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Abstract. This paper shows the effect of magnetic 
saturation during self-excitation process in an isolated three-
phase induction generator, for a given capacitance and rotor 
speed value. After the steady state condition of a self-excited 
induction generator (SEIG) is attained, an increase of load 
causes a decrease in the magnitude of generated voltage and its 
frequency. Moreover, when a three-phase four-wire generator 
work under unbalanced and/or nonlinear loading conditions, the 
voltage and stator currents are also unbalanced, flows a current 
in the neutral conductor and appears harmonics. 
 
Therefore, a three-phase four-wire active filter is used to 
compensate the harmonics and asymmetries in the stator 
currents caused by the previous type of loads. The control 
strategy of this electronic converter is based in a fundamental 
positive-sequence detector. Finally, for small hydro plants 
applications, the converter incorporate too a dc chopper to 
keeps the load constant on the SEIG, so the generator maintain 
the rated voltage and frequency. 
 
The simulation results show a good performance of the SEIG 
and the electronic converter under different loading conditions. 
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1. Introduction 
 
An externally driven induction machine with an 
appropriate value of capacitor bank can be used as a 
generator [1]. This system is called self-excited induction 
generator (SEIG). The SEIG has many advantages over 
the synchronous generator: brushless (squirrel cage 
rotor), reduced size, rugged and low cost. But the 
induction generator offers poor voltage regulation and its 
value depends on the prime mover speed, capacitor bank 
and load.  
 
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. Normally, in this last 
application, the SEIG generates constant voltage and 
frequency because it is operating at constant load power. 
 
When an isolated SEIG feeds unbalanced and/or non-
linear loads, the three-phase terminal voltage and stator 
currents are also unbalanced and may appear harmonics. 
These increase the power losses, create unequal heating 
and cause torque pulsation on the shaft of the generator. 
Also, the unbalanced three-phase currents yield a current 
in the neutral conductor that involves more power losses 
and heating. 
 
2. System configuration 
 
The proposed system consists of a SEIG driven by an 
unregulated hydraulic turbine. The generator supplies an 
isolated three-phase four-wire load. The voltage and 
frequency control of the system is achieved by an 
electronic converter connected to the generator terminals 
(Fig. 1). This converter is made up of a shunt active filter 
and an electronic load controller. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic diagram of proposed system 
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The SEIG is a three-phase induction machine with a wye-
connected stator winding. Its middle point is connected to 
the neutral conductor. The capacitor bank is connected to 
the other three external terminals. Finally, a prime mover 
rotates the squirrel cage rotor at a speed higher than the 
synchronous speed. 
 
The electronic converter is a static compensator 
(STATCOM). It consists of a four-wire shunt active filter 
(AF) made up of a three-leg split-capacitor boost 
converter [2] and an electronic load controller (ELC) 
made up of a chopper connected to a resistor [3,4].  
 
3. Modeling of the system 
 
A. Induction generator model 
 
The dynamic model of the squirrel cage induction 
generator in the stationary dq0 reference frame is 
described by the following equations [5]: 
 
Flux linkages per second with saturation effect 
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The stator qd0 currents can be calculated as 
 
 

(5) 
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The electromagnetic torque equation is 
 
 

(8) 
 
 
The motion of the rotor is given by 
 
 

(9) 

 
The magnetic saturation is the main factor for voltage 
buildup and its stabilization on SEIG. For machines with 
uniform air gap, the saturated value of the mutual flux 
linkage per second in qd-axes is given by  
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where 
 

(12) 
 
 
Assuming a proportional reduction in the mutual flux 
linkages of the qd-axes (Fig. 2), the value of ∆Ψmq and 
∆Ψmd is determined from the following relationships  
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(14) 

 
 

Fig. 2. Saturation in dq components 
 
While the value of ∆Ψm and Ψm

sat is obtained from the 
terminal voltage versus no-load stator current test (Fig.3). 
 

Fig. 3. Saturation curve of the induction machine 
 
Another way of consider the effect of saturation on SEIG 
is trough the nonlinear relationship between magnetizing 
reactance and magnetizing current in the induction 
machine [6].  
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The model of induction generator, with saturated mutual 
flux linkage per second, is implemented with Simulink 
[7]. It is divided in blocks that consider the 
transformations: abc-qd0 of the stator voltages and qd0-
abc of the stator currents and solve the previous 
equations (1) to (14): stator currents, flux linkages, 
magnetic saturation, torque and rotor speed (Fig. 4). 
 

