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ABSTRACT 
This paper presents mathematical modelling and performance evaluation of self-excitation induction generator for 

variable speed wind energy conversion system. Technical visits of Madhya Pradesh Wind Farm Limited Devas 

(MP) have been made to study the installation, operation, failures causes, maintenance and performance of the wind 

power plant. The rating of the experimental test machine i.e. three phase Induction Motor is 230V, 12.5A, 5.5 hp, 

50Hz, 4-pole. The three phase Induction Motor is used as an induction generator. DC shunt motor is operated as the 

prime mover of the experimental setup. Approximate circuit parameters of the induction generator have been 

evaluated using no load and block rotor test on experiment machine. Suitable VAR requirement for excitation and 

voltage build-up process have been evaluate in this paper. Various results have been obtained using MATLAB 

simulink for justification of the theoretical and experimental results. 

Keyword: Mathematical model, SEIG, WECS, voltage build-up process, VAR requirements, MATLAB simulink, 

experimental setup, capacitive excitation. 

1. INTRODUCTION  

The exploration of renewable energy sources such as wind, mini / micro hydro, solar, biogas etc and growing power 

demand has been the subject of considerable attention of researchers, scientists, engineers, technocrats and 

academicians in the current decades of the 21st century. The increasing concern of greenhouse gas emission, the 

crises of draining fossil fuel, environmental degradation and depletion of conventional energy sources have 

motivated the world for utilizing renewable energy sources to generate electricity [1]. Due to an increase in 

greenhouse gas emissions more attention is being given to renewable energy. As wind is a renewable energy it is a 

clean and abundant resource that can produce electricity with virtually no pollutant gas emission. Induction 

generators are widely used for wind powered electric generation, especially in remote and isolated areas, because 

they do not need an external power supply to produce the excitation magnetic field. Induction Generator has been 

found to be very suitable for renewable energy conversion.  Induction Generator is an ideally suited electricity 

generating system for the renewable energy conversion due to many advantages over other generators, such as low 

cost, small size, simple construction, absence of separate dc source for excitation, least maintenance, operational 

simplicity, brush less construction with cage rotor, easy parallel operation, no hunting. Induction machine is 

connected to an ac power source of appropriate voltage it can operate either as a motor or generator. If the machine 

is run at above synchronous speed by external means, the machine becomes an induction generator with external 

excitation.  Unlike a synchronous generator, an induction generator cannot supply reactive power. In fact it absorbs 

reactive power from its excitation and to cover the reactive power losses. When an induction generator is directly 

connected to a grid supply, it draws reactive power from grid. The frequency and voltage of such a generator are 

fixed and determined by the grid. However, for stand-alone operation, an external reactive power source such as 

capacitor is needed to generate voltage and such a generator is called Self Excited Induction Generator (SEIG). A 

stand alone Induction Generator driven by small hydro or wind turbine and bio-gas engines are capable of supplying 

power to domestic and agricultural loads particularly in the remote and hilly areas, where the conventional grid 

supply is not available. The voltage and frequency of a SEIG is not fixed but depends on many factors such as 

machine parameters, excitation capacitor, speed and nature of loads [2].  

 

2. WIND ENERGY CONVERSION SYSTEM: AN OVERVIEW 

Modern wind turbines are technological advances of the traditional windmills which were used for centuries in the 

history of mankind in applications like water pumps, crushing seeds to extract oil, grinding grains, etc. In contrast to 
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the windmills of the past, modern wind turbines used for generating electricity have relatively fast running rotors. In 

principle there are two different types of wind turbines, those which depend mainly on aerodynamic lift and those 

which use mainly aerodynamic drag. High speed wind turbines rely on lift forces to move the blades, and the linear 

speed of the blades is usually several times faster than the wind speed. However with wind turbines which use 

aerodynamic drag the linear speed cannot exceed the wind speed as a result they are low speed wind turbines. The 

major components of a typical WECS include a wind turbine, generator, interconnection apparatus and control 

system, as shown in Figure 1. In general wind turbines are divided by structure into horizontal axis and vertical axis 

type [1]-[2]. 

 

 

 
 

Figure 1 structure of a typical wind energy conversion system 

 

 

2.1 Vertical axis wind turbine 

The axis of rotation for this type of turbine is vertical. It is the oldest reported wind turbine. The modern vertical axis 

wind turbine design was devised in 1920s by a French electrical engineer G.J.M. Darrieus. It is normally built with 

two or three blades. The primary aerodynamic advantage of the vertical axis Darrieus machine is that the turbine can 

receive the wind from any direction without the need of a yaw mechanism to continuously orient the blades toward 

the wind direction. The other advantage is that its vertical drive shaft simplifies the installation of gearbox and 

electrical generator on the ground, making the structure much simpler. On the disadvantage side, it normally 

requires guy wires attaches to the top for support. This could limit its applications, particularly for offshore sites. 

