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ABSTRACT

This paper presents the steady-state analysis of the three-phase self-excited induction generator (SEIG). The three-phase

SEIG with a squirrel cage rotor is driven by a variable-speed prime mover (VSPM) or a constant-speed prime mover

(CSPM) such as a wind turbine or a micro gas turbine. Furthermore, a PI closed-loop feedback voltage regulation scheme
of the three-phase SEIG driven by a VSPM on the basis of the static VAR compensator (SVC) is designed and evaluated
for the stand-alone AC and DC power applications. The simulation and experimental results prove the practical
effectiveness of the additional SVC with the PI controller-based feedback loop in terms of its fast responses and high

performances
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1. Introduction

Over the past twenty years, many researchers have
analyzed the steady-state performances of the three-phase
SEIG on the basis of its approximate equivalent circuit.
The steady-state analysis of the three-phase SEIG driven
by a constant-speed prime mover (CSPM) uses the nodal
admittance approach and the series impedance approach
with the following reasonable assumptions: /%!

- Iron losses are negligible.

- Only fundamental M.M.F. waves are considered.

- Resistances and reactances of the three-phase induction
machine are constant, except for the magnetizing

reactance.
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- The rate of change in the parameters and variables of the
equivalent circuit is extremely small, so that the
steady-state equivalent circuit can be used.

Using an iterative technique, the steady-state analysis of
the three-phase SEIG driven by a variable-speed prime
mover (VSPM) has been carried out in reference!®. All
parallel branches of the three-phase SEIG approximate
equivalent circuit are converted to its equivalent series
branches. This technique cannot be applied for the
steady-state analysis of the single-phase SEIG driven by a
VSPM"L.

The terminal voltage of the three-phase SEIG with
variable loads can be maintained at a constant value by
adjusting the value of the excitation capacitance or by
controlling the prime mover speed. Adjustment of prime
mover speed is not always possible. Therefore, the
appropriate method is keeping the adjustment of the
capacitor value continuous. The adjustable excitation
capacitor value can be achieved by many control strategies
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(6121 'Some of these

using power electronic technology
proposals use inverters and field-orientation algorithms to
excite and control the induction generator. That enables
stiff voltage regulation and high efficiency. As a drawback,
the field orientation requires costly and unreliable
mechanical position sensing systems as encoders or
resolvers. There are other proposals that do not require
position-sensing systems. Some of them are based on a
shunt-connected PWM voltage source inverter, supplying
constant frequency voltage, and some others supplying the
reactive current to the induction generator by a capacitor
bank and an inverter simultaneously based on the
instantaneous reactive power theory!"""'?. The voltage
regulation of the three-phase SEIG driven by a CSPM
using static VAR compensator (SVC) of the thyristor
controlled reactor (TCR) with a fixed capacitor(FC) has
been presented as an experimental work in reference!®.
This paper describes an effective algorithm for
evaluating the steady-state performance analysis of the
three-phase SEIG driven by a VSPM or a CSPM based on
its equivalent circuit as a promising stand-alone power

supply in a rural district. In addition, the simulation and

experimental results of the closed-loop feedback with the
PI controller, using the SVC for the terminal voltage
regulation of the three-phase SEIG driven directly by the
VSPM, are established and discussed for the stand-alone
AC and DC utilizations.

2. System Description

The schematic system diagram of the three-phase SEIG
voltage regulation, based on the SVC controlled by a PI
controller in the feedback loop, is shown in Fig.1. The
three-phase SEIG is excited by the SVC composed of the
TCR in parallel with the thyristor switched capacitor(TSC)
and the FC. The generated output voltage of the induction
generator can be directly connected to the load facility
installation and equipment that are non-sensitive to the AC
frequency. These include an electric heater, a battery
charger, battery energy storage, and super capacitor
energy storage using a rectifier circuit as shown in Fig.1.
Table ! indicates the design specifications with the
parameters of three-phase SEIG and the constant circuit

parameters of the proposed voltage regulation system.
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Fig.1 Schematic system configuration of three-phase SEIG with Static VAR compensator for AC and DC applications.



