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Variable-Speed Prime Mover Driving Three-Phase Self-Excited
Induction Generator with Static VAR Compensator Voltage
Regulation ~Part I : Theoretical Performance Analysis—

Tarek Ahmed*, Schinichro Nagai*, Koji Soshin*, Eiji Hiraki* and Mutsuo Nakaoka*

Abstract - This paper deals with the nodal admittance approach steady-state frequency domain analy-
sis of the three-phase self-excited induction generator (SEIG) driven by the variable speed prime
mover as the wind turbine. The steady-state performance analysis of this power conditioner designed
for the renewable energy is based on the principle of equating the input mechanical power of the three-
phase SEIG to the output mechanical power of the variable speed prime mover mentioned above. Us-
ing the approximate frequency domain based equivalent circuit of the three-phase SEIG. The main fea-
tures of the present algorithm of the steady-state performance analysis of the three-phase SEIG treated
here are that the variable speed prime mover characteristics are included in the approximate equivalent
circuit of the three-phase SEIG under the condition of the speed changes of the prime mover without
complex computations processes.

Furthermore, a feedback closed-loop voltage regulation of the three-phase SEIG as a power condi-
tioner which is driven by variable speed prime movers such as the wind turbine(WT) employing the
static VAR compensator(SVC) circuit composed of the thyristor phase controlled reactor(TCR) and the
thyristor switched capacitor(TSC) controlled by the PI controller is designed and considered for wind-
turbine driving power conditioner.

Keywords: three-phase self-excited induction generator, static VAR compensator, thyristor phase
controlled reactor, thyristor switched capacitor, feedback terminal voltage regulation scheme, power
conditioner, variable-speed prime mover, rural renewable energy and wind turbine-based dc motor

modeling

1. Introduction

From an earth environment point of view, solar photo-
voltaic power generation, wind turbine power generation
and wave turbine power generation have attracted special
interests for renewable and sustainable energy in the rura!
region. Of these, the AC generator driven by the wind tur-
bine which is typically divided into two; synchronous and
induction types has been widely used for utility AC power
interactive and stand-alone systems. The three-phase in-
duction machine with squirrel cage rotor or wound rotor
could work as a three-phase induction generator either it is
connected to a utility AC power distribution line supply or
operate in the self-excitation mode due to the terminal ex-
citation capacitors. The generated terminal voltage and the
frequency of the three-phase induction generator are the
same as the grid voltage and the commercial frequency of
the utility AC power source to which the three-phase in-
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duction generator with the utility interactive transformer or
reactor is connected. The reactive power required for the
three-phase induction generator is to be supplied by the
utility AC power source and the active output power of the
three-phase induction generator is delivered to the utility
AC power source. With a fixed frequency dictated by the
utility AC power source, the three-phase induction ma-
chine starts to become a generation mode when the rotor
shaft speed is above the synchronous speed. The operating
range of the rotor shaft speed is also limited by the slip of
the induction machine. In case of a very high slip, the
winding copper losses increase as the current increases. On
the other hand, in an isolated stand-alone operation in the
rural energy utilization area, the three-phase induction gen-
erator can operate in self-excitation capacitor mode due to
the fixed terminal capacitor. The three-phase self-excited
induction generator(SEIG) determines its own generated
terminal voltage and frequency which strongly depend on
the capacitance of the excitation capacitor, the three-phase
induction machine circuit parameters, the electrical load
constants, and the variable speed of the prime mover. The
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operating speed of the three-phase SEIG generator is ex-
tended without generating excessive loss. The induction
generator with squirrel cage rotor has some advantageous
merits, low cost, simple structure, ruggedness and low iner-
tia and easy to connect to the utility. The renewable and
sustainable energy resources in the rural region such as the
wind energy, the water falling and the wave attitude energy
are made use of driving the three-phase SEIG to build up
the generated terminal voltage via connecting the excita-
tion capacitor bank. The approximate steady-state analysis
in a frequency domain of the three-phase SEIG has been

done with the following assumptions for some papers pre--

sented previously[1-12],

- Iron losses are negligible

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

- Resistance and inductances of the induction machine
are constant, except for the magnetizing inductance. This
one can be described graphically by means of the no-load
curve.

