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Abstract – The use of induction machine in autonomous operating mode of wind turbine generators 

is very appreciated in many applications for economic, logistic and technical issues. However, the 

induction machine model, which is naturally nonlinear, becomes more complicated with the addition 

of external capacitive bank for the self-excitation of the machine. The present paper provides a 

theoretical and experimental investigation of a self-excited induction generator (SEIG) behavior for 

various connection topologies by considering the machine magnetic saturation. A good agreement 

between simulation and experimental result is obtained from the benchmark test which includes 

various balanced and unbalanced loads with and without power convert. 
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1. Introduction 

Compared to other electrical machine, the induction 

machine is rugged, reliable, low cost and maintenance free. 

For that it is widely used in almost of industrial 

applications, in particular, to equip wind turbine generator 

for small powers plants. Two configurations can be 

expected for the use of the induction machine in wind 

turbine generator, connected to the main grid or stand-

alone operation. While the magnetizing reactive power 

needed to excite the generator is provided by the grid in 

the connected case, in the stand-alone operating mode, 

there is no external reactive power and the generator must 

be self-excited. Practically this problem can be solved by 

connecting appropriate capacitors bank with the machine 

winding. Such operating mode is much appreciated 

because it allows autonomous generator and therefore, 

decentralized electrical sources [1]. However, the SEIG 

dynamical behavior become more complicated since 

voltage and frequency can be affected considerably by the 

wind speed, the exciting capacitance and the variation in 

load demand [2].  

Furthermore, while the saturation is neglected in motor 

operating mode to achieve best performances, it must be 

considerate in the SEIG model. Indeed, during the self-

excitation, the variation in magnetizing inductance due to 

saturation is the main factor that stabilizes the growing 

transient of generated voltage [3-4]. 

This paper gives a simulation and experimental 

analysis for the behavior of a self-excited induction 

generator under some kinds of balanced and unbalanced 

load. Firstly, the model of the induction generator with 

magnetic saturation is established including the model of 

the self-excitation capacities as well as that of the load 

(linear and nonlinear load). The saturation effect is 

associated with the magnetizing flux by expressing the 

leakage flux and their time derivatives, in synchronous 

frame, as a function of currents. Thereafter; the resulting 

model is simulated for different operating mode with and 

without power inverter. Final and to check the validity of 

the suggested approach, an experimental test is done. The 

obtained result show a good agreement between 

simulation and experimental tests for all considered 

operating mode. 
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2. Self Excited Induction Generator Modeling 

 

2.1 Induction machine model 

The transient behavior of an induction machine is 

normally represented in the d-q reference. As illustrated in 

Fig. 1, a resistor RFe coupled to the magnetizing branch is 

added to incorporate iron losses. This resistor can be used 

to takes into account core losses in stator iron. Core losses 

in rotor are not correct represented by RFe and are 

neglected in this paper [5]. 

The dynamic model of the induction machine in the 

synchronous reference frame is described by the following 

equations: 

 

      /s s s s s sV R I d dt j                  (1) 

       /r r r r sl rV R I d dt j                  (2) 

     /Fe Fe m s mR I d dt j                    (3) 

s s s mL I      ,     m m mL I        (4)                                

r r r mL I     ,   m Fe s rI I I I       (5) 

( ) ( ) /em m dr qs qFe qr ds dFe rT PL I I I I L         (6) 

 

The symbols in (1)-(6) are defined as: 

 

,s rR R     Stator and rotor resistances; 

,s rL L    Stator and rotor leakage inductances; 

mL          Mutual inductance; 

,s r     Stator and rotor flux vectors; 

,s rV V     Stator and rotor voltage vectors; 

,s rI I     Stator and rotor currents vectors; 

,m mI   Magnetizing flux and current vectors; 

,s sl     Synchronous and slip angular speeds; 

P          Number of pole’s pair; 

emT         Electromagnetic torque; 

Fe         Index associated to iron loss branch. 

 

Consideration of iron loss leads to an increase of the 

system order and introduces additional mutual coupling 

between the axis components d and q.  

The use of saturation has been investigated in several 

works and some methods are suggested [3-7]. In this paper, 

Saturation effect in induction machines is associated with 

the magnetizing flux, whereas, saturation of leakage flux is 

neglected. Including saturation in d-q axis model consists 

of expressing the flux linkages and their time derivatives 

as function of currents  

The principles of magnetizing flux saturation modeling 

and derivation procedure remain the same as for induction 

machine without iron loss. The function Lm=F(Im), which 

models saturation, is applied to the set of equations (1-6). 