AC and DC Applications of Induction Generator Excited by --- 171

Table 1. Design Specifications and Circuit Parameters.

Items Machine Rating and Machine Parameters
Rated Voltage 220V
Three-Phase Rated Power 2kW
Star Connected Number of Poles 4
Induction Machine | Induction Machine Parameters at 50 Hz
with Squirrel Cage [ R =0.517 ohm X,=1.0063 ohm
Rotor R,=0.517 ohm X>=1.0063 ohm
Xrcr at 50 Hz; Lyer 20 ohm, 0.064 H
SVC composed of | X atS0Hz;C 13 ohm, 244 uF
FC, TCR &TSC Xrsc at 50 Hz; Crsc 64 ohm, 50 gF
Kp 0.38
PI Controller K, 12.5
Cr 2000 pF
Low Pass Filter L 100 mH
T, 120
VSPM (dc Motor) v, 133

3. Variable-Speed Prime Mover Characteristics

The mechanical output power P, of the VSPM is

defined as “HS],

P, = (T, —V,0)®,L (1)

where V(V=N/N,) is the per unit speed of the VSPM, N
and N; are the rotor speed and the three-phase SEIG rated
synchronous speed in rpm, respectively. @, is the rated
synchronous angular speed. T, and v, respectively are the
torque - speed coefficients of the VSPM characteristics. In
experiment, a controllable dc motor is used with a
constant armature voltage and a field current control. Fig.2
illustrates the effect of the field current control on the
torque-speed characteristics of the VSPM.

4. Static VAR Control with Pl Controller for
Three-Phase SEIG Voltage Regulation

The fundamental component of the inductive current
through the TCR is defined as™> !'*,

Itcgri = Brer (0)V, (2)

The equivalent inductive susceptance Brcr(0) is given
by“SJ,
G —Sinc

Brcr (0) = —;tX— (3)
TCR

where Xrcris the per-phase reactance of the TCR.
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Fig.2. Torque-speed characteristics of VSPM.

The relationship between the conduction angle ¢ and

the thyristor triggering delay angle o is'",

o
O+—=T7 4
2 )

The TSC is switched on when the rms terminal voltage
of the SEIG is less than the rms reference voltage(220 V)
and the triggering delay angle ¢ of the TCR o=n.

The output signal E.(s) of the PI controller expressed in
the discrete form is indicated by,

E (k) = E. (k= D)+ (K, + T,K[V,er (k) = Vip (k)]

(5)
—Kp[Viep (k=1) = V, (k= 1)]

where [V#(k)-V(k)] is the voltage error at sampling
time k, [Ve(k-1)-Vy(k-1)] is the error signal at sampling
time (k-1), T is the sampling period. Kp and K are the
Proportional and Integral gains of the PI controller,
respectively.

5. Steady State Analysis of Three-Phase
SEIG with Static VAR Compensator

The per-phase approximate equivalent circuit of the
three-phase SEIG, excited by the SVC, is depicted in
Fig.3'). The equivalent susceptance Brcr(o) of the TCR
and the capacitive reactance Xrpgc of the TSC are
connected in parallel with the fixed excitation reactance
XcB The term (f-v) is extremely small. As a result, the
term (X,?) could be substantially neglected as compared
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Fig.3. Per-phase approximate equivalent circuit of three-phase
SEIG excited by SVC(FC,TCR & TSC) in steady state.

with [Ry/(f-v)*]. The mechanical input power P; of SEIG
can be written as,

2 —_—
P - _3E_x(.f_% ©)
R\ £

where E, is the air gap voltage per phase, R, and X; are
the resistance and leakage reactance of the rotor winding
used in the SEIG stator winding, respectively. f is the per
unit frequency (f=F/50.0, F is the output frequency of the
SEIG).

