 

of wind turbine on these analysis . On the other hand, some of these papers [6-11] were 

not interested in the full identification of SVC of steady state analysis of SEIG. 

Therefore, the problems of poor generation quality are still unsolved. This motivates 

the authors to investigate how significant the effect of nonlinear characteristic of wind 

turbine and the full identification of SVC on the steady state analysis and control of 

SEIG for achieving the high generation quality have been investigate. 

This paper presents the improvement of generation quality for a wind energy 

conversion scheme using artificial neural network (ANN). High generation quality 

means that, the induction generator generate voltages and frequency at the nominal 

specified values under all operating conditions as determined by various wind speeds 

and loads  .The scheme consists of a three-phase induction generator driven by a 

horizontal axis wind turbine and interfaced to an isolated load. A static VAR 

compensator (SVC) is connected at the induction generator terminals to regulate its 

voltage. The mechanical power input is controlled by regulating the blade pitch-angle. 

Both blade pitch-angle and SVC firing angle are adjusted using an ANN to improve the 

generation quality for a wind energy conversion scheme. The proposed ANN is 

training based on suitable values SVC firing angles  and blade pitch-angles of the wind 

turbine, for achieving  a high  generation  quality at different values of operating 

condition. The training data is obtained, using Newton-Raphson method to generate 

voltages and frequency at nominal specified values. The simulation results prove that, 

the wind energy conversion scheme with the proposed ANN gives good power 

generation quality over wide range of wind speeds and loads. 
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2. DESCRIPTION OF THE SYSTEM 

Figure 1 shows a wind energy system connected to an isolated load via a static VAR 

compensator . It consists of a horizontal axis variable pitch wind turbine which drives  

a SEIG, a fixed capacitor -thristor controlled reactor (FC-TCR) compensator connected 

at the generator terminal. The terminal voltage depends on rotor speed, SVC equivalent 

impedance and load resistance while the stator frequency depends mainly on the rotor 

speed. In this paper, both blade pitch-angles and thristor firing angles are adjusted 

using ANN to improve the generation quality for a wind energy conversion scheme at 

all operating conditions. 

 

Figure 1:  Schematic representation of wind energy system 

 

2.1 Wind turbine model  

The wind turbine is characterized by non dimensional curves of the power coefficient 

(Cp) as a function of both tip speed ratio (λ), and the blade pitch angle (β),. The tip 

speed ratio can be defined as the ratio of angular rotor speed of the wind turbine to the 

linear speed at the tip of blades to the speed of the wind. It can be expressed as follows:  

w

t

V

R                                                                                                                        (1) 

Where  

r

r
t

PG

   

And R is the Wind turbine rotor radius. 

Also , the developed torque by the blades is given by : 


 25.0 wp
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Where ρ is the air density and A is the swept area by the blades and  
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2.2. Steady state model of an induction generator 

The equivalent circuit of an induction machine can be represented in terms of three 

impedances as shown in figure 2, these impedances are given by : 

)( lr
r

r jX
S

R
Z                                                                                                         (3) 

)( lsss jXRZ                                                                                                          (4) 

)( mm jXZ                                                                                                                   (5) 

 

Figure 2: Circuit model of an induction machine  

 

The   rotor current vector is expressed as: 

r

g

r
Z

V
I


 
                                                                                                             (6)                                     

The shaft torque of an induction generator is defined as: 

 S
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R
IT

r

r
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






 13
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2.3 Static VAR compensator model 

The SVC is properly connected across the induction machines' stator terminals. In this 

study, the FC-TCR compensator is used to maintain a constant voltage at the generator 

terminals by continuous adjustment of the gating angle of the thyristor. The schematic 

representation of the SVC and its equivalent circuit are shown in Figure 3-a and Figure 

3-b respectively. Using Fourier analysis, the fundamental component of the inductor 

current can be calculated by the following equation using Fourier analysis as [4-5]: 

l

s

i
X

V
I                                                                                                                        (8) 

Where the TCR equivalent reactance ( lX ) is given by: 