Model of a saturated induction machine can be formed in 

various different ways, depending on the selected set of 

state-space variables [4]. The model selected here is the 

one with stator and rotor current d–q axis components as 

state-space variables. It may be given in matrix form as [5]: 

       V L I R I


                       (7) 
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Fig. 1. Equivalent circuit of an induction machine by 

considering saturation and iron losses 
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The variable terms in (7) are: 

 

          

2 2cos sind dy mM M L  
    

2 2sin cosq dy mM M L             (8) 

          
( ) cos sindq dy mM M L   

  
 

Mdy and Lm are the dynamic and the static mutual 

inductance's, respectively. Mdq is the term that explains the 

"cross effect" between the axis in quadrate. α is the angle 

between the d axis and the magnetizing current Im.  

From a practical point of view the developed model 

can be easily used. It requires only a preliminary 

experimental evaluation of the no-load magnetizing 

characteristic of the machine Lm=F(Im) (Fig.2. and Fig.3.) 

and the equivalent iron loss resistance RFe. The evaluation 

can be made by performing standard no-load tests  on an  

  , , 0, 0, 0, 0   
T

ds qsV V V

  , , , , ,   
T

ds qs dr qr dFe qFeI I I I I I I

 

   
   
 

   
  

  
 
    
 

     

s d dq d dq d dq

dq s q dq q dq q

d dq r d dq d dq

dq q dq r q dq q

d dq d dq d dq

dq q dq q dq q

L M M M M M M

M L M M M M M

M M L M M M M
L

M M M L M M M

M M M M M M

M M M M M M











 

 

 
Fig. 2. Magnetizing inductance versus magnetizing current  

 
Fig. 3. Magnetizing inductance versus phase voltage  

 

induction machine. Therefore in the following analysis 

the parameters of the induction machine are assumed 

constant except the magnetizing inductance which varies 

with saturation. 

In generator operating conditions, equations (1-6) 

cannot be solved because the voltage space Vs is not 

known; it is possible to obtain solution only with an 

external network that provides reactive power. In the self 

excited induction generator, this power is obtained form a 

capacitance bank. 

 

2.2 Self-exciting capacities model 

The model of capacities of self-excitation is established 

in a way completely independent of the machine model. 

The stator windings of the induction generator are 

connected to a star capacitive bank. The equations of self 

excitation, at no load conditions, are given by: 

 

1 1
, ,

js

jsg jc

dV
I I j a b c

dt c c
          (9) 

 

Where Isg is the generator current (magnetizing 

current), Ic is the capacitance current, and a, b, c are phases 

indices. In the no-load conditions, the generator current is 

equal to the capacitance current (Fig. 4). 

This system can be transformed in the synchronous 

reference frame (d,q) by applying Park Transformation: 

 

            

1

1

ds
dsg s qs

qs

qsg s ds

dV
I V

dt c

dV
I V

dt c





  

  

          (10) 

 

The value of the excitation capacitance must be greater 

than a minimum limit so that the generator current is 

sufficient for the operation in the nonlinear portion of the 

magnetization curve.  

 

2.3 Model of the used Load with the SEIG  

To check the performances of the SEIG some linear and 

nonlinear load were used (Fig. 4). For the linear case the 

SEIG is loaded by bank of resistance, inductance and 

capacity. For the nonlinear case, an association of three 

phase diode bridge rectifier and DC-AC converter is used. 

 

In the case of linear load, the dynamic model of a three-

phase balanced load can be expressed as: 

 

1
, ,

jsL

js L jsL L jsL
L

dI
V R I L I dt j a b c

dt C
      (11) 

 

Where IsL is the load current, and RL, LL, CL are the 

load components. Hence, the self excitation model takes 

the followings form at load conditions (Fig. 4): 
 

1
( )

1
( )

ds
dsg dsL s qs

qs

qsg qsL s ds

dV
I I V

dt c

dV
I I V

dt c





   

   

           (12) 

In the case of nonlinear load, with a diode bridge 

rectifier, the output voltage is expressed as: 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.2

0.4

0.6

0.8

1

1.2

Magnetizing current(A)

Magnetizing Inductance(H)

 

 

Experimental points

Interpolation

0 50 100 150 200 250 300
0

0.2

0.4

0.6

0.8

1

1.2

Voltage(V)

Magnetizing Inductance(H)

 

 

Experimental points

Interpolation

Fig. 4. The Selected load for the self-excited induction generator 
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( ) ( ), , ,d js jsU Max v Min v j a b c       (13) 

The Dc Link current is governed by the following 

equation: 

 

d
d

L L

U
I

L s R



                     (14) 

 

Where, RL and LL are the load resistance and 

inductance respectively. 

