
  

  
Abstract—This paper presents an effect of power factor 

control loop at rectifier unit, placed in between, Self excited 
induction generator and grid along with the inverter. The 
power factor control scheme does not require any system 
parameters, such as the values of the line inductance or filter 
capacitor. Variations in the line inductance due to the power 
system operation or the changes in filter capacitor size do not 
affect the process of tracking unity or maximum power factor. 
The main objective of this paper is to track the maximum power 
of the grid connected SEIG driven by wind turbine and to 
reduce the ripples in power factor, active and reactive power at 
the grid. In previous literature there is no discussion about the 
improvement and reduction of ripples in the power factor at the 
grid. The variable magnitude, variable frequency, voltage of the 
generator can be controlled by the proper modulation index.  
By controlling both modulation index and delay angle 
simultaneously, the rectifier can potentially achieve unity power 
factor operation while its dc current can also be controlled. The 
results are valid through MATLAB/SIMULINK software. 
 

Index Terms—Self Excited Induction Generator (SEIG), 
Wind turbine, Hybrid nine level inverter, Voltage source 
rectifier, Grid, Power factor loop.  
 

I. INTRODUCTION 
It is well known that a three-phase induction machine can 

be made to work as a self-excited induction generator. When 
capacitors are connected across the stator terminals of an 
induction machine, driven by an external prime mover, 
voltage will be induced at its terminals. In a small wind 
power plant or hydro power plant, the use of a three-phase 
self-excited induction generator (SEIG) is essential. An SEIG 
provides capacitor banks to compensate for the power factor, 
and the active power controller and the reactive power 
controller are coupled, unlike a synchronous machine. This 
means that the control of an SEIG is complex; an SEIG can 
be damaged by overvoltage due to capacitors [1]. 

The cage-type induction generators have emerged in these 
recent years as a suitable candidate in remote areas where this 
machine can be driven using a wind turbine, a diesel engine 
or small hydro plants [6]. Normally, in this last application, 
the SEIG generates constant voltage and frequency because it 
is operating at constant load power. 

In remote areas the devoid of supply will be electrified by 
utilizing the renewable energy resources such as wind, solar, 
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biomass, hydro etc. The most suitable power generation for 
such remote areas will be operated with self excited induction 
generator due to its simplicity, robust, cheap, reliable, 
ruggedness, overload protection, absence of dc, little 
maintenance etc, It also has the self protection feature against 
overload [5], and does not require a DC exciter like 
synchronous generator [2]. However, poor voltage regulation 
is a great disadvantage of self-excited induction generators. 
Therefore, a control system is required to regulate the voltage 
to meet the constant voltage demand. 

Nowadays wind energy shares substantial part of energy 
produced by non conventional energy sources. Researchers 
used self-excited induction generators in contrast to 
grid-connected induction generators in wind energy 
conversion systems due to their capability to generate power 
for a wide range of operating speeds [8]. 

In the SEIG, the excitation current is supplied by the 
capacitors connected across its terminals. The terminal 
voltage is regulated against changing the speed and load 
conditions, by changing the terminal capacitance and the 
variation of the frequency depends on the operating speed 
range [3]. The application of power semi conductor devices, 
and controlled converter circuits has resulted in suitable 
regulating schemes for self excited squirrel cage generators 
[4]. The above papers did not mention about the reduction of 
ripples in active power, reactive power and power factor at 
grid [7]. This paper exploits the possible ways to reduce the 
ripples at the grid and the power factor control scheme design 
such that at rectifier unit that the rectifier will (a) operate at a 
unity power factor when it is achievable and (b) produce the 
highest possible power factor when the unity power factor 
operation is not achievable.  

The system we tested has the following components: 
• a wind turbine; 
• a three-phase, 3-hp, squirrel cage induction generator 

driven by the wind turbine; 
• various sets of capacitors to provide reactive power to 

the induction generator; 
• a three-phase diode bridge to rectify the current 

provided by the generator; 
• a power factor loop; 
• a shunt capacitor to smooth the dc voltage ripples;   
• a three-phase Hybrid nine level inverter to convert the 

power from the dc bus to the utility. 
 