- The rate of change in the parameters and variables of
the equivalent circuit is very small, so that the steady-state
equivalent circuit can be used. Because of the operation on
an isolated network with variable rotor shaft speed, the fre-
quency of the output voltage can no longer be kept con-
stant. These variations affect to both the reactances and the
value of slip for a given speed. To take account of these
variations, all reactances are represented in per unit terms
referred to the values measured at the base frequency (50
Hz), so that any reactance at a given frequency can be de-
noted by X=X,,..*f, where X is the reactance in ohm at the
output frequency F of the three-phase SEIG, Xy is the
reactance at 50 Hz and f=F/50 is the per unit frequency
By dividing all circuit parameters and voltages denoted by
f, the following equivalent circuit is obtained. In this circuit
the slip is defined in terms of the relative frequency f and
the relative rotor speed v where (v=N/Ns), N is the rotor
speed in rpm and N is the synchronous speed =1500.0 rpm
for 50Hz.
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Fig. 1 Per-phase equivalent circuit of the three-phase self-
excited induction generator

From Fig.1, R,, X, Ryand X, are the resistances and the
leakage reactances of the stator winding and the rotor
winding referred to the stator winding side in ohm, respec-
tively, Ry and X are the resistance and the reactance of the
load in ohm, respectively, C is the excitation capacitor ca-
pacitance in farad, X, is the excitation capacitive reactance
in ohm, X, is the magnetizing reactance in ohm, and E;, V,,
Iy, I, Iy and I¢ are the per-phase air gap voltage, the per-
phase terminal output voltage, the per-phase stator current,
the per-phase rotor current referred to the stator side, the
per-phase load current and the per-phase excitation current
of the three-phase SEIG, respectively.

This paper presents an analytical study by utilizing a
nodal admittance approach to illustrate the operation of the
three SEIG driven by a variable speed prime mover in iso-
lated stand-alone operation. The steady-state performance
calculations are presented to support the frequency domain
analysis. In addition, a closed loop PI compensator for the
terminal voltage regulation of the three-phase SEIG driven
directly by a variable speed prime mover is established us-
ing the SVC composed of thyristor phase controlled reac-
tor; TCR and thyristor switched capacitor; TSC.

Possible and effective applications for the power condi-
tioning system in variable-speed generation are currently
under investigation. The generated output terminal voltage
can be directly connected to load facilities and equipments
are non-sensitive to the frequency, which includes a heater,
a battery charger, a double converter etc. as well as can be
connected to a converter to get a fixed-frequency AC out-
put.

2. Voltage Regulation System Description for
Three-Phase SEIG with PI controller-based SVC

With great advances of the power electronic semicon-
ductor switching devices such as the planar gate IGBT, the
trench gate controlled IGBTs as CSTBT and IEGT and
static induction power devices; SIT, SITHs, and IGCT a
reactive power controlling device called static VAR com-
pensator is used effectively. That power controlling device
replaces the conventional mechanical synchronous ac mo-
tors or VAR compensator operates with mechanical contact
switches as well as instantaneous reactive compensator
with current controlled voltage source inverter. The sche-
matic line diagram of the three-phase SEIG voltage regula-
tion used the SVC composed of the TCR and the TSC
which is controlled by a PI compensator is shown in Fig.2,
the three-phase 4 poles, 220 V, 2 kW, Y connected induc-
tion generator is supplied to either resistive or inductive
load. The induction generator excited by the fixed capaci-
tor banks and SVC composed of the TSC and the TCR
which is controlled by the feedback PI controller closed
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Fig. 2 A Schematic diagram of the three-phase SEIG driven by variable speed prime mover with SVC(TCR-TSC/FC

types)controlled by PI controller.