Fig. 4. Induction generator model implemented in Simulink 
 
B. Electronic converter model 
 
Fig. 5 shows the electrical scheme of the electronic 
converter. This system is made up of a three-phase four- 
wire current controlled voltage source inverter (CC-VSI) 
[8] and a chopper connected to its dc bus. The three-leg 
converter topology with the neutral wire connected 
directly to the midpoint of the capacitors (split-capacitor) 
is preferred due to its lower number of power 
semiconductor devices respected the four switch-leg 
topology. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Electronic converter 
 
The CC-VSI is modeled by three switching functions (SA, 
SB, and SC) to determinate the state of the IGBTs (SAp to 
SCn) in each branch of the bridge. Considering the 
commutation basic rules of converters, the switches of a 
branch must change of complementary form (Table 1). 
As far as the chopper is concerned, SD is the switching 
function to determinate the state of its IGBT.  
 

Table 1. Switching functions of CC-VSI 
 

1 SAp=1 SAn=0 SA 0 SAp=0 SAn=1 
1 SBp=1 SBn=0 SB 0 SBp=0 SBn=1 
1 SCp=1 SCn=0 SC 0 SCp=0 SCn=1 

 

The differential equations of the inverter are as follow 
 

  (15) 
 
 

  (16) 
 
 

  (17) 
 
 
The voltage of the dc bus can be calculated from the 
inductor currents at the VSI and the chopper current. 
 

  (18) 
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  (20) 
 
 
The voltages on the ac side of inverter are described by 
 

  (21) 
 

  (22) 
 

  (23) 
 
The set point of Vdc must be greater than the peak value 
of ac phase voltages in order to generate the desired ac 
line currents. 
 
The dc side currents of VSI and its relationships with the 
ac side currents are expressed by 
 

(24) 
 

(25) 
 

(26) 
 
 
The currents can flow in both directions through the 
switches and capacitors. But the split-capacitor inverter 
topology has a problem with the voltage in the capacitors 
C1 and C2. The total dc side voltage (Vdc) and the voltage 
difference (VC1 - VC2) will oscillate not only at the 
switching frequency of power semiconductor devices, but 
also at the corresponding frequency of the zero sequence 
component current that flow by the neutral wire. 
 
The ac side currents of CC-VSI must to follow its 
reference current. For this purpose the switching patterns 
are generated, by the current controller, according to the 
compared results between the measured ac side currents 
and the reference currents with a small hysteresis band. 
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4. Control scheme 
 
The block diagram of the proposed control scheme is 
shown in Fig. 6. This controller forces the electronic 
converter to compensate the load current and to absorb a 
determinate value of power from induction generator. 
Thus the current supply from SEIG becomes sinusoidal, 
balanced and its active value is maintained constant. 
Therefore, the induction generator provides the active 
power of load and also other active power component to 
regulate the voltage in the dc capacitors. This last 
additional component determines a current value to cover 
the losses in the power converter (switching losses of 
IGBTs, leakage current of capacitors, etc), to supply the 
current of controlled dc load and to follow the new 
conditions imposed to the system. All this power changes 
cause voltage variation on dc bus [9], the slower 
feedback control loop of the dc voltage regulator will 
change the signal iloss to make the active filter 
absorb/supply a fundamental positive-sequence current to 
compensate the above voltage variation. 
 
For the purpose explained above, a PLL block is used to 
determine the magnitude and phase of fundamental 
positive-sequence of the voltage line and the load current 
[10]. From this two magnitudes and its phase difference, 
another block generates the three-phase balanced active 
component of the load current, iLd (a,b,c)*. The difference 
between this value and the measured load current,  

iL(a,b,c), yields the reference current to compensate the 
reactive power, the unbalanced currents and load 
harmonics of four-wire electric system [11].  
 