II. PROPOSED SYSTEM  
In the proposed system, a power generation system 

consisting of a wind turbine with SEIG connected to the grid 
through a power electronic converter and a power factor loop 
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The excitation capacitance required and frequency of the 
SEIG can be calculated from the equations 

A4  f 4+A3 f 3+A2 f 2+A1 f 1 +A0=0      (15) 

C= ௔௙ା௕
௖௙యାௗ௙మା௘

             (16) 

The constants are as given in APPENDIX. 

C. Electronic Power Factor Control Loop Model 
Three phase uncontrolled bridge rectifier is used to convert 

the variable voltage, variable frequency at the induction 
generator terminal into rectified dc voltage [3]. To simplify 
the analysis, all the diodes are assumed to be ideal (no power 
losses or on-state voltage drop). 

The dc voltage Vd contains six pulses (humps) per cycle of 
the supply frequency. The rectifier is, therefore, commonly 
known as a six-pulse rectifier.  

The average value of the dc voltage can be calculated by 

     ௗܸ=ቂଷ√ଶ
గ

ቃ ቂ√ଷ
√ଶ

ቃ × ௗܸ௖× ߟ௜                 (17) 
The PWM current is in phase with the supply voltage Vs 

while the line current Is leads Vs by the power factor angle. 
The input power factor of the rectifier is then given by 

PF = DF × cosΦ = cosΦ              (18) 
where the distortion power factor DF is assumed to be unity, 
which is based on the fact that the waveform of the line 
current is close to sinusoidal. Under this assumption, the 
control of the power factor is essential to control the 
displacement power factor of the rectifier. The input power 
factor can be improved by increasing the delay angle α 
between PWM current Iw and Vs and in the meanwhile 
increasing the modulation index ma to compensate the dc 
voltage reduction due to the increase of α. The dc voltage is a 
function of ma and α, given by 

Vd = √ଷ
ଶ

VLL ma  cosα            (19) 
To achieve a unity power factor operation, the delay angle 

should satisfy 
ߙ ൎ sinିଵ ூ೎

ூೢ
ൎ sinିଵ ఠ஼೑௏ೞ

௠ೌூ೏
        (20) 

Here the voltage drop on the line inductance is neglected. 
A power factor control scheme presented in this paper is as 

shown in Fig.4. 
 

 
Fig. 4. Block diagram of power factor control scheme. 

 
There exist two control loops. In the ma control loop, the 

generated voltage Vs and line current Is are detected though a 
low-pass filter (LPF) and then sent to the power factor angle 
detector. The detected power factor angle is compared with 
its reference Φ*, which is normally set to zero, demanding a 
unity power factor operation. The resultant error signal ΔΦ is 
used to control modulation index ma through a PI regulator. 
In the α control loop, the detected dc current Id is compared 

with its reference Id
*.The error signal ΔI is then sent to a PI 

for delay angle control. The dc current is essentially 
controlled by both ma and α. The PWM generator produces 
the gate signals for the GCTs in the CSR based on calculated 
modulation index ma and delay angle α. The voltage zero 
crossing detector (VZD) provides a reference for the delay 
angle control. The control scheme can guarantee that the 
input power factor of the rectifier is unity when it is 
achievable. Assuming that the line current Is leads the supply 
voltage Vs by an angle due to a change in load, an error signal 
ΔΦ is generated. This error signal results in a higher 
modulation index ma, which boosts the dc voltage Vd .The 
increase in Vd  makes the dc current Id rise, which causes the α 
control loop to respond. The control loop tries to bring Id back 
to the value set by Id

* by increasing α. The increase in α 
causes a reduction in Φ, which improves the input power 
factor. This process continues until the unity power factor is 
reached, at which the power factor angle Φ equals zero, the 
phase displacement error ΔΦ equals zero, the dc current Id 
equals Id

*, and the rectifier operates at a new operating point. 
When the rectifier operates under light load conditions, the 

unity power factor operation may not be achievable. Similar 
to the case discussed above, the modulation index ma keeps 
increasing due to ΔΦ, and in the meantime the delay angle α 
also keeps increasing for the dc current adjustment and power 
factor improvement. 