loop circuit designed for regulating the terminal voltage of
the three-phase self-excited induction generator. The in-
duction generator is able to be directly driven by a variable
speed prime mover as the wind turbine used widely in the
renewable and sustainable energy utilizations,

3. SVC with PI Controller For Output Voltage
Regulation

Fig.2 shows the static VAR compensator SVC com-
posed of the thyristor phase controlled reactor TCR is im-
plemented for the output voltage regulation of the three-
phase SEIG. The instantaneous current flowing through the
inductor in the TCR for different triggering angle o is ex-
pressed by[13],

J2v

——' (cosa —cosmt)
Xer
0

asotsa+o

(1

Ipcg (1) =

c+oa<otsa+m

where o is the thyristors delayed angle with respect to zero
crossing voltage waveforms, ¢ is the conduction angle of
the thyristors, Xrcr is the equivalent inductive reactance
of the TCR inductor. V, is the effective value of the three-

phase SEIG terminal voltage. The fundamental component
of the inductive reactor current through the TCR which is
given by the above equation is obtained on the basis of us-
ing the Fourier series expansion,

o-sinc
Irery = Vi )
X 1cr
where
c
a+—=n 3
3 3)

The eqn.(2) can be written as a function of the inductive
susceptance of the TCR,

Irter = Brer (G, 4)
where Bycg is an equivalent inductive susceptance of the

TCR and a function of the conduction angle o(rad) and it is
given by,

c—sinho
Bycg (0) =
X rcr

(3)
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Observing eqn.(5), the maximum value of Brcr is 1/Xtcr
and occurs when o is equal to 7 i.e. o is equal to 7/2.

The Laplace transformation-based transfer function of the
PI controller in the voltage regulation loop is represented
by,

G(s) =K, +1<S—’ (6)

where Kp is the proportional gain and K; is the integral
gain.
The input signal to the PI controller is estimated by,

E(s) = Vit (5) = Vi (5) (N

where E(s) is the Laplace transformation of the output
voltage error, V(s) is the Laplace transformation of the
reference voltage V,dt)and V(s) is the Laplace
transformation of the per-phase output voitage V(t) of the
three-phase SEIG.

The Laplace transformation of the output signal of the PI
controller is indicated by,

K
a(s) =E@)(Kp +-2) ®)
The above equation can be expressed in the discrete form
by,

oky=ak-D+(Kp +ATK DE(k)-KpE(k-1)  (9)

where E(k) is the terminal voltage error signal V,.dk)-
Vi(k)at a time sample k, E(k-1) is the error signal at a time
sample (k-1), AT is the sampling period(sec). When the o
is calculated by the PI controller, the conduction angle ¢
could be obtained and then B¢ can be determined.

4. Torque-Speed Characteristics of Variable Speed
Prime Mover

The mechanical output power P, of the prime mover due
to a dc motor which is used as a variable speed prime

mover is defined by,

P =T, (10)

where o is the angular velocity(rad/sec)and it is expressed by,

27N,
o=
60

v (1)

where v is the per unit speed (v=N/Ns) , N is the rotor shaft
speed and N is the synchronous speed =1500 rpm and T, is
the mechanical torque (N.m), and it is expressed by,

T, =Kdal, (12)

where K, is the torque constant , ¢, is the field flux per
pole in wb, and 1, is the armature current of the dc motor
which is defined as,

_Va KN
2 R

a

I (13)

where V, is the armature voltage in Volt , K¢ is the field
constant and R, is the armature resistance in ohm , substi-
tuting I, from eqn.(13) to eqn.(12) the following equation
which relates the developed dc motor torque with the mo-
torspeed N,

[N

T, =K,

(Vo —K¢¢N) (14)

a

The above equation is expressed as a function of the arma-
ture rotor shaft speed in per unit,

T

=1, —U,L (15)

[o]

where t, and v,, are torque and speed coefficients defined as,

K0V,
= —t'm’a 16
° R, (16)
21K 72
=—_tTm N, (17)

°  60R,
where K; = 2rnKy/60 , by substituting from egn.(11) and
eqn.(14) into eqn.(10), the following relation can be ob-
tained by,

27N,
60

P =(t, —v,0X v (18)

The dc motor is separately excited with constant armature
voltage and field current control to simulate the character-
istics of the wind turbine.