Wind speeds are very low close to ground level so although it might save the need for a tower, the wind speed will 

be very low on the lower part of the rotor. Overall, the vertical axis machine has not been widely used because its 

output power cannot be easily controlled in high winds simply by changing the pitch.  

 

2.2 Horizontal axis wind turbine 

Horizontal axis wind turbines are those machines in which the axis of rotation is parallel to the direction of the wind. 

At present most wind turbines are of the horizontal axis type. Depending on the position of the blades wind turbines 

are classified into upwind machines and down wind machines. Most of the horizontal axis wind turbines are of the 

upwind machine type. In this study only the upwind machine design is considered. Wind turbines for electric 

generation application are in general of three blades, two blades or a single blade. The single blade wind turbine 

consists of one blade and a counterweight. The three blades wind turbine has 5% more energy capture than the two 

blades and in turn the two blades has 10% more energy capture than the single blade. These figures are valid for a 

given set of turbine parameters and might not be universally applicable. The three blade wind turbine has greater 

dynamic stability in free yaw than two blades, minimizing the vibrations associated with normal operation, resulting 

in longer life of all components. The increasing rate of depletion of conventional energy sources has given rise to 

increased emphasis on renewable energy sources such as wind, mini/micro-hydro, etc. Generation of electrical 

energy mainly so far has been from thermal, nuclear and hydro plants. They have continuously degraded the 

environmental conditions. Increasing rate of depletion of conventional energy sources and degradation of 

environmental conditions has given rise to increased emphasis on renewable energy sources, particularly after the 

increases in the fuel prices during 1970s. Wind turbines are most developed source of renewable electrical energy 

with ratings of commercial wind turbines now exceeding 10 MW [20]. Also, it is the most cost competitive of all the 

environmentally clean and safe renewable energy sources in the world.  
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3. SELF-EXCITED INDUCTION GENERATOR 

Usually, synchronous generators are being used for power generation but induction generators are increasingly 

being used these days because of their relative advantageous features over conventional synchronous generators. 

And induction generators are mechanically and electrically simpler than other generator types. These features are 

brush less and rugged construction, low cost, maintenance and operational simplicity, self-protection against 

faults, good dynamic response, and capability to generate power at varying speed. The later feature facilitates the 

induction generator operation in stand-alone / isolated mode to supply far flung and remote areas where extension 

of grid is not economically viable; in conjunction with the synchronous generator to favour the increased local 

power requirement, and in grid-connected mode to supplement the real power demand of the grid by integrating 

power from resources located at different sites [13]. The early work on three-phase SEIGs excited by three 

capacitors was mainly experimental analysis. The main methods of representing a SEIG are the steady state model 

and the dynamic model. The steady state analysis of SEIG is based on the steady state per-phase equivalent circuit 

of an induction machine with the slip and angular frequency expressed in terms of per unit frequency and per unit 

angular speed. The steady state analysis includes the loop-impedance method and the nodal admittance method. 

The loop-impedance method is based on setting the total impedance of the SEIG, i.e. including the exciting 

capacitance, equal to zero and then find the steady state operating voltage and frequency using an iteration process 

[2] - [3]. 

The normal connection of a SEIG is that the three exciting capacitors are connected across the stator 

terminals and there is no electrical connection between the stator and rotor winding. However, in the literature a 

SEIG with electrical connection between rotor and stator winding is reported [2]. If a single valued capacitor bank is 

connected, i.e. without voltage regulator, a SEIG can safely supply an induction motor rated up to 50% of its own 

rating and with a voltage regulator that maintains the rated terminal voltage the SEIG can safely feed an induction 

motor up to 75% of its own rating.  In this case the SEIG can sustain the starting transients of the induction motor 

without losing self-excitation. Since a SEIG operates in the saturation region, it has been shown that to saturate the 

core, the width of the stator yoke is reduced so that the volume and the weight of the induction generator will be less 

than the corresponding induction motor. The voltage drop for a constant capacitor induction motor used as a 

generator was 30% while the voltage drop of the corresponding designed induction generator was 6%. A three-phase 

SEIG can be used as a single-phase generator with excitation capacitors connected in C-2C mode where capacitors 

C and 2C connected across two phases respectively and nil across the third phase. The steady state performance of 

an isolated SEIG, when a single capacitor is connected across one phase or between two lines supplying one or two 

loads is presented in this reference. However in these applications the capacity of the three-phase induction 

generator cannot be fully used [4]-[6]. 

 

3. MATHEMATICAL MODELLING OF SEIG 

The Prediction of performance characteristics of the Self Excited Induction Generator (SEIG) is not as easy as the 

Grid Connected Induction Generator. The voltage and frequency of the SEIG depend on many factors, such as 

generator parameters, excitation capacitor, speed, and nature of the load. The main aspect which distinguishes the 

induction machine from other types of electric machines is that the secondary currents are created solely by 

induction, as in a transformer, instead of being supplied by a DC exciter or other external power source, through slip 

rings or a commutator, as in synchronous and DC machines. Depending on the condition of operation, the induction 

machine can be used as a motor or generator. Induction machines are available in single-phase winding 

configurations. In this paper the modelling and investigation is given only for the three-phase induction machine. 