Since ΔΦ will not be reduced to zero, the process 
continues until the PI regulator in the ma loop is saturated, at 
which ma reaches its maximum value ma,max and the delay 
angle α also reaches a value that produces the highest 
possible input power factor while maintains Id at its reference 
value. Obviously, the transition between the two operation 
modes, the unity and maximum power factor operations, is 
smooth and seamless. No extra measures should be taken for 
the transition. 

It is worth noting that the power factor control scheme 
does not require any system parameters, such as the values of 
the line inductance or filter capacitor. Variations in the line 
inductance due to the power system operation or the changes 
in filter capacitor size do not affect the process of tracking 
unity or maximum power factor, which is desirable in 
practice. 

D. Multi Level Inverters 
The diode clamped multi level inverters are used to 

eliminate over voltage stress and reduce the switching 
frequency. By increasing the voltage levels of the inverter 
reduces the switching losses. To connecting the switching 
devices in parallel connections it leads to higher current 
levels. Multilevel inverter topologies are based on this 
principle, and therefore the voltages applied to the devices 
can be controlled and limited. Then number of H bridges is 
formed as 4.The no of bridges is equivalent to ௠ିଵ

ଶ
   where n 

is the no of levels (here 9)[6] and the no of carrier waves for 
PWM control is equal to (m-1) overall for the positive and 
negative gate pulse generators. The range of the modulation 
index of the inverter is 0≤m≤ ଶ

√ଷ
.The number of output phase 

voltage levels is M=ேିଵ
ଶ

.  
The total number of active switches (IGBTs) used in the 

CHB inverters can be calculated by Nsw = 6(m – 1). 
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III. RESULTS AND DISCUSSIONS 
In this chapter, the CSR with power factor control loop 

interfaced in between wind driven SEIG fed nine levels 
H-bridge inverter for wind power conversion scheme and 
grid has been explained with the simulation results. The Fig. 
5 shows the simulation model of the SEIG with grid. The d-q 
model of the self-excited induction generator is used to 
understand the all characteristics behavior of the generator 
system. The SEG voltage, rectifier voltage, inverter output 
voltage, current waveforms and p.f with grid has been 
discussed with help of simulation results.  

The output voltage of SEIG depends upon the wind 
velocity, excitation capacitance value and wind fluctuations. 
Excitation capacitors are used to reduce the reactive power 
burden of self excited squirrel cage induction generators. The 
variable magnitude and variable frequency output is given to 
the H bridge converters. This inverter produces a required 
voltage with low harmonic distortion compared with other 
traditional inverters. The generated voltage of SEIG is shown 
in Fig. 6. The voltages Va, Vb, Vc are as shown in Fig.6 which 
are out of phase with 1200 with the magnitude of 390 V. The 
generator produces 390 V which is fed back to the 
uncontrolled rectifier. The rectifier output voltage is 390 V. 
Fig. 7 shows rectifier voltage applied to the inverter. Since all 
the switches are assumed to be ideal switches there is no 
losses in circuit. A D.C link capacitor of 450μF in parallel 
with the diode maintains the voltage at a voltage of 390 V. As 
the speed is increasing the voltage builds up starts early as a 
result of mutual inductance variation. It reaches to its 
saturation value early increasing the steady state voltage. As 
the mutual inductance is depends on magnetizing current 
which in turn depends on direct axis and quadrature axis 
current, which is continuously increasing till the voltage 
reaches steady state, drawing more reactive power.  

Fig. 7 and Fig. 8 shows the waveforms of dc current id and 
delay angle α, measured from a laboratory single-bridge CSR. 
The rectifier has a total line inductance of Ls = 10H, filter 
capacitance of Cf = 450μF. It operates at a dc current of with a 
switching frequency of 360 Hz for the 5th and 7th harmonic 
elimination. Under this operating condition, the rectifier 
cannot achieve unity power factor operation since the PWM 
current is not high enough to fully compensate for the leading 

capacitor current of Ic = 1A. The PI regulator in the ma control 
loop is saturated, keeping ma at its maximum value of 1.03. 
The delay angle α is adjusted by its PI regulator to 67°, at 
which the dc current Id equals I*d = 1A and the power factor 
p.f equals 0.93 (leading), which is the maximum achievable 
value. When the load current is increased from 1 to 2A by a 
step increase in I*

d, the rectifier is able to achieve unity power 
factor operation since the PWM current is now sufficiently 
high to compensate the leading capacitor current. The load 
current Id rises from 1A to 2A, the delay angle α decreases 
from its original value of 67° to 35°, and the modulation 
index ma falls from its maximum value to 0.96, at which the 
rectifier operates at the unity power factor.  