5. Steady State Analysis of Variable Speed Prime
Mover Coupled Three-Phase SEIG

The equations representing the steady state performance
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of the three-phase SEIG driven by the variable speed prime
mover can be obtained as follows

From the per-phase approximate equivalent circuit illus-
trated in Fig.1, the rotor current I, referred to the stator side
of the three-phase SEIG can be expressed as follows,

[ - (f —v)E, (19)

JR2 +(f—0)2 X3

where E, is the air gap voltage per phase, R, and X, are re-
sistance and leakage reactance of the rotor referred to the
stator side in ohm , respectively. The per unit frequency
f=F/50.0 where F is the output frequency of the three-phase
SEIG. The term (f-v) is usually very small. Therefore, the
term (f-v)’X,” can be substantially neglected with respect
to the term R,%. Thus, the above equation of the rotor cur-
rent is able to be reduced to the following equation, That is,

(f —V)E,

R, (20)

]2:

The input mechanical power of the three-phase SEIG can
be written as[10]

P, =315 L(E
(f-v) f

) @n
By substituting [, in eqn.(20) into eqn.(21) and making a
mechanical power invariance through equating eqn.(18)
and eqn.(21) in addition to the resultant expression for the
per unit speed v can be obtained by,

U:_m.z_f_ (22)
mf +m,

where m,, m,and m; are defined in appendix A.
By using the nodal admittance approach between the nodes
C and D, the following equation can be written as follows,

(Yep + Yep + Yep)E =0 (23)
But E, is not equal to zero for the voltage building up suc-
cessfully, the relationship of the following nodal admit-
tance holds;

Yep + Yeg + Yo =0 24)

where Yep, Yor and Yep can be represented by using the
equivalent circuit as follows;

Yep = 25
B RI B _jXC ( )
o+ X =)
7{: f 7+Ri[+'x
R ¢ JX
| . C
-+ X -
f .]( I. 2 )
Yep = -—XJm (26)

and

1
Yo =
CD ,Rl .
oy ARa)

where R, and X, are the resistance and the leakage reac-
tance of the stator in ohm, respectively, R, and X, are the
load resistance and reactance in ohm, respectively and
Xc=(1/100nC; f=50Hz).On the other hand, the C is the
terminal excitation capacitor capacitance denoted in farad
and v is defined by eqn.(22)

Equating the sum of the imaginary terms in eqn.(24)to
zero, the magnetizing reactance can be obtained as,

27

1

X =—
Bep +Bes

(28)

m

and then equating the sum of the real terms of eqn.(24)to
zero, the 8" order polynomial function in the per unit fre-
quency f can be written by,

Yif® +Y,f7 +Y 0+ Y7 +Y,

(29)
FYL Y, Y F Y, =0
where Bep.Beg and the nine coefficients Yo to Yy are de-
rived and given in the appendix A.

From eqn.(29) the per-unit frequency f can be deter-
mined using Newton Raphson method. From eqn.(28) the
magnetizing reactance Xm is also estimated and the air gap
voltage E, is evaluated from the magnetization characteris-
tic which is the relationship between the air gap voltage E,
and the magnetizing reactance X,, as evaluated from a syn-
chronous speed test. The three-phase induction machine is
driven by the dc motor at synchronous speed correspond-
ing to 50Hz base frequency[3-10]. For the digital computer
simulation, the curve is fitted to the linear equations using
curve fitting function of the MATLAB software program,
the following equation is obtained by,
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207.2-3.773X,, X, $242
E, ={541.7-17.79X,,  242<X,_, <265 (30)
0 X, 2265

m -

The following equations are used for estimating the three-
phase SEIG performances, that is,

1 R !
—— = (X))
v, =fE, , (31)
YCB
\Y
o=t (32)
,/Rf +12X3
P, =3IR, (33)
and
Q. =3fI} X, (34)

where V, 1, P, and Q, are the per-phase terminal gener-
ated voltage, the per-phase load current of the three-phase
SEIG , the active and reactive load power, respectively.