3.1 Conventional induction machine model 

The relative speed between the synchronous speed and the rotor speed is expressed in its equivalent electrical speed 

as e-r or se, where the electrical rotor speed is the product of the mechanical speed and the number of pole pairs. 

Rotation of the rotor changes the relationships between stator and rotor emfs. However, it does not directly change 

the inductance and resistance parameters. The angular frequency of the induced current in the rotor is swe and the 

induced voltage in the rotor will be sEe, where Er is the induced voltage in the rotor when the rotor is stationary. 

This is based on the assumption that the induction machine is only supplied from the stator terminals [7]. 

Using the appropriate voltage transformation ratio between the stator and rotor, the rotor voltage, Er, referred to the 

stator is then equal to Es, in Fig. 2. The stator and rotor circuits are linked because of the mutual inductance Lm. 

When all circuit parameters are referred to the stator, the stator and rotor circuits can be combined to give the circuit 

shown in Fig. 2. 
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Fig. 2 Per-phase equivalent circuit of three phase IM neglecting core loss 

In Fig. 3 the core loss, which is due to hysteresis and eddy current losses, is neglected. It can be compensated by 

deducting the core loss from the internal mechanical power at the same time as the friction and windage losses are 

subtracted. The no load current in three-phase induction machines consists of the iron loss or core loss component 

and the magnetizing component. Form the iron loss current component and from the applied voltage the equivalent 

resistance for the excitation loss can easily be calculated. There is also some core loss in the rotor. Under operating 

conditions, however, the rotor frequency is so low that it may reasonably by assumed that all core losses occur in the 

stator only [8]. The core loss can be accounted for by a resistance Rm in the equivalent circuit of the induction 

machine. Rm is dependent on the flux in the core and frequency of excitation. For constant flux and frequency Rm 

remains unchanged. As Rm is independent of load current it is connected in parallel with the magnetising inductance 

Lm. The equivalent circuit including Rm is shown in Fig. 3. 

 

Fig. 3 Per-phase equivalent circuit of 3-phase induction machine including core loss 

3.2 d-q axes induction machine model 
Using the D-Q representation, the induction machine can be modelled as shown in Fig. 4. This representation is a 

general model based on the assumption that the supply voltage can be applied to both the stator and/or rotor 

terminals [13]. In squirrel cage induction machines voltage is supplied only to the stator terminals. In general power 

can be supplied to the induction machine (induction motor) or power can be extracted from the induction machine 

(induction). It all depends on the precise operation of the induction machine. If electrical power is applied to the 

stator of the induction machine then the machine will convert electrical power to mechanical power. As a result the 

rotor will start to rotate and the machine is operating as a motor. On the other hand, if mechanical power is applied 

to the rotor of the induction machine then the machine will convert mechanical power to electrical power. In this 

case the machine is operating as an induction generator. When the induction machine operating as a generator is 

connected to the grid or supplying an isolated load, driven by an external prime mover, then the rotor should be 

driven above synchronous speed [14]. 

The general equations for the d-q representation of an induction machine, in the stationary stator reference frame, 

are as given below.           

               (1) 

Using the matrix shown in Equation (1), the d-q representation given in Fig. 4 can be redrawn in details, in a 

stationary stator reference frame, with separate direct and quadrature circuits as shown in Fig. 5. 
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Fig. 4 Detailed d-q representation of induction machine in stationary reference frame (a) d-axis circuit (b) q-axis 

circuit 

3.3 D-Q axes induction machine model in rotating reference frame 

The transformation of current and voltages to a rotating reference frame gives a characteristic from a different 

perspective. The speed of the rotating reference frame can have any value. If the reference frame is rotating exactly 

at the excitation frequency then the difference between the speed of the rotating reference frame, e and the rotor 

speed r gives the slip frequency sl. Assuming the induction machine is only supplied from the stator side the 

equivalent circuit in the excitation reference frame of the d and q axes. Unlike the stationary reference frame, in the 

excitation or synchronous reference frame the reference frame is rotating at the same speed as the excitation 

frequency or the synchronous speed. Since the voltage and currents have the excitation frequency they will appear as 

DC values [14]. 