)](2sin[()(2
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l

X
X                                                                                       

The SVC equivalent impedance can be written as: 
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)( cl

cl
c
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XjX
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
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                                                                                                          (9) 

Where Zc is a function in ωs and α 
 

 

Figure 3: Model of Static VAR Compensator 
 

3. STEADY STATE MODEL OF AN INDUCTION GENERATOR 
CONNECTED TO AN ISOLATED LOAD 

The equivalent circuit of the system under study is shown in figure 4. This circuit is 

divided into three parts. The first part is a load which is represented as a resistance. The 

second part is the equivalent circuit of an induction generator. The third one is the link 

between the induction generator and the resistive load, which is .a fixed capacitor 

thristor –controlled reactor compensator. This is shown in figure 4.   

 

Figure 4: Equivalent circuit model of the system  

The equivalent circuit of figure 4 can be simplified using series and parallel 

combination of the different impedances, as shown in figure 5. Where     
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Figure 5: Simplified equivalent circuit  model of the system  

 

Applying mesh loop method to the circuit in figure 5, this yields. 

  0)( 21 


sxx IZZ                                                                                                     (10) 

Equation (10) has complex coefficients; that can be separated into real and 

imaginary parts, which are both equated to zero. Let the real and imaginary parts of 

equation  (10) be denoted by f 1 and f2 respectively  

0)(Re 211 


xx ZZalf                                                                                    (11)  

0)(Im 212 


xx ZZagef                                                                                      (12)  
  

Neglecting the rotational loss torque, the turbine shaft torque (Tt) is equal to 

the generator torque (Tg) in steady state. The difference between these torques denoted 

by f3. is equal to zero ,i.e. 

03  gt TTf                                                                                     (13) 

 

4. PARAMETER DETERMINATION FOR HIGH GENERATION 
QUALITY   

In this study, the FC-TCR compensator is used to maintain the voltage constant at the 

generator terminals by continuous adjustment of the gating firing angle of the thyristor 

(α). The mechanical power input is controlled by regulating the blade pitch-angle (β). 
In the next section, both parameters (α and β). are adjusted  using an ANN to improve 

the generation quality for a wind energy conversion scheme. The proposed ANN 

training is based on    suitable values of these parameters at all operating conditions 

determined by various wind speeds and loads , which are obtained by using  Newton-

Raphson method . The determination of these parameters (α and β) are described in the 

following steps: 

Step 1: The parameters (α and β ) are determined based on equations (11)-(13) using 

Newton-Raphson method. To apply the Newton-Raphson method for obtaining these 

parameters, the values of voltage and frequency in equations (11)-(13) are considered 

constant at nominal specified values under specified values of wind speeds (Vw) and 

load resistance ( Rl)  . The elements of the resulting Jacobian matrix (J) are obtained by 

differentiating equations (11)-(13) with respect to the SVC equivalent impedance (Zc ), 

electrical rotor angular  speed ( ωr) and  blade pitch-angle (β), and are collected into 

portioned vector matrix forms, as:  . 
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Step 2: The initial  mismatch vector  and the inverse of Jacobian matrix   are  

calculated corresponding to the initial values of Zc, , ωr and β for specified operation 

and are used  for obtaining  initial correction vector as follows:  
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Step 3: The  initial corrections (ΔZc, , Δωr and Δβ) are added to initial estimated values 

of  Zc, , ωr and β to  obtain  their new values first iteration, the  general form  can be 

written as:  
)()()1( k

c

k

c

k

c ZZZ 
                                                                         (16) 

)()()1( kkk  
                                                                         (17) 

)()()1( k

r

k

r

k

r  
                                                                        (18) 

 

Step 4: The process of iteration is repeated until the values of these correction are 

minimized. At this condition, the values of (Zc, and β) are used for high  generation 
quality of  a wind energy conversion scheme under  specified values of wind speeds 

(Vw) and load resistance ( Rl)  . 

Step 5: The thyristor gate-firing angle (α) of the SVC is calculated based on equation 

(9) using the obtained value of  the SVC equivalent impedance (Zc ) from the Newton-

Raphson method. 