The total reference currents of electronic converter, 
iC(a,b,c)*, are the sum of previous compensated current 
(active filter part) and other current to absorb by a 
controlled load (chopper part). This last component value 
is the result of the difference between active fundamental 
component of the load current, iLd (a,b,c)*, and active 
fundamental rated current to supplies from SEIG, 
iSd (a,b,c)*. Moreover, this rated current value is 
compensated through a regulator according to voltage 
value in the generator terminals.  
 
The three-phase four-wire currents of VSI are determined 
by a hysteresis band current control. It compares the 
measured ac side currents, iC(a,b,c), and the reference 
currents of the converter, iC(a,b,c)*. 
 
The difference between the active current value that 
SEIG supplies, the active fundamental current of the load 
with and another component from the dc voltage 
regulator iloss are computed to generate the reference 
current iRdc* of PWM current controller. Finally, this 
reference current of PWM controller, a triangular carrier 
waveform and the current through Rdc determine the 
gating signal to switch the IGBT (SD) of chopper.  
 

Fig.6. Block diagram of the electronic converter control 
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5. Simulation results 
 
The SEIG starts its operation with constant rotor speed, 
the capacitor bank connected to its terminals, without 
load and the STATCOM disabled. Fig. 7 represents the 
transient self-excitation process of the induction 
generator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Growth and stabilization of generated voltage and  
stator current of the induction machine. 

 
Whereas Fig. 8 shows de behavior of SEIG under a 
sudden unbalanced load switched at 1.5 seconds and 
electronic converter disabled. In this case, the generated 
voltage and its frequency decrease. Moreover, the three-
phase terminal voltage and stator currents are also 
unbalanced. As a result of this unbalanced currents yield 
a current that flow by the neutral conductor. 
 
When the system reaches the steady state, the electronic 
converter begins its operation before the connection of 
the load to the system terminals. In this way the 
electronic converter, together with its control loops, is 

able to react to the disturbing characteristics of the load 
keeping the right average value, the frequency and the 
shape of the voltage on SEIG terminals. 
 
Fig. 9 shows the response of the system under various 
loading conditions through the plot of next transient 
waveforms: induction generator currents, load currents, 
terminal voltage on SEIG, three-phase currents of 
electronic converter, neutral current of electronic 
converter and average current of chopper.  
 
First SEIG supplies its rated power, but it works without 
load, so the converter consumes all this generated power. 
The left side of Fig. 9 depicts the respective values of 
three-phase four-wire currents in electronic converter and 
average current of chopper. 
 
At 0.27 seconds, a three-phase balanced inductive load is 
connected to generator. This involves a decrease of ac 
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Fig. 9. Transient responses of SEIG and electronic converter under different loading condition 
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Fig. 8. Transient responses of SEIG supplying an 
unbalanced load 



and dc currents on electronic converter. But de voltages 
and currents on SEIG are the same.  
 
Finally, at 0.39 seconds, a variable single-phase nonlinear 
load is connected to the SEIG that is feeding the previous 
three-phase balanced load. The ac line currents of 
converter are unbalanced, so a current flows by its neutral 
conductor. However, the SEIG currents are balanced and 
the line-to-neutral terminal voltages have the same value 
for the three phases.  
 
The results of the simulation are obtained with the 
following parameter values of system: 
- Induction machine 

P = 3 HP, Vs = 127/220 V (∆/Y), f = 60 Hz, 4 poles,  
Rs = 0.435 Ω, R’r = 0.816 Ω, Xls = X’lr = 0.829 Ω, 
Xm = 26.729 Ω. 
 

- Electronic converter 
R = 0.06 Ω, L = 1.2 mH, C1 = C2 = 4000 µF. 

 
- Three-phase inductive balanced load 

Vac = 220 V, P = 900 W, Q = 300 var 
 
6. Conclusions 
 
This paper proposed a controller of a static compensator 
to regulate and to balance the generated voltage of a 
stand-alone SEIG with hydraulic turbine. The converter 
is made up of an active filter and a controlled load. It 
compensates harmonics, reactive power and eliminates 
neutral current. The tested model of three-phase four-
wire SEIG-STATCOM is a powerful tool for study the 
transient and steady state responses of this system at 
different types of loads. The simulated results show a 
good performance and efficiency of the whole system 
under different loading conditions.   
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