 

Fig. 5 D-Q representation of induction machine in the excitation (e) reference frame (a) d-axis circuit (b) q-axis 

circuit 

3.4 Development of D-Q axes induction machine model with Rm 

The conventional way of three-phase induction machine steady state modelling is to use the per-phase equivalent 

circuit, including Rm, as given in Fig. 3. The equivalent resistance for core loss or iron loss is incorporated into the 

circuit by adding Rm in parallel with the magnetizing reactance, Xm. To simplify the analysis of the three-phase 

induction machine Rm is often neglected from the per-phase equivalent circuit. To the three-phase induction machine 
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d-q axes model has been represented neglecting Rm Neglecting Rm will definitely simplify the analysis of the 

induction motor, but it will introduce some error in the results that are obtained from the d-q axes model [15]. The 

error, which is introduced by neglecting Rm, will have more effect especially if the application of the analysis is to 

compute efficiency or analyse losses in the machine. Using Fig. 2, the conventional steady state per-phase 

equivalent circuit model of a three-phase induction machine with Rm neglected and all rotor quantities referred to the 

primary/stator side, the following substitution is made (e-r)/e = s and P=je, and with power being supplied 

only on the stator, the voltage and currents can be related as: 

         (2) 

This is a new form of matrix expression, which takes into consideration the effect of Rm in the model. Equation (2) is 

the matrix form for the relationship between voltages and current and it can be used for dynamic analysis of 

induction machines with Rm included. 

Whit only a stator supplied induction machine i.e. vdr = vqr = 0, the d-q model, including Rm is derived from Equation 

(2) and given Fig. 6 The d-q model of the induction machine, including Rm, given if Fig. 6 is the same as the model 

given in Fig. 4 except Rm is now added in parallel with. Lm. 

 

Fig. 6 d-q model of induction machine in the stationary reference frame including core loss represented by Rm (a) d-

axis (b) q-axis 

4. CIRCUIT PARAMETER DETERMINATION FOR AN INDUCTION MACHINE 
Machine modelling requires knowledge of the parameters of the machine. Whether the three-phase induction 

machine is modelled using the conventional equivalent circuit or d-q method, the parameters of the machine are 

required. To have an accurate model of the machine, which represents all the characteristics of the physical machine, 

the parameters need to be determined accurately. An in depth analysis and simulation of an induction machine can 

be carried out only with accurate parameters that represent the actual machine. Consequently to accurately model a 

three-phase induction machine, accurate parameter values which represent the actual operating conditions being 

modelled should be known. In this work the parameters are obtained by taking measurements of input voltage, 

current and power over a wide speed range. For a three-phase induction machine with variable rotor parameters or 

constant rotor parameters, the determination of parameters is dependent on phase voltage, phase current, phase 

power and rotor speed. The parameter determination method is based on the well known equivalent circuit shown in 

Fig. 7. In this equivalent circuit the arrow through Xlr and Rr/s indicates that these two parameters may be treated as 

variables for the case where rotor parameter variations are taken into account [11]. 
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Fig. 7 The per-phase equivalent circuit with shunt magnetizing branch impedance represented in parallel 

To convert the shunt magnetizing branch impedance from parallel to series form 

and  

Where, Rm and Xm are the resistive and the reactive equivalent components, respectively, of the shut magnetizing 

branch represented in series form. 

And to revert, to the parallel branch parameters: 

and  

The modified form of the per-phase equivalent circuit is given in Fig. 8. Here the shunt magnetizing branch 

elements are connected in series. 

 

Fig. 8 Per-phase equivalent circuit with shunt magnetizing branch impedance represented in series form 

Open-circuit and short-circuit tests are conducted to find the parameters of the induction machine. At each test all 

the parameter values were taken into consideration [16]. Even when two parameters having a large ratio in their 

value were compared, the smaller value was not neglected. It should be noted that the rotor leakage reactance is 

referred to the stator frequency and from the usual assumption (Xls = Xlr). Rs is obtained from a DC measurement of 

stator resistance taking some consideration for skin effect. Alternatively a Ware test can be used, where Rs is 

measured by removing the rotor and supplying the stator with AC voltage at 50Hz. The difference between the Ware 

test and the simple DC test can be about 5%. The details of the test are given below. 

4.1 Open-circuit test 

The open-circuit test is conducted by supplying rated voltage to the stator while driving the induction motor at its 

synchronous speed using an external prime mover. When the motor runs at synchronous speed the slip, s, will be 

zero and as a result the current flowing in the rotor becomes zero [17]. Then for the open-circuit test, the 

conventional equivalent circuit model can be reduced to the one shown in Fig. 9. 
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Fig. 9 Per-phase equivalent circuit of three-phase induction machine under no load test 

So at slip s=0, 

Total input resistance, impedance and reactance under open-circuit condition are as follows.  

                                      ;   and                                                                

The test is performed by applying balanced rated voltage on the stator windings at the rated frequency. The small 

power input to the machine is due to core losses, friction loss and winding losses. The separation of core loss and 

mechanical loss can be carried out by the no-load test conducted from variable-voltage, rated frequency supply. 

Machine will rotate at a speed very close to synchronous speed, which makes the slip nearly zero. In this way the 

rotor circuit can be represented by open circuit. The per phase applied voltage Vnl, input phase current Inl and per 

phase input power Pnl are recorded in table 1. 