By making a mechanical power balance through
equating Equation (6) to Equation (1). The per uait speed
 can be obtained as follows:

_ R,0,7y +3E]
R,0,v,f +3E7

)

By applying the impedance approach on the per-phase
approximate equivalent circuit of the SEIG with SVC
shown in Fig.3, the following equation can be defined as,

Zrm'f' qu+ qu = O (8)

where Zm , Zmg and Zg are described by

considering the equivalent circuit shown in Fig.3 and
defined as (A1), (A2) and (A3), respectively in Appendix.

The two non-linear simultaneous equations of the
magnetizing reactance X, are obtained by equating the
imaginary and real parts of Equation (8) to zero and
arranged as follows,

Co +Cf +Cof 2+ Cof? +C f* +C5f°

Xy = 2 3 ) 5
+AT+AL +AL T +A LS+ AS
| 9 3 4 5

m

9

Dy +Dyf +D,f % +Dyf? + D, f* + D5t
(Bp +B,f +B,f2 +B,f)f?

(10)

m

Through equating Equation (9) and Equation (10), the
10™ degree polynomial equation is derived by,

Yiof 1+ Yof ? + Ygf 8 + Y 7 + Y & + Yf 2

+Y 4 Y 7 2 = (4o
4 7+ Y +Y f+Y, =0

where the real coefficients from Y, to Yy, expressed in
terms of constants A; (i=0~5), B; (j=0~3) , C; (k=0~5) and
Dy (1=0~5) are indicated in Appendix.

The per-unit frequency f can be determined from
Equation(11) by using the Newton Raphson method with
the initial value(tTy/vg). By substituting the per-unit
frequency f into Equation (9) or Equation (10), the
magnetizing reactance X, can be estimated. The air gap
voltage E; is evaluated from the magnetization
characteristic, which is the relationship between the air
gap voltage E, and the magnetizing reactance X, The

magnetization curve obtained from the no-load test is

expressed by,
2072-3.77X,, X, <242
E, =<541L7-1779X,, 242<X, <265 (12)
0 X, 2265

The SEIG performances can be evaluated by using its
per-phase approximate equivalent circuit shown in Fig.3.

6. Simulation and Experimental Results

6.1 Operating performances of SEIG with VSPM

The steady-state analysis of the three-phase SEIG
driven with a VSPM is derived by neglecting the
per-phase equivalent inductive susceptance [Brcr(c)=0] of
the TCR and the TSC capacitive reactance (Xrgc=0). A
feasible prototype of the three-phase SEIG driven directly
by a VSPM represented by a separately controlled excited
dc motor is built and tested. Fig.4 shows the no-load
generated terminal voltage vs. the excitation capacitance,
which is above the minimum value required to build up
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“he terminal voltage of the three-phase SEIG driven by a
'/SPM. The terminal voltage of the three-phase SEIG
Iriven by a VSPM with a certain
(10=120, ve=133) increases with the
Xcitation capacitance and also by increasing the prime
mover speed by changing the torque-speed characteristic
irom (=120, ve=133) to (13=110, Ve=112) as illustrated
n Fig.2. Fig.5 indicates the variations of the output
‘requency of the three-phase SEIG driven by a VSPM
.gainst its excitation capacitance at no load with different
torque-speed characteristics. The output frequency of the
three-phase SEIG decreases by increasing the excitation

torque-speed
haracteristic

apacitance from 150 UF to 350 uF at certain torque-speed
coefficients (15=120, V=133 where the VSPM speed
Jecreases in accordance with the torque-speed
haracteristic of the VSPM shown in Fig.2) and increases
inearly by increasing the speed as with other torque-speed
zoefficients (Tg=110, ve=112). For an inductive load with
t 0.8 lagging power factor, a specified torque-speed
oefficients (tg=120, vy=133) and various excitation
:apacitances (C=194 uF, 244 uF, and 294 pF per phase),
7ig.6 illustrates the induction generator terminal voltage
sariations with the inductive load power calculated from
:he simulation and experimental results. Fig.7 represents
the VSPM speed variations due to the inductive load
nower changes vs. the terminal voltage of the three-phase
SEIG. Fig.6 and Fig.7 indicate that the terminal voltage
ind the prime mover speed decrease as the inductive load
nower increases in accordance with the torque-speed