Step 6: The above  steps are  repeated over a wide range of operating conditions (Vw 

and Rl) to calculated suitable values of α and β for the best  generation  quality  of a 

wind energy conversion scheme. This obtained values of α and β and their 
corresponding values of Vw and Rl are used as a training data for designing ANN, 

which discussed in the next section  
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5. THE PROPOSED ARTIFICIAL NEURAL NETWORK FOR 
HIGH GENERATION QUALITY 

In this paper, the proposed ANN has employed to improve of the generation quality for 

a wind turbin –SEIG scheme connected to an isolated load. The functions of MATLAB 

are used to create a one-layer tan- sigmoid network with two inputs, namely the wind 

speed (Vw) and load resistance (Rl), and two outputs, namely the firing angle (α) and 

the blade pitch  angle (β)  which are required for achieving  . The suitable values of α 

and β for the best generation quality, are calculated using Newton-Raphson method 

which is described in the pervious section. The obtained values of α and β and their 

corresponding values of Vw and Rl are used as a training data for designing the 

proposed ANN as shown in figure 6. 
 

5.1 Operation Steps of artificial neural network 

The following steps describe the operation of an artificial neural network which is 

shown in figuer 6: 

Step 1: Nodes of the input layer receive signals from the collected data. Which are 

wind speed and resistance of the resistive load. 

Inputs =[V   Rl]                                                                                                          (19)  

Step 2: Output of the input layer passes to hidden nodes through the weighted links, 

the resulting weight matrix between the hidden and input neurons is given by W1 and 

the hidden nodes biases are given by the b1. 
 

 
Figure 6: Structure of the proposed ANN for high generation quality. 

 

Step 3: The output of hidden nodes results from input signal passing through the 

activation function (tan- sigmoid function). The hidden layer output vector of artificial 

neural network is Oh, where: 

Oh=tansig (W1*Inputs,b11)                                                                                           (20) 

Step 4: Hidden layer outputs are sent to the output nodes through weighted links, the 

resulting weight matrix between the hidden and output neurons is given by W2 and the 

hidden nodes biases given by the b2. 

 

  

Vw   
Rl 
  

β   α   

W 1   

W 2   
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Step 5: The artificial neural network output is obtained using another activation 

function (Linear activation function), the output vector of artificial neural network is 

Outputs, where: 

Outputs=purelin (W2*Oh , b2)                                                                                    (21) 

Outputs=[ α  ;  β]                                                                                                        (22) 

Equations  (19)- (22) are used to describe the operation steps  of the proposed ANN.  

The ability of the proposed ANN to obtaining the nominal values of voltage and  

frequency are checked  in the  next section using Newton-Raphson method.  
 

5.2 Checking the effectiveness of the proposed ANN for high 
generation quality 
 

To check the effectiveness of the proposed ANN for achieving a high generation 

quality, the obtained values of α and β from the proposed ANN under specified values 

of Vw and Rl are used to check that, the values of terminal voltage and frequency (, Vg 

and ωs ) are at nominal  values. The terminal voltage , frequency and speed (ωs, Vg and 

ωr.) are determined based on equations (11)-(13) using Newton-Raphson method. To 

apply the Newton-Raphson method for obtaining the operating point (ωs, Vg and ωr.),  

the elements of Jacobian matrix are obtained by differentiating equations (11)-(13) 

with respect to the  (Vg ), (ωs) and (ωr), and are collected into portioned vector matrix 

forms as:  
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                          (23) 

The inverse of the Jacobian matrix is calculated and is multiplied by the vector 

mismatch matrix which is determined according to the obtained values of α and β for 
obtaining the operating point (ωs, Vg and ωr.) using iterative iteration process as 

discussed previously.    

 

6. RESULTS AND DISCUSSION 

Digital simulation is carried out to investigate how the power generation quality of a 

wind turbin –SEIG scheme connected to an isolated load, is improved according to 

ANN. The data of the system under study is listed in Appendix 1. 