Table: 1 No load test results 

Vnl 217 V 

Inl 0.8 A 

Pnl 50 W 

 

The dc per phase resistance of stator winding is measured just after the test and is multiplied by 1.2 in order to 

obtain the per phase effective stator resistance Rs. Rs= 1.2 Rsdc. From measurement, Rsdc= 1.8 Ω; hence, Rs= 2.16 Ω 

.The no-load reactance ‘Xnl’ as seen from the stator terminals is 𝑋𝑛𝑙 = 𝑋𝑠 + 𝑋𝑚 

Stator no-load impedance 𝑍𝑛𝑙 =
𝑉𝑛𝑙

𝐼𝑛𝑙
= 156.6 ohm 

Stator no-load resistance 
2

78.125nl
nl

nl

P
R

I
    

Hence, 
2 2 135.72nl nl nlX Z R     

No-load rotational loss, 23( ) 148.644r nl nl sP P I R   
 and 

Mechanical loss = 74 W. 

 

4.2 Short-circuit test 

The short-circuit test (or locked rotor or standstill test) is conducted blocking the motor using a locking mechanism 

or using another prime mover to hold the induction motor at zero speed. At standstill, rated current is supplied to the 

stator [18]. When the speed of the rotor is zero, the slip will be unity. At this slip, the resistive value on the rotor side 

will be Rr, which is the referred rotor winding resistance. Fig 10 shows the per-phase equivalent circuit for the short 

circuit or standstill test condition. 
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Fig. 10 Per-phase equivalent circuit at standstill (short-circuit test) 

At slip s=1, 

Total input resistance, impedance and reactance under short-circuit condition are as follows.   

  ;    and     

The rotor shaft is blocked by external means. Now a balanced poly-phase voltage at rated frequency is applied to the 

stator winding. The applied voltage is adjusted till the rated current flows in the stator winding [19]. Per phase value 

of applied voltage Vbr, input current Ibr and the input power is recorded table 2. 

Table 2 Blocked rotor test results 

Vbr 140 V 

Ibr 10.5 A 

Pbr 500W 

 

Blocked rotor impedance 13.33br
br

br

V
Z

I
    

Blocked rotor resistance,
2

4.535br
br

br

P
R

I
    

Blocked rotor reactance, 2 2 12.534br br brX Z I     

 

There is no practical way to separate Xs and Xr, but in general they are assumed to be equal. 

6.267
2

m
s r

X
X X   

 

 

 

2

2

129.453

.

m nl s

m
br s r

r m

X X X

X
R R R

X X

   

  
   

  

 

 

From this formula: 2.61rR   . 
Thus all parameters are summarized the Table 3. 

 

Table 3: Parameters obtained from no load and blocked rotor test 

Rs Rr Xs Xr Xm 

2.16 Ω 2.61 Ω 6.267 Ω 6.267 Ω 129.453 Ω 

 

These parameters are used for performance evaluation of the SEIG considering different VAR requirements using 

capacitive excitation. MATLAB simulations are illustrated in the graphical representations.                              
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5. PERFORMANCE CHARACTERISTICS EVALUATION OF SEIG  
The Prediction of performance characteristics of SEIG is not as easy as the Grid Connected Induction Generator. 

The voltage and frequency of the SEIG depend on many factors, such as generator parameters, excitation capacitor, 

speed, and nature of the load. In this manner, the induced voltage and frequency depend not only on the speed but 

also on capacitance and load impedance in contrast to grid connected induction generators (GCIG). This makes the 

prediction of performance characteristics of a SEIG much more difficult. The performance of a SEIG is usually 

determined through its equivalent circuit [2]. The results obtained by the simulation are compared with the 

corresponding actual values found through an experimental setup in a laboratory. The Experimental circuit model is 

shown in fig.11. The rating of the test machine is 230V, 12.5A, 5.5 hp, 50Hz, 4pole three phase Induction Machine. 

Synchronous speed test data and all the fixed parameters of the test machine are given in [10].  

 

Fig. 11 Three Phase SEIG with Load Impedance 

The following assumptions are made in the steady state analysis  

(1). All parameters of the generator, except the magnetizing reactance, are considered as constant. And only the 

magnetizing reactance is assumed to be affected by magnetic saturation. 

(2). Stator and rotor Leakage reactance are assumed to be equal. 

(3). MMF space harmonics and time harmonics in the induced emf and current waveforms are neglected.  

 

5.1 Steady-State VAR requirement for Capacitive Excitation of SEIG 

Various researches on the voltage build-up process and steady state operational performance have been carried out 

and are well interpreted in the literature review. The complexity of the exact performance analysis of induction 

generator is due the fact that both the magnetizing reactance and the generated frequency are load-sensitive even if 

the rotor speed be kept constant. The steady state analysis of an SEIG involves the determination of the generated 

electrical frequency ‘a’ and the magnetizing reactance Xm for the pre-specified values of the load impedance, 

excitation capacitance and the rotor speed. In previous papers two methods have been suggested to be employed [2]. 