Fig.10 shows the PWM gate pulses given to CSR after 
power factor loop. 

Fig.11 shows the power factor profile for the rectifier 
operating at a dc voltage of 390 V and filter capacitor of 
450μF. With simultaneous ma and α control, the rectifier can 
operate with a unity power factor in Region A. When the 
unity power factor is not achievable under light load 
conditions, the controller can produce a highest possible 
power factor as shown in Region B. It is clear that the 
combination of the ma and α control significantly improves 
the input power factor of the rectifier. 

Fig.12 and Fig.13 shows the waveforms of the supply 
voltage Vs, line current Is when the rectifier reaches the unity 
power factor operation, where the line current Is is in phase 
with the supply voltage Vs. 

The active and reactive power at the grid without power 
factor loop are as shown in Fig.14.The active and reactive 
power at the grid are varying 180to220Watts and -35 to 
-50VAr respectively. The active and reactive power reaches 
to steady state values at 0.3seconds.There is almost constant 
variation in generated active power to received active power 
at the grid. But there is larger variation in the reactive power. 
The generated reactive power is more than that of the 
received reactive power at the grid. This is due to the D.C link 
capacitor .Some reactive power is taken by the D.C link 
capacitor and hence the reactive power at the grid is 
decreased. There are more ripples in the waveform of active 
and reactive power at the grid without use of power factor 
control loop. 

 

 
Fig. 5. Simulink model of SEIG with grid. 
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Fig. 6. SEIG generated voltages 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       Fig. 7. Rectifier voltage. 
 

 
Fig. 8. Output current at rectifier. 

 

 
Fig. 9. Delay angle at power factor loop.  

 
Fig. 10. Gate pulses at rectifier unit. 

 

 
Fig. 11. Rectifier power factor.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Supply voltage to rectifier. 
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Fig. 13. Line current to rectifier. 

 

 
Fig. 14. Active and reactive power received by grid without control loop. 

 
The power factor at the grid without power factor loop is as 

shown in Fig.15.The p.f is varying between 0.7 to 0.8.The p.f 
reaches to steady state at 0.2seconds.As reactive power is 
decreased and having a constant active power the p.f at the 
grid is increased. The p.f at the grid is of more harmonics in 
it.  

 

 
Fig. 15. Power factor at the grid without control loop. 

 
The variation of p.f is also having more harmonics. These 

harmonics can be reduced with the power factor control loop 
used at the rectifier unit. The active power, reactive power 
and power factor variation is as shown in Fig.16&17.With the 
use of this control loop there is no variation in the magnitude 
of the active power where as there is a change in the reactive 
power and power factor. The advantage of using the power 
factor loop is, there is reduction in the harmonics of active 
power, reactive power and power factor at the grid. By 
varying the PI control parameters, modulation index and 
delay angle the reactive power magnitude can be controlled. 
Due to this there is a variation in the power factor. Here it is 
observed that the reactive power received by the grid is 
increased and the power factor at grid is 0.96. 

 
Fig. 16. Active and reactive power received by grid with control loop. 

 

 
Fig. 17. Power factor at the grid with control loop. 

 
The active and reactive power at the grid with power factor 

loop is as shown in Fig.16.The active and reactive power at 
the grid are 200Watts and -50VAr respectively. The active 
and reactive power reaches to steady state values at 
0.2seconds.The power factor at the grid with power factor 
loop is as shown in Fig.17.The p.f is 0.96.The p.f reaches to 
steady state at 0.2seconds.As reactive power is decreased and 
having a constant active power the p.f at the grid is increased. 
The p.f at the grid is of more harmonics in it.  