Then, the Load current that fed the rectifier is deduced: 

 
' '

1,2,3 2,3,1 3,1,2

'
, , 1,2,3 2,3,1 3,1,2

 if    and (  ou )  are On

 if    et (  ou )  are On 

0 if not

d

asL bsL csL d

I D D D

I I D D D





 



    (15) 

 

The equations (12) remain still valid. 

 

Finally, the SEIG feed an association including an 

electronic converter, an inverter and RL load. The PWM 

signals are used to switch on the IGBT’s in the converter. 

This converter is modeled by three switching functions (F1, 

F2 and F3) to determinate the state of the IGBTs (on or off) 

in each arm of the bridge. Considering the commutation 

basic rules of converters, the switches of a arm must 

change of complementary form. Fi is the switching 

functions to determinate the state of IGBTs: 

 

  

'

'

1 i f   i s  O n  a n d   i s  O f f  

0  i f    i s  O n  a n d   i s  O f f

i i
i

i i

T T
F

T T


 


        (16) 

 

The converter output voltages, applied to the load, are 

given by: 

 

1 2 3

2 1 3

3 2 1

(2 ) / 3

(2 ) / 3

(2 ) / 3

asL f

bsL f

csL f

V U F F F

V U F F F

V U F F F
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

  


  

            (17) 

 

The differential voltage equations of the inverter are as   

follow: 

asL
asL L L asL

bsL
bsL L L bsL

csL
csL L L csL

dI
V L R I

dt

dI
V L R I

dt

dI
V L R I

dt

 

 

 

               (18) 

 

The dc side current of the inverter and its relationships 

with the ac side currents is expressed by: 

 

  1 2 3d a s L b s L c s LI F i F i F i               (19) 

 

3. Simulation and experimental results  
Many examples of simulation test cases have been 

studied to evaluate the modeling approach. A select few 

are presented in this section. The experimental bench has 

been realized with an induction generator mechanically 

coupled with a dc motor. Linear loads, capacitance bank, 

numerical scope with PC connection complete the bench 

(Fig. 5). The experiments investigated in this section are 

done in no-load and loading conditions with linear loads. 

The data acquisition started a short time before the built up 

process or load application.  

A 0.37 kW induction machine is used for simulation 

and experimental investigations (data are given in 

appendix). The induction generator is operated at 1500 

rpm driven by a DC motor as a prime mover. Then a star 

connected capacitor bank of 8,4μF was switched across the 

terminals of the stator of the induction machine. The 

excitation capacitors are selected to provide the generator 

rated terminal voltage at no load condition.  

Induction generator 

Current and voltage Measurments  

PC 

Scope   

DC Motor mover Converter 
 

 

 

 
Fig. 5. Experimental bench 

 

3.1 No-load operation 

The operation of the asynchronous generator, based on 

a simplified model (not taken into account of saturation), 

leads to a divergence of the characteristics because the 

saturation which fixes the operating point in steady 

operation.  

Self-excitation is excited by reciprocal relation of rotor 

residual magnetism and self-excited capacitor. When the 

machine is driven by an external mover, the current is 

induced in the stator winding because of residual flux of 

the rotor. Connection of suitable capacitors to stator 

winding causes leading current. This current increases the 

core flux, and the voltage difference between induction 

voltage and capacitors can be constant. The continuous 

increasing of voltage is controlled by magnetic saturation 

and voltage finally reaches steady state. The voltage 

depends on speed, capacitance, machine parameters, 

magnetic characteristics and loads. Such magnetic 

excitation phenomena are caused by continuous energy 

circulation between the electric field (capacitors) and the 

magnetic field (machine). When the operating point is 

reached, the machine delivers a stator voltage which its 

rms value is constant.  



 

 

Fig. 6 shows the experimental voltage and current 

recorded by numerical scope, signal acquisition is done by 

differential sensors with 400V/2.5V scale for the voltage 

and 0.5V/2A for the current. However, in order to verify 

the proposed model and compared the simulated and 

experimental curves, the data acquisition is converted to 

its real value and used to plot the experimental curves with 

the same scale as the simulated ones.   