The alternative method is the node admittance method which has got the advantage that the variable ‘a’ can be 

determined, independent of magnetizing reactance by considering only the real power balance across the air gap, but 

the disadvantage being the requirement of the combined admittance of the load, the capacitive reactance and the 

stator impedance need to be evaluated which will result into lengthy algebraic manipulation. In most of the previous 

research works, the self-excitation process has been analyzed by the classical equivalent circuit approach. But due to 

the non-linearity of the magnetizing inductance and due to the variation in frequency of generated voltage, this 

approach becomes rather complicated permitting only to be subjected to tough numerical solution even in the 

simplest case of resistive load. An approach based on the concept of static bifurcation and d-q equivalent circuit 

equation has been proposed in [9]. This approach identifies the boundary of possible self-excitation for satisfactory 

build-up for a generalized load. 
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5.2 Theoretical determination of critical capacitance 

The equivalent circuit used to evaluate the minimum capacitance requirement has been simplified by neglecting the 

core loss resistive branch. Ignoring the above shunt branch element doesn’t result into serious result because for 

minimum capacitance the machine already works at the verge of saturation region of the magnetization 

characteristics [12]. The equivalent circuit given in fig. 12 have been simplified into fig.13 

 

Figure: 12 per phase equivalent circuit 

 

Fig: 13 per phase approximate equivalent circuit of SEIG 

 

5.3 Discussions on voltage built up process at critical capacitance 

For R-L load the polynomial equation would have two real roots and one pair of imaginary roots [2]. If there are no 

real roots, there is no way for build-up. Practically imaginary roots are of no use. By knowing the larger valued real 

root (i.e. a1) of the equation and inserting that value into the equation, we can evaluate the minimum critical 

capacitance required for having build-up. And if smaller real root (i.e. a2) of equation be inserted in equation, the 

obtained value of capacitance will be of largest critical value above which the build-up is not possible; however such 

a condition is impractical as the corresponding excitation current would exceed the rated current. From derived 

equation in reference [2], we have,
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In the same way, from reference equation, we have [2]. 
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XC2= 
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Hence satisfactory condition for voltage build-up, the range of the value of the terminal capacitor will be, 

C1< C <C2                                                                                                                             (6) 

 

5.4 Experimental Determination of Excitation Capacitance 

The value of critical capacitance and the maximum capacitance are calculated by means of the magnetizing 

characteristics drawn with the help of the Table 3. 

5.4.1 Critical capacitance (Cc): This is obtained from the slope of the linear zone of the magnetization 

characteristics. Critical capacitive reactance 57.5cX  
and 

19.6cC F  

Hence if the capacitance is chosen below 20 μF then the excitation will be unreliable and the machine could never 

build-up.  

 

5.4.2 Maximum capacitance (Cm): It is the maximum value of capacitance over which the machine cannot buildup 

voltage. 61.67mC F  

 

5.5 Simulations and Plots obtained for various values of VAR 

 

Fig. 14 Simulink model of SEIG for WECS 
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 (A) Case 1: XC = 15.3µF 

 

Fig.15 No load characteristics 

At no-load condition the stator current is negligible. The voltage profile is not smooth and has too many variations 

as shown in Fig. 15. When R load is connected stator current is developed of about 0.25A and the voltage profile 

shown in Fig. 16 becomes relatively smoother than no load case. Also the voltage generated decreases upon 

connection of load. When the capacitor bank is 775 kVAR the voltage build-up starts very late at about 1.8 seconds 

after the machine has been started as shown in Fig. 17 This variation of voltage is due to the presence of inductance 

in the generator which reduces the VAR requirement of the generator. The current and voltage generated become 

lesser than the case of only R load. 

 

 

Fig.16 Load characteristics for R=1 kΩ 
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Fig. 17 Load characteristics for R= 1 kΩ and L=1H 

(B) Case 2: XC=20μF 

 

Fig. 18 No load characteristics 
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From the plot in Fig. 18 we observe a significant improvement in the no load voltage profile has occurred when the 

capacitive bank is set to 1000kVAR. The voltage generation starts earlier as compared to previous case at about 1.4 

seconds. The output voltage also increased to about 300 V. When R load is connected stator current is developed of 

about 0.35 A, and the voltage profile shown in Fig 19 becomes relatively smoother than no load case. Also the 

voltage generated decreases upon connection of load. The voltage generation starts earlier when a RL load is use in 

Fig. 20 as compared to previous case at about 1.4 seconds. The output current decreases as compared to R load plot. 

 

 

Fig. 19 Load characteristics for R= 1 kΩ 

 

 

Fig, 20 Load characteristics for R=1 kΩ and L= 1H 
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(C) Case 3: XC=40μF 

 

Fig.21 No load characteristics 

 

From the plot in Fig. 21 we observe a significant improvement in the no load voltage profile has occurred when the 

capacitive bank is set to 2000 kVAR. The voltage generation starts earlier as compared to previous case at about 0.8 

seconds. The output voltage also increased to about 1000 V. 