6. Voltage Regulation Analysis of Three-Phase
SEIG with SVC

The SVC composed of the TSC and the TCR is used for
realizing the closed loop voltage regulator of the three-
phase SEIG. The conventional fixed-gain PI controller is
built for controlling the equivalent susceptance of the TCR
and the desired number of capacitors of the TSC. As men-
tioned above, the equivalent susceptance of the TCR con-
trolled by the PI controller is changed on-line to minimize
the terminal voltage error. The three-phase SEIG equiva-
lent circuit with the equivalent susceptance of TCR which
is a function of the thyristor triggering conduction angle ¢
of the TCR is modified as depicted in Fig.3 and the capaci-
tive capacitor reactance of the TSC is conveniently added
to the excitation terminal fixed capacitor. The steady-state
analysis of the three-phase SEIG system controlled by the
SVC connected to its terminal is derived by,

For a given excitation capacitor capacitance, load imped-
ance, machine parameters and torque—speed characteristics
of a variable speed prime mover; dc motor, two non-linear
simultaneous equations in the per-unit frequency f and the
magnetizing reactance X,, are obtained with susceptance
controlled by the SVC, Brcr and Xrsc paralleled with the

load impedance, Ycp, Ycg, Yen can be expressed using the
equivalent circuit as follows,

Fig. 3 Per-phase equivalent circuit of three-phase SEIG
with additional SVC susceptance

1

Yep = R
L. .
(T+JXL)(“JXSVC) R
2 +—L 43X,
L .
—+jXL -X
r JXL =Xsve) (35)
Xe+X
where Xgye =— < 15¢
f7 —Byer (X¢ +Xrsc)
J
Yop = - -3 36
CE X (36)
and
‘ (37)

Y =
CD [ Rz

+JX, }
By applying the nodal admittance approach and equating
the sum of the imaginary terms in eqn.(24) to zero, the
magnetizing reactance X,, can be obtained by,

1

Xp =
Bep +Bep

(38)

and then equating the sum of the real terms of eqn.(24)to
zero, the 10" order polynomial function with respect to the
per unit frequency f can be written by,

Yiof 104 Yof® + Ygf® 1Y, f7 Y6 + vsf°

4 3 2 _ (9
+Y A7 Y7 Y+ Y f+Y, =0

where Bep,Beg and the eleven coefficients Y, to Y, are
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derived and provided in the appendix B.

From eqn.(39), the per-unit frequency f can be deter-
mined by using Newton Raphson method and then air gap
voltage E, is evaluated from eqn.(30). The three-phase
SEIG Performances the per-phase terminal voltage of the
three-phase SEIG , the per-phase load Current, and the ac-
tive and reactive load power can be respectively calculated
by using,

1 R, .

== +jX))
Vv, = fE, (41)

]
YCB
[L :“L._ (42)
JRZ 4122
P =3I{R; (43)
and

Q. :3ﬂEXL 44)

7. Conclusions

The present paper has introduced an algorithm for
steady-state frequency domain analysis and characteristic
formulas of the three-phase SEIG stand-alone system
which is driven by variable speed prime-mover. The
steady-state performances of the three-phase SEIG have
obtained in terms of the variations of the terminal output
voltage in accordance with output power and prime-mover
speed. Furthermore, this paper has presented a static VAR
controller requirement for voltage regulation of the three-
phase SEIG.
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Appendix A

i
R, .
24X
f-v %2
Y cp=GeptjBep
(Ag +A f+ A
Ty + T, f + Tof 2 + Tof? + T, 4

Yep =

Gep =

where

To=Go” , T1=2G(G, , T7=G,+G,*X,%, T5=2G,G:X,7,
T=Gs’X,’