Fig. 7 shows the simulated and experimental build-up 

of voltage achieved when 8.4μF of capacitance was 

switched across the motor stator winding while it was 

turning at 1500 rpm. Fig. 8 shows the simulated and 

experimental built up process of the stator current under 

no-load conditions. As can be observed, the magnitude of 

the voltage and the current obtained experimentally are in 

agreement with the simulated ones. As can be observed in 

Fig. 9, the magnetizing inductance starts from a smaller 

value then increases to reach its peak value and finally 

starts to drop. This change in Lm is due to the 

characteristics of the magnetizing curve seen in Fig. 3, at 

the start of self- excitation point where the voltage is close 

to zero, Lm is close to its linear value. Once self-excitation 

starts the generated voltage will grow and then Lm also 

increases up and then Lm starts to decrease while the 

voltage continues to grow until it reaches its steady state 

value. 

Fig. 10 shows the variation of the rms generator 

voltage against the variations in the speed and excitation 

capacitors. As can be seen, the rms generator voltage 

increases as the values of the self-excitation capacitor and 

speed increase. Increasing self excitation capacitance 

value results in high voltage. Therefore, the capacitance 

value must be correctly adjusted.  

 

 

 
 

Fig. 6. Generator voltage and current built up process at 

no-load recorded experimentally 

 

 

 
 

Fig. 7. Generator voltage built up process at no-load 

        - Simulation (high) - Experimental (low)  

 
 

 
 

Fig. 8. Generator current built up process at no-load 

        - Simulation (high) - Experimental (low)  
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Fig. 9. Magnetizing inductance during built up process at 

no-load 

 

 
Fig. 10. Evolution of the rms generator voltage depending on the 

speed and excitation capacities                  

(Experimental points with interpolation) 

 
 

Fig. 11. Sudden disconnection of one of the three excitation 

capacitors: voltage maintenance  

 
Fig. 12. Sudden disconnection of one of the three excitation 

capacitors: voltage fall down  

 

 

 
 

Fig. 13. Unbalanced capacities effect 

- Simulation (high) - Experimental (low) 
 

When one of the three capacities is sudden 

disconnected, the process of self-excitation is maintained 

if the value of two remaining capacities is sufficient to 

maintain the stator voltage (Fig. 11). If the unbalanced 

operation, obtained with the two remaining capacities, is 

not sufficient to maintain the phenomenon of self-

excitation, the accumulated reactive energy slowly 

disappears and consequently the voltage amplitude slowly 

decreases to a very low level, hence, the stator voltage 

falls down and causes the demagnetization of the generator 

(Fig. 12). Furthermore, unbalanced excitation capacities 

lead to an unbalanced stator voltage as shown in Fig. 13. 

 

0 0.5 1 1.5 2 2.5
0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

time(s)

Magnetizing inductance(H)

4 5 6 7 8 9 10
0

50

100

150

200

250

300

350

Capacity (Micro Farad)

Voltage (Volt)

 

 

1500 rpm

1600 rpm

1700 rpm

1800 rpm

1200 1300 1400 1500 1600 1700 1800 1900 2000
0

50

100

150

200

250

300

350

400

Speed (rpm)

Voltage (Volt)

 

 

C = 6.08 Micro Farad

C = 7.06 Micro Farad

C = 8.26 Micro Farad

C = 9.08 Micro Farad

C = 9.76 Micro Farad

0 0.5 1 1.5 2 2.5

-300

-200

-100

0

100

200

300

time(s)

Voltage (V)

0 0.5 1 1.5 2 2.5

-300

-200

-100

0

100

200

300

time(s)

Voltage (V)

0.68 0.7 0.72 0.74 0.76 0.78
-400

-300

-200

-100

0

100

200

300

400

time(s)

Voltage (V)

0.7 0.72 0.74 0.76 0.78

-300

-200

-100

0

100

200

300

time(s)

Voltage (V)

 



 

 

3.2 Load operation 

Two possible connections of the induction generator to 

load can be found: either connected on the load directly or 

by means of an electronic converter. The first one has 

advantages of costs, maintenance and reliability while the 

second one, by making speed regulation possible, 

increases the efficiency of the wind turbines [8,9]. 

 

3.2.1 Linear load  
The call of reactive energy, poses a problem for the 

induction generator. Because, even for its own 

requirements in reactive, it depends on an external source 

(capacities of excitation). The more important the load is, 

the more the requirement in reactive energy of the 

induction generator is important, which results in a 

decrease of the output generator voltage (Fig. 14 to Fig 17). 

Without load the SEIG requires only its own reactive 

power for self-excitation, but loaded SEIG requires a more 

reactive power for self-excitation and for inductive load. 

When R and L is large the characteristic is similar to the no 

load self excitation case. If R-L is small, larger is the load. 