When R load is connected stator current is developed of about 1 A and the voltage profile Fig. 22 becomes relatively 

smoother than no load case. Also the voltage generated decreases upon connection of load. The voltage generation 

starts earlier as compared to previous case at about 0.8 seconds when RL load is connected in Fig 23. The output 

current decreases as compared to R load plot. 



IJRRAS 24 (1) ● July 2015 Shakya et al. ● Wind Energy Conversion System  

 
 

47 
 

 

Fig.22 Load characteristics for R= 1 kΩ 

 

 

Fig. 23 Load characteristics for R=1 kΩ and L=1 H 
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(D) Case 4: XC = 45μF 

 

Fig. 24 No load characteristics 

From the Fig. 24 we observe a significant improvement in the voltage profile has occurred when the capacitive bank 

is set to 2500 kVAR. The voltage generation starts earlier as compared to previous case at about 0.1 seconds. In this 

case we observer that the voltage profile has become smooth and there is very small variation at the start. With this 

profile the parameters under observation are well within operation limits. When R load is connected as shown in 

Fig. 25 stator current is developed of about 2 A and the voltage profile becomes relatively smoother than no load 

case. Also the voltage generated decreases upon connection of load. The voltage generation starts earlier when RL 

load is connected in Fig. 26 as compared to previous case at about 0.1 seconds. The output current decreases as 

compared to R load plot. 
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Fig. 25 Load characteristics for R= 1 kΩ 

 

Fig. 26 Load characteristics for R=1 kΩ and L=1 H 

6. CONCLUSION 

While decreasing the load impedance gradually for a given rotor speed the two real roots of the above equation 

approaches towards each other and at the value of critical impedance they become equal to each other. In another 

way we can say that as the value of load impedance decreases, the range of capacitance, required for feasible build-

up, decreases and at the critical load impedance, the range reduces to zero. The region of no-generation corresponds 

to the values of load impedance below the critical impedance. And likewise for a given value of terminal capacitor, 

if the rotor speed be decreased gradually, there comes a rotor speed at which the roots again become equal, at this 
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point the rotor speed is called critical rotor speed. Therefore, as the rotor speed is decreased, the feasible range of 

capacitance decreases and as the rotor speed approaches to critical value, the range reduces to zero. Again the 

operating region with rotor speed less than the critical rotor speed is called region of no generation. From the results 

it has been obvious that if the load impedance be decreased gradual there comes a situation when the minimum 

critical capacitance reaches to infinity; hence the value of the load impedance corresponding to this point is called 

load impedance. If the minimum critical capacitance be plotted against rotor speed, there comes a minimum speed of 

the rotor at which the value of minimum critical capacitance reaches to infinity, and this value of rotor speed is 

called critical rotor speed [2]. 

 

7.     REFERENCES 

[1]  Fang Yao, R. C. Bansal, Z. Y. Dong, R. K. Saket and J. S. Shakya (2011); “Wind Energy Resources: Theory, 

Design and Applications”, Book Title: Handbook of Renewable EnergyTechnology, Section I: Wind Energy 

and Their Applications, Edited by: Dr. Ahmed F. Zobaa(Brunel University, UK) and Dr. R. C. Bansal (The 

University of Queensland, Australia), pp: 03 –20, ISBN-13 978-981-4289-06-1, ISBN-10 981-4289-06-X, 

World Scientific Publishing House, Singapore, Publication Year: 2011, Web Site: 

http://www.worldscientific.com 

[2]  Choudhary, Rishikesh and Saket, R. K. (2015), “A critical review on the self-excitation process and steady 

state analysis of SEIG driven by wind turbine”, Renewable and Sustainable Energy Review, 47 (2015), pp: 

344-353. http:www.elsevier.com/rser. 

[3]  L. D. Arya; S. C. Choube and R. K. Saket (2001); “Generation system Adequacy evaluation using probability 

theory”, Journal of the Institution of Engineers (India), vol.81, March 2001, pp: 170-174., Web Site: 

http://www.ieindia.org. 

[4]  L. D. Arya; S. C. Choube and R. K. Saket (2000); “Composite system reliability evaluation based on static 

voltage stability limit”, Journal of the Institution of Engineers (India), vol.80, February 2000, pp: 133-140, 

Web Site: http://www.ieindia.org. 

[5]  Bansal, R. C., Bhatti, T. S., and Kothari, D. P. (2003). A bibliographical survey on induction generators for 

application of non-conventional energy systems,  IEEE Trans. on Energy Conversion, Vol. 18, No. 3, pp. 433-

439.  

[6]  Bansal, R.C.; Bhatti, T.S.; and Kothari, D.P. (2001), “Some aspects of grid connected wind electric energy 

conversion systems”, Interdisciplinary Journal of Institution of Engineers (India), May, Vol. 82, pp. 25-28. 