Ae=GoG2,A =G G2+GoG3 ,A=GG;

And Gy=Roms, G=R,m; , Gy=-t; ,G;=m,
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m=m¢N, , m,=180E,/(2nNR,)+t, , m;=180E,%/(2nN,R,),
my=0.0884, t,=120.08
where N,=1500 rpm
1
-JXc
2

R . X
=T

Yep =

R .
(TL+JXL)

&‘ijl +(
f
f
Ycs=Gep+jBes
D,f +D,f? + D,f?
Dy +D,f% +D,f* + Dyf°

GCD =

where
Do=Zo" , Dr=Z*+2ZyZ> ,Dy=2,"+275Z, , Ds=Z5> , D\=-
XcZy , D3=R Z+ X Zo-Z> X
Ds=R,Zs+X, Z>
Co=-Z,Xc-RiZy , Co=Z,\ X -Z:X-ZrRy. Ci=Z5X,.
Yo=ToDi+A¢Dy, Y,=TD;+A Dy,
Y,=T,D,+ToDs+A,Ds+AsD; Y5=T;D\+T,Ds+A D,
Y= TsDy+ToD5+ToDst+ADy+AsD, , Ys=T;D3+TDst+A Dy,
Y =T,Ds+T>Ds+A,Ds+A:D;
Y,=TsDs+A, Dy , Ys=T4Ds+A;Dq

1

m Bep +Beg
where
(Qq +Q,f+D,f)f?
BCD =

Ty + T,f + T, f 2 + Tyf* + T, f*

Qu=-G:"X> . Q=-2G,G3X, , Q=G5’X;
(Cy+C,f2+C,FHf?

D, +D,f2 +D,f* + D(f°

Zo=-RiXc-XcRy , Zi=Xe X+ X XctRiRL , Z=RiX+X(Ry

Z5=-X XL

Beg =

Appendix B

1
-IX~+X R ,
e s Ruix oy
f°—XcBgve f
R Xc +Xqse )

O
f _XCBSVC

R ix +(
£ JA
f

Yc=GceriJBen
(Do +D,f2 +D,f* +DgfO)f
Py +P,f2 + P, f* + PfO + Pgf®

GCD =

where
Fo=-RXcRBrcr

Fy=Xe X+ X Xt RIR X X X Brer
Fe=-XXy

Tor=-R i Xc-XcRp-Ri X X Brer-X 1 XcRiBrer
Tr=Ri X +XiRy

Po:F02

P,=2FFy+T,,’

P =2FF+F, +2 T Ty

P=2F,F+T,,’

P8:F42

Dy=BrcrFo

Dy=R Fo-BrerXcRLF2-Xe Toi(X Brert+1)
Dy=RyF2-BrerXcRLF4-Xc T2 (X1 Brert1)+X Ty
D¢=R F4+X Ty

Yo=ToDot+AgPy

Y =T, Dg+A,P,

Y =ToDy+TaDg+AgPy+A,Pg
Y3=T D+ T;Dg+A P,

Y s=ToDyt+ToDy+TyDo+AoPytAL P,

Y =T D+ T5D,+A P,

Y =TyDg+ TDy+ TaDyt AgPstAsPs

Y =T Dg+T:D4+APs
Ys=T,De+TsD4+A Ps+A5Pg
Yo=T;3D4+A,Ps

Y 10=TsDe+A,Pg

S () +C,f 2 +C,f4 +CfO)f?

B P, 4P, f2 4 P fY 4 PfO + Pyf®
Co=To1BrcrXcRi-XcFo(Xi Brer+1)
Co=-Ry To1 +BrerXcR L To X Fo-XcFoA X1 Brer+1)
Cy=-To R+ X Fo-XcFy(X Brert1)
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