>haracteristic of the VSPM
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6.2 Operating performances of SEIG with CSPM
With a constant speed or relative rotor speed v, the rotor

impedance f‘r , defined only as a function of the relative

rotor speed v in (A5) in Appendix and referred to in the
stator winding side of the three-phase SEIG shown in
Fig.3, can be represented with setting Gy=0, G1=R;, Gy=-v
and Gs=1. While the equivalent excitation capacitive
reactance Xgyc of the SVC defined as (A4) in Appendix
can be simplified and expressed only as a function of the
fixed excitation capacitive reactance Xc by neglecting the
inductive susceptance [Brcr(0)=0] of the TCR and the
TSC capacitive reactance (Xrsc=0), the result will be only
the fixed excitation capacitive reactance (Xc/).

For the three-phase SEIG driven by a CSPM with
differing constant speeds of N=1400 rpm, N=1300 rpm
and N=1250 rpm, Fig.8 shows the no-load generated
terminal voltage vs. the eXcitation capacitance
characteristics which are selected to be chosen above the
minimum value required to build up the three-phase SEIG
terminal voltage. The terminal voltage of the three-phase
SEIG increases by increasing the capacitances of the
excitation capacitor bank at a constant speed and also
increases with increasing the CSPM speed. Fig.9 indicates
the variations of the output frequency of the three-phase
SEIG against its excitation capacitance with differing
constant speeds of N=1400 rpm, N=1300 rpm and
N=1250 rpm. The output frequency of the three-phase
SEIG slightly changes with the increasing excitation
capacitance as compared to the three-phase SEIG coupled
by a VSPM shown in Fig.5 and increases linearly by
increasing the CSPM speed. Fig.10 provides the load
characteristics of the three-phase SEIG terminal voltage
with the output power for a fixed capacitance of the
excitation capacitor bank at a constant speed of N=1300
rpm when supplying an inductive load with a 0.8 lagging
power factor. The terminal voltage variations are shown in
the same figure for three values of excitation capacitances
(C=244uF, 294uF and 344UF per-phase). The terminal
voltage of the three-phase SEIG drops by increasing the
inductive load. The output power increases with the
CSPM more than with the VSPM. Fig.11 shows the output
frequency variations of the three-phase SEIG against the
inductive load power for an inductive load with 0.8
lagging power factor, a fixed excitation capacitance

C=294uF and different values of constant speeds. The
output frequency of the three-phase SEIG drops from the
no load to the full load which means that the output
frequency of the three-phase SEIG changes with the load
power variations but with small variation ranges. The
frequency variations increase with the inductive load
power demand.

6.3 Setting voltage changes

The reference voltage changes are applied to test the PI
controller parameters designed for the closed-loop
terminal voltage regulation scheme. For an inductive load
with 0.8 lagging power factor and a fixed excitation
capacitance connected in parallel with the TCR, the digital
simulation results and experimental results are depicted in
Fig.12 and Fig.13 respectively.
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6.4 SEIG voltage regulation characteristics

With the fixed excitation capacitance parallel with the
TCR, Fig.14 illustrates the terminal voltage response and
the thyristor triggering delay angle response of the TCR
due to the inductive load variations. The load impedance
components have been increased from (R;=90 Ohm and
X1 =68 Ohm; i.e. less than the full load) to (R;=1000 Ohm
and X; =750 Ohm i.e. no load) and then decreased to
(R.=100 Ohm and X;=75 Ohm). For the full-load, the
thyristor switched capacitor(TSC) is switched on with the
fixed capacitor(FC) and TCR. Fig.15 illustrates the
simulation results of SEIG terminal voltage response and
thyristor triggering delay angle o of the TCR due to the
inductive load variations with a 0.8 lagging power factor
under the conditions of decreasing component values from
(R.=1000 Ohm and X;=750 Ohm) to (R;=75 Ohm and
X1=56 Ohm). At the same time, the simulation responses
of the SEIG frequency and the speed of the variable-speed
prime mover are depicted and magnified in Fig.16. The
frequency mainly changes due to the variable speed prime
mover and the full load. The controlled inductive
susceptance of the TCR mainly depends on its triggering
"I To minimize the harmonics, the TCR
inductor and TSC capacitor are designed with the idea that
the triggering delay angle of the TCR is small and closes