[7]  Bansal, R.C.; Bhatti, T.S.; and Kothari, D.P. (2002), “On some of the design aspects of wind energy conversion 

systems”, International Journal of Energy conversion and Management, Nov. Vol.43, No. 16, pp.2175-2187. 

[8]  Bansal, R.C.; Zobaa, Ahmed F. and Saket, R.K. (2005), “Some Issues Related to Power Generation Using 

Wind Energy Conversion systems: An Overview”, International Journal of Emerging Electric Power systems, 

Vol:3, No:2, Article: 1070.  http:/www.bepress.com /ijeeps /vol3/iss2/art1070. 

[9] Jitendra Singh Shakya, Dr. R. K. Saket and Prof. (Col.) Gurmit Singh (2012), “Power Quality and Reliability 

Issues of Induction Generator for Wind Power Plants”, International Journal of Research and Review in 

Applied Sciences (Arpa press Journal), Volume: 11; No: 03; pp: 555 - 564; Year: June 2012. Web-Site: 

http://www.arpapress.com/ijrras 

[10]  Lokesh Varshney and R. K. Saket (2014), “Reliability Evaluation of SEIG rotor core magnetization with 

minimum capacitive excitation for unregulated renewable energy applications in remote areas”, Ain Shams 

Engineering Journal, Science Direct, September 2014; volume: 5, issue: 3, pp: 751-757. Web-site: 

http://www.sciencedirect.com/asej 

[11]  Lokesh Varshney, Jitendra Singh Shakya and Dr. R. K. Saket (2011), “Performance and Reliability Evaluation 

of Induction Machines: An Overview”, International Journal of Research and Review in Applied Sciences 

(Arpa press peer reviewed Journal), Volume: 08; No: 01; pp: 104 - 108; Year: July 2011. Web-Site: 

http://www.arpapress.com 

[12] McKinnon, D., Seyoum, D. and Grantham, C. (2002). Investigation of the effects of supply voltage and 

temperature on parameters in a 3-phase induction motor including iron loss, Proc. AUPEC’02, 

[13] McKinnon, D., Seyoum, D., and Grantham, C.(2002). Novel Dynamic Model for a Three-Phase Induction 

Motor With Iron Loss and Variable Rotor Parameter Considerations, Proc. AUPEC 2002, Melbourne, 29 

Sept. - 2 Oct. 2002. ISBN: 0-7326-2206-9. 

[14] Muller, S., Deicke, M., and Doncker, R.W.D. (2002), “Doubly fed induction generator systems, IEEE Industry 

Applications Magazine”, May/June, pp. 26-33. 

 

http://www.arpapress.com/ijrras
http://www.sciencedirect.com/asej
http://www.arpapress.com/


IJRRAS 24 (1) ● July 2015 Shakya et al. ● Wind Energy Conversion System  

 
 

51 
 

[15] Pena, R. S., Cardenas, R. J., Asher, G. M and Clare, J. C. (2000) “Vector controlled induction machines for 

stand-alone wind energy applications”, IEEE - Industry Applications Conference, 2000, pp. 1409-1415. 

Pittsburgh, 2-8 Oct. 1993, pp. 2066-2073. 

[16] Saket R.K., Arya L.D.; and Choube S.C. (2001), “Generation system adequacy evaluation using probability 

theory”, Journal of the Institution of Engineers (India)- EL, 81(1), 2001, pp.170-174 

[17] Saket, R. K. and Anand Kumar, K. S. (2006), “Hybrid micro hydro power generation using municipal waste 

water and it’s reliability evaluation”, In proceedings of the GMSARN International Conference on 

Sustainable Development: Issues and Prospects GMS. December 6-7, 2006; Asian Institute of Technology, 

Bangkok, Thailand 

[18] Saket, R. K. and Bansal, R. C. (2005), “Generating Capacity Reliability Evaluation using Gaussian 

Distribution Approach, In proceedings of the International Conference on Reliability and Safety Engineering”, 

Reliability Engineering Centre, Indian Institute of Technology, Kharagpur (India), December 21-23, 2005. 

[19] Saket, R. K. and Bansal, R. C. (2006), “Reliability Evaluation of Interconnected composite Electrical Power 

system considering Voltage stability at Continuation power flow”, In proceedings of the  International 

Conference on Power System Operation in Deregulated Regime(ICPSODR-2006), Institute of Technology, 

Banaras Hindu University, Varanasi (India), March:06-07, 2006, Allied publishers Pvt. Ltd., New Delhi 

(India). 

[20] Z. Zhang, C. Watthanasarn and W. Shepherd, (2007), “Application of a matrix converter for the power control 

of a variable-speed wind turbine driving a doubly-fed induction generator”, in Proc. 2007 IEEE IECON’2007, 

Conference, pp. 906-911. 