 The artificial neural network is trained using the input output pairs of the data 

by using analysis, which is discussed in section 4. The training data is fed to Matlab 

Toolbox for calculating the values of the weights and biases of ANN. 

 The statistical data for ANN training are: no. of iterations =10000, max., 

Squared error =0.001, and learning rate = 0.001. 

 The resulting weight matrix between the hidden and input neurons (W1) and 

the hidden nodes biases matrix (b1) are given by: 
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The resulting weight matrix between the output and hidden neurons(W2),, and 

also the output nodes biases matrix (b2) are given by:  
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Figure 7 shows the variation of the blade pitch angles of wind turbine with the 

values of wind speeds which are obtained from the proposed ANN for achieving the 

high generation quality at constant  load resistance value(Rl=1.0 p.u). From this figure, 

it will be noticed that, as the wind speed increases from 7 m/sec to 24 m/sec the value 

of blade pitch angle increases from 0
0
 to 19

0 
causing the mechanical input power to 

decrease and vice verse. Consequently, the effect of wind speed variations will be 

eliminated by adjusting the blade pitch angle using the proposed ANN. 

Figure 8 shows the variation of the firing angle of SVC with the values of load 

resistances which are obtained from the proposed ANN for achieving the high 

generation quality at constant wind speed value (15 m/sec). From this figure, it will be 

noticed that, as the load resistance increases from 0.8 pu. to 2.0 pu., the value of firing 

angle  decreases from 173
0
 to 98

0
.
 
This causes a reduction in the TCR equivalent 

impedance.. Consequently, the effect of load resistance variations will be eliminated by 

adjusting the firing angle using the proposed ANN.  

To check the effectiveness of the proposed ANN for achieving high generation 

quality of system under study described by figure 1, the steady state performance have 

to be computed for a wide range of operating condition.  

Figure 9 and figure 10 show the steady state variations of the generated 

frequency and voltage with the load resistance at the low value of the wind speed 

(Vw=8 m/sec) for the system under study with the proposed ANN. From these figure , 

the values of generated frequency and voltage have a good agreement with their  target 

one. In addition, there are small deviations between the values of generated frequency 

and generated voltage with their target one at high values of load resistances. These 

deviations are acceptable compared with the international standards.  
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The steady state variations of the generated frequency and voltage with the 

load resistance obtained using the proposed ANN are compared with target one at two 

different values of wind speeds (Vw=15 m/sec and Vw=24 m/sec   ) are shown in 

figures 11-14. These figures show that, the values of generated frequency and voltage 

have good matching with their target one. As the values of wind speed increases, the 

deviations between the values of generated frequency and voltage and their target one 

increases as shown in figure 13 and 14. All of these deviations are acceptable 

compared with the international standards.  
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Figure 7: Variation of the blade pitch 

angle with the  wind speed  

Figure 8: Variation of the firing  angle with 

the load resistance 
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Figure 9: Variation of the generated 

frequency with the  load resistance at low 

speed using the proposed ANN 

Figure 10: Variation of the generated 

voltage with the load resistance at low 

speed  using the proposed ANN 
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Figure 11: Variation of the generated 

frequency  with the  load resistance at 

rated speed using the proposed ANN  

Figure 12: Variation of the generated 

voltage   with the  load resistance at rated 

speed  using the proposed ANN 
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Figure 13: Variation of the generated 

frequency  with the  load resistance at 

high speed using the proposed ANN 

Figure 14: Variation of the generated 

voltage   with the  load resistance at high 

speed  using the proposed ANN 
 

7. CONCLUSION 

This paper investigates the improvement of generation quality for a wind driven SEIG 

in steady state using ANN approach. The proposed ANN is training based on suitable 

values of static VAR firing angles and blade pitch-angles of the wind turbine for 
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achieving high generation quality at different values of operating condition. The 

training data is obtained using Newton-Raphson method to generate voltages and 

frequency at nominal specified values. Digital simulations have been carried out in 

order to evaluate the proposed ANN for achieving high generation quality in steady 

state operation. The wind energy system with the proposed ANN are tested through 

different values of the load resistance and wind speed. From the present analysis one 

can draw the following main conclusions : 

(1) The effect of nonlinear characteristic of wind turbine and the full identification of 

SVC parameters in the steady state analysis and control of SEIG are taken into 

consideration for achieving the high generation quality. These nonlinearities of 

system under study are treated using Newton-Raphson method. 