Here it can be observed that due to the power factor control 
loop the p.f is increased, the harmonics are reduced and it is 
observed that the p.f is improved from generated end to the 
received end. Due to this power factor loop at the rectifier 
unit the unity power factor is achieved at the input of the 
rectifier unit and hence there is no much more change in the 
reactive power and the active power at the grid but due to this 
loop the harmonics can be reduced. 

The active and reactive powers at grid are 120W and 
-50VAr respectively.  

 

IV. CONCLUSIONS 
The modeling and simulation analysis of wind driven 

SEIG with power factor loop at rectifier unit, results are 
tested with the grid. The SEIG in its no load condition 
generated a phase voltage of 390 V at a speed of 1650 rpm. 
For a wind velocity of 6.5 m/s, the proposed inverter 
produced an output voltage of 390 V were obtained for grid 
connected SEIG driven by wind turbine. The required output 
voltage and active, reactive powers were obtained for a wind 
velocity range of 6.5m/s. From the simulation it is confirmed 
that as there is any variation in the excitation capacitance at a 
particular speed, voltage builds up faster and the magnitude 
of the voltage increases due to the availability of more VAr. 
The output voltage is controlled to give a constant voltage by 
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D.C/A.C link .With the use of the power factor control there 
is an improvement in the p.f. The ripples in the p.f are 
eliminated with the use of the p.f loop can be maintained to 
0.96 p.f. Due to this power factor loop at the rectifier unit, 
maintained at unity power factor, there is no change in 
magnitude of the active and reactive power, which can be 
treated as the disadvantage. But due to power factor loop the 
harmonics in the active power, reactive power and power 
factor can be decreased up to 13th harmonic. From the FFT 
analysis it is also observed that PWM generates less 
harmonic distortion (2.55 %) in the output current and more 
efficient use of inverter voltage. The performance 
characteristics of the wind turbine SEIG are improved due to 
the closed loop condition and hence results in improved load 
performance. 

 
V. APPENDIX 

• The induction machine was three, phase3.5kW, 415V, 
7.5A, 1500r.p.m, star connected stator winding. A 3-Φ 
variable capacitor bank or a single capacitor was 
connected to the machine terminals to obtain 
self-excited induction generator action. 

The measured machine parameters were: r1=11.78Ω; 
r2=3.78Ω; L1=L2=10.88H. Lm=227.39H 
• To compute the coefficients A4 to A0 of equation(10),the 

following equations are first defined: 
a=2πk(LMr1+L1r1+L2r1+LMr2+Lr2+rLLM+rLL2); 
b=-2 πN×rL(LM+L2) 
c=-8π3k(LLMr1+LL2r1+LLMr2-rLL1LM-rLL2LM) 
d=-8 π3N(rLL1LM+ rLL2L1+ rLL2LM+LL2LM) 
e=-2πkrLr1r2 
g=-4π2k(L1LM+L1L2+L2LM+LLM+LL2) 
h=4π2N(L1LM+L1L2+L2LM+LLM+LL2) 
i=r1r2+rLr2 
j=-16π4k(LL1LM+LL2LM+LL2L1) 
l=16π4N(LL1LM+LL1L2+LL2LM) 
m=4π2k(Lr1r2+rLLMr1+rLL1r2+rLL1r2+rLL2r1+rLLmr2) 
p=-4π2NrLLMr1; 
A4=cg-aj 
A3=dg+hc+al-bj; 
A2=eg+hd+ic-ma-bl; 
A1=he+id-pa-bm 
A0=ie-bp; 

• Air gap voltage: 
The piecewise linearization of magnetization characteristic 

of machine is given by: 
E1=0         Xm ≥260 

E1=1632.58-6.2 Xm   233.2≤ Xm  ≤260 
E1=1314.98-4.8 Xm   214.6≤ Xm ≤233.2 
E1=1183.11-4.22 Xm  206≤ Xm ≤214.6 
E1=1120.4-3.9.2 Xm   203.5≤ Xm ≤206 
E1=557.65-1.144 Xm  197.3≤ Xm ≤203.5 
E1=320.56-0.578 Xm  Xm ≤197.3 
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