delay angle

to m/2 with respect to the zero crossing output voltage
waveform*. The TSC unit switches on and off along
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with the inductive load variations. The SEIG operation
required a capacitive excitation current for building up its
voltage so that the TCR current is very small when
compared to the fixed capacitive excitation current, as is
illustrated in Fig.17.

Fig.18 and Fig.19 depict the measured SEIG voltage
regulation response and the TCR trigging angle response
due to the inductive passive load variations under the
above conditions mentioned of increasing and decreasing
load impedance using the SVC composed FC in parallel
with TCR and then switching on the TSC parallel to TCR.
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7. Conclusions

This paper introduced an effective algorithm for the
steady-state analysis of operating performance evaluations
based on the approximate equivalent circuit of the
three-phase SEIG driven directly by a VSPM or a CSPM
for the wind turbine or the micro gas turbine. In addition,
this paper dealt with the SVC for the voltage regulation of
the three-phase SEIG driven by the VSPM. The inductive
load changes and reference voltage variations were
applied to build and test the proposed SVC-based
feedback control implementation system. A three-phase
SEIG prototype set-up excited by SVC was established.
The feasible
three-phase SEIG performance satisfactorily agreed with

experimental characteristics on the

those obtained from the digital simulation results.

Appendix
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To=- Xck (Ri+R+R X Breg+R X Brer),
Tr=R XLR1X],

Co=GoTo+GrX,Fy,

C=G,To+G:X,Fo,

Co=GoTr+G2X,F,,

Ci=G T +G3X,F,,

C4=GrX,F,,

C5=63X2F4,

A¢=-GoRy. Xcg Brer+G,Fo,

A=-G\Ry Xcg Brert+GsFo,

A=GoX5 Xcg (XLBrer+1)+GoR1+G,F,,
A3=G3X; Xcg (XiBrer+1)+G iR +G3F,,
A=-G XX +GoF,,
As=-G3: XX +G3F,,

Do=GoFy, D1=G/F,,

D,=GoF,-G>X, Ty,

D3=G\F,-G3X, T,
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D.,=GoF;-G, X, T,

Ds=G Fs-G3X, T,

Bo=Ga(To-RiX:XcEBrer)-GoXce(XiBrer+1),

B 1 =G3(T0'RLX2XCEBTCR)'G1 XCE(XLBTCR+ 1 ),

By=G(Tr#+R X2)+GoX,

B3=Gs(To+R X)+G X,

Yo=AoDo,

Y =AqD+A Dy,

Yo=AgDy+AD1+A;D+BoCy,

Y3=A¢D3+ADy+A,D+A3D+BC1+B,Cy,

Y =A¢Ds+A1D3+A;D5+A3D1+ A Dg+BoCy+B C+B,Cy,

Ys=AoDs+A | Dy+AD3+A 3D+ A4Dy+AsDo+BoCs+B,C,
+B,C+B3C,y,

Ye6=A|Ds+A;Ds+A3D3+ADy+A5D+BoCy+BC3+B,C,
+B,C,,

Y7=A;Ds5+A3D4+A4D3+AsDy+BoCs+BCy+BoC3+B3Cs,

Ys=A3D5+A4D4+AsD3+B;Cs+B,Cy+B1Cs,

Yo=A;Ds+AsDy+B,Cs+B3C,,

Yi0=AsDs5+B3Cs,
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