(2) The effect of wind speed variations will be eliminated by adjusting the blade pitch 

angle using the proposed ANN to maintain the generated frequency at nominal 

specified value. 

(3) The effect of load variations will be eliminated by adjusting the firing angle using 

the proposed ANN to maintain the generated voltage  at nominal specified value  

(4) The system with the proposed ANN gives high generation quality under all 

operating conditions determined by various wind speeds and loads. 
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APPENDIX 1 

A. Induction Generator Parameters 
4 poles, 6.6 Kv, 60 Hz. 

Xm =4.161 pu.;X1s =0.135 pu.;X1r =0.075 pu.;Rs =0.0059 pu.;Rr =0.0339 pu.; 

B. Static VAR Compensator Parameters 
Xlmax = 3.5 pu.; Xc =2.5 pu. 

C. Wind Turbine Parameters 
Horizontal axis wind turbine (6 MW) 

R =200 ft;Gr =103.6 

 

 

ƃموƃد حثي مدار بطاقة اƃرياح وموصل بحمل معزول تحسين جودة اƃقدرة اƂƃهربيه 
 شبƂات اƃذƂاء ااصطناعي ام دباستخ

 مƊعالا اƅرياا  واƅتات تياذم حمااطاƁة اƅتوƅيد اƅمدارة بƅوحدة  اإƊتاججودة هذƋ اƅدراسة Ƅيفية تحسين تبين 
مااان اƅطاƁاااة وجاااودة اƅمƊااات  يتمثااا  باساااتمداب ةااابƄة ذƄاااا  ا اااطƊاعت   عااان ةااابƄة اƂƅاااوم اƄƅ ربياااة اً بعياااد

  ،اƅممƊƄااةاƂƅيب اƅمƊƊƂااة وذƅااو عƊااد Ƅاصااة اƅ اارو  باااƄƅ ربيااة ƅت ااو اƅوحاادة  صاات اƅح ااو  ع اات تااردد وج ااد 
 ،اƊƅمااوذج اƅريا اات ƅت ااو اƅوحاادة صاات حااا  ااسااتƂرار إيجااادوتااب   واƅتاات تتيياار بتييياار اƅحماا  طاƁااة اƅريااا 

Ɗ اةƂا هاو اساتمداب طريƊة هƅحاƅا Ƌدراسة صت هذ ƅ متبعƅريا ايةياوتن واأس وب اƅرارياة اƄتƅحادود إيجااد   ا 
ƅ طاƁااة اƄƅ ربيااة  جااودة عاƅياا  بحياات تحاااص  ع اات ،ن  تعماا  ت ااو اƅوحاادة صاات مااداهاأاƅتةاايي  اƅتاات يمƄاان 

تب ت اميب ةابƄ  يا  اƅريا اية اƅطريƂاةتب اƅح او  ع ي اا مان ت او يااƊƅتااج  اƅتات وعبر استمداب   ،اƅمƊتجة
تمƊƊƄااااا ماااان اƅحفااااا  ع اااات توƅيااااد اƄƅ ربااااا  ƅااااذƅو اƅحماااا  اƅمعاااالو  ب ص اااا  جااااودة وƁااااد  ا ااااطƊاعية ذƄياااا 

 ،اƅمسااتمدمة اا ااطƊاعيةةاابƄة اƅااذƄا   ƅمƊ ومااة اƅفاع يااةماان  ƅ ت Ƅااد  اƅريا ااية اƅطريƂااةاسااتمدمن Ɗفاا  
  اƅمحددة  عƊد Ƅاصة  رو  اƅتةيي  اƅمƂترحة اƅع بية أƅةبƄ وƁد تبين صاع ية 
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