In load tests, immediately after that a transient process 

started, the voltage and current amplitude rapidly 

decreased. The generator decelerates; the reason for the 

decrease in rotational speed is due to the change in load 

torque, as a result a slightly frequency decrease after the 

load application is detected. 

 

 

 
Fig. 14. Generator voltage response to resistive load 

connection at t=0.45s 

- Simulation (high) - Experimental (low) 

 

 

 
 

Fig. 15. Generator current response to resistive load 

connection at t=0.45s 

- Simulation (high) - Experimental (low) 

 

 

 
 

Fig. 16. Load current response  

- Simulation (high) - Experimental (low) 
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Fig. 17. Simulation of Generator voltage and current response 

to inductive load connection at t=0.45s 

 

As can be seen form Fig. 18, the generator voltage 

decreases when the value of the load impedance Z 

decreases, in other hand, it indicates that the generator 

voltage tends to fall steeply with balanced inductive load 

as compared with the resistive load (when cos decrease, 

generator voltage is more affected). With inductive load, 

excitation capacitors must provide the reactive power to 

the inductive load in addition to the reactive power to the 

generator. 

To compensate the supplement of reactive called by the 

generator, one can insert series condensers with the load   

(Fig. 19 and 20). This technique of compensation is a 

simple method to improve the generator voltage regulation.    

Fig. 21 shows the behavior of SEIG under an 

unbalanced load. In this case, the generated voltage and its 

frequency decrease. Moreover, the three phase terminal 

voltage and stator currents are also unbalanced [10-11]. As 

a result of this unbalanced currents yield a current that 

flow by the neutral conductor if existed. 

 

 
Fig. 18. Evolution of the generator voltage depending on the 

value of the impedance Z (left) and the power factor cos  (right)  

 

 
 

 
Fig. 19. Generator voltage response to capacitive load connection  

- Simulation (high) - Experimental (low) 

 

 

 
 

 
 

Fig. 20. Generator current response to capacitive load connection  

- Simulation (high) - Experimental (low) 
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Fig. 21. Voltage for unbalanced load 
- Simulation (high) - Experimental (low) 

 

3.2.2 Non linear load  
In Figures 22, 23 and 24, the generator and load currents 

in case of diode rectifier, thyristor rectifier or converter 

insertion, are respectively presented.  

 

 
 

 
 

Fig. 22. Generator and Load currents in case of a diode 

rectifier+RL load 

 
 

 
    

Fig. 23. Generator and Load currents in case of a thyristor 

rectifier+RL load with  =30° 

 

  
 

 
 

Fig. 24. Generator and Load currents in case of a 

rectifier+converter+RL load 
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After non linear load application, figures show that 

generator and load currents present a high low-order 

harmonic content, due to the presence of the converter. 

Before and after load application, the harmonic content in 

the currents has been slightly changed. It can be seen from 

these figures that for both the rectifier and the converter, 

the generator current wave form is distorted and becomes 

not sinusoidal [12-13]. The THD is about 6.43 %, 6.42 % 

and 14.85 % for the three nonlinear loads respectively. 

However, in the case of inverter, the generator output 

voltage of the generator is rectified and inverted using the 

PWM inverter. The modulation index is adjusted such that 

the voltage and the frequency at the output are maintained. 

 

5. Conclusion 
In this paper, modeling of the self-excited induction 

generator used in wind generation was investigated. The 

developed model has been validated by experimental 

results. The analysis of the results presented in the paper 

clearly evidences that saturation phenomena have a 

considerable effect on the performances and must be taken 

into account. The limits relate to the variations of the rms 

voltage and the frequency at load application and the 

possible variations of speed were outlined. The behavior of 

the induction generator depends considerably on the load, 

in the case of a linear load, the output voltage as well as 

the current decrease but remain sinusoidal. Whereas, in the 

case of nonlinear load, a bad quality of the energy is 

related to the no-sinusoidal form of the voltage wave 

because of the presence of a static converter. However, the 

voltage level and the frequency at the output can be 

maintained. 

 

Appendix: The parameters of the induction machine 
 

Rated machine power 0.37 KW 

Rated speed 1380 rpm 

Rated voltage 400/230 V 

Stator resistance Rs 23 Ω 

Rotor resistance  Rr 21,21 Ω 

Iron loss equivalent resisrance RFe 2936 Ω 

Stator Leakage inductance Ls 0,0684 H 

Rotor Leakage inductance Lr 0,0684 H 

Inertia J 0,0024 kg.m2 

Friction coefficient F 0,000012kg.m²/s 
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