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Variable-Speed Wind Turbine Coupled Three-Phase Self-Excited Induction
Generator Voltage Regulation Scheme with Static VAR Compensator
Controlled by PI Controller

Tarek Ahmed, Katsumi Nishida, Shinji Sato, Shinichro Nagai, Eiji Hiraki and Mutsuo Nakaoka
The Graduate School of Science and Engineering, Yamaguchi University ‘
Yamaguchi, Japan

Abstract-In this paper, a P! controlled feedback closed-loop
voltage regulation scheme of the three-phase squirrel cage rotor
self-excited (SEIG})
variable-speed prime mover (VSPM) such as a wind turbine is
designed on the basis of the static VAR compensator (SVC) and

induction  generator driven by a

discussed in experiment for the promising stand-alone power
independent conditioner. The simulation and experimental results
of the three-phase SEIG with the simple SVC controller for its
stabilized voltage regulation prove the practical effectiveness of
the additional SVC control loop scheme including the PI
controller with fast response characteristics and steady-sate
performance improvements.
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1. Introduction

From an earth environment point of view, solar
photovoltaic and wind turbine power generation systems
have attracted interests for renewable and
sustainable energy in the rural region. Of these, the AC
generators driven by the wind turbine are typically divided
into two; synchronous generator and induction generator,
which has widely used for the utility AC power interactive
and stand-alone power systems. The three-phase induction
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 with the terminal
excitation capacitor bank[1-5). This paper presents the
performance evaluations together with the experimental
results of the closed loop Pl controller based voltage
regulation of the three-phase self-excited induction
generator (SEIG) driven directly by a variable-speed prime
mover (VSPM) using the static VAR compensator; SVC.
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2. Voltage Regulation Implementation
The schematic power conditioning system diagram of
the three-phase SEIG voltage fegulation scheme used the
SVC controlled by a PI compensator in the feedback

control loop scheme is illustrated in Fig.1. The 4 poles,
220V, 2kW, star connected stator winding, three-phase
squirrel cage rotor SEIG is designed for supplying, either a
resistive load or an inductive load. The three-phase
induction generator excited by the SVC composed of the
fixed excitation capacitor bank FC in parallel with the
thyristor switched capacitor TSC and the thyristor
controlled reactor TCR.

3. Static VAR Controller For SEIG Voltage Regulation
The fundamental component of the inductive current
through the TCR is defined as{1],
Irger = Brer (0)V, (1
where Brcy is the equivalent inductive susceptance of TCR
and is defined as a function of the conduction angle ¢ as,

@

c-sinc
B (0) = ————
- X rer

where o +% =7 3)

The control variable of the thyristor triggering delay angle
o 1s between /2 and m. Observing eqn.(3), the control
range of the conduction angle ¢ corresponding to the
control variable of o will be between m and zero. The
Laplace transformation of the output signal E(s)of the PI
controller is indicated by,

Ec (s)= (K P +~I'(;I_J(Vref (s)- Vtr (S)) 4)

where Vi(s), Vi(s) are the Laplace transformation of the
reference voltage and rectified voltage proportional to the
terminal voltage of the three-phase SEIG, respectively, Kp
and K, are the Proportional gain and Integral gain of the Pl
controller, respectively. The above equation can be
expressed in the discrete form as follow,

E. (k) = Ec(k—1)+ (K, + TK ) Vier (k) = Vi ()]

(5)
~Kp[Vier (k=)= V, (k- 1)}

where [Vdk)-V(k)] is the terminal voltage error at the
sampling time k, {Vef(k-1)-Vy(k-1)] is the error signal at
the sampling time (k-1), T, is the sampling period(sec).
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Fig.1 Schematic system configuration of SEIG driven by VSPM with SVC controlled by PI controller

4. Torque-Speed Characteristics of VSPM
The mechanical output power P, of the VSPM; a
separately-excited- dc motor used in experiment is defined
as,

P, = (1, —v,0)0,v (6)
where v is the per unit speed (V=N/N,) , N and N, are the
rotor speed and the synchronous speed in (rpm),
respectively. T, ,u, and , respectively are the torque
céefﬁcient, speed coefficient and the synchronous angular
speed and defined as[1]

:K'q)mva v :27[](124)'%n N and [)) =£7_tl\1_5
¢ R, =~ ° 6O0R, ° 60

a

where K, is the torque constant , ¢, is the field flux per
pole of the dc motor in wb, V, is the armature voltage in
volt and R, is the armature resistance in chm.

5. Voltage Regulation Analysis of SEIG with SVC

The per-phase approximate electro-mechanical
equivalent circuit in the frequency domain of the
three-phase SEIG excited by the SVC is depicted in Fig.2.
The equivalent susceptance Bycr of the TCR as a function
of its conduction angle ¢ and the capacitive reactance Xysc
of the TSC which is switched on under the conditions of
the terminal voltage of the three-phase SEIG is less than
the reference voltage;220 and the conduction angle 6=0 of
the TCR or the triggering delayed angle o=n are connected
in parallel with the fixed excitation reactance Xc.
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Fig.2 Per-phase approximate electro-mechanical equivalent circuit of the

three-phase SEIG with SVC

The rotor current I, referred to the stator side of the
three-phase SEIG can be expressed as,
(f —V)E,

12 =
,/R§+(f~u)2x§

where E; is the air gap voltage per phase, R, and X, are the
resistance and the leakage reactance of the rotor winding
referred to the stator winding 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

(N
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neglected with respect to R,%. Thus, the above equation of
the rotor current is reduced to the following equation,
_(f-vE,

R, (8)

I

The three-phase induction machine mechanical input power
P; can be written as{2],

R: ©)

P =313 f-v f

By substituting 1, in eqn.(8) into eqn.(9) and making a
mechanical power balance from an energy conversion
principle through equating the eqn.(9) to eqn.(6). The per
unit speed v can be obtained as follows:

3E?

RZ(DS
3E}
RZ(‘OS

(To +
v=

)
(10)

vof +

By applying the nodal admittance approach on the
per-phase approximéte equivalent circuit of the three-phase
SEIG with SVC depicted in Fig.2, the following equation
can be written as follows,

(Yo + Yy +Y,)E =0 (11)
But E,; does not equal to zero for the generated terminal
voltage, the following nodal admittance relationship yields,

(Vo + Y+ Y,)=0 (12)
Y, ,Ynand Y, can be represented as,
Vo = ! (13)
(E+iXO)EXsvo) g
Rf — o+ Laix
TL +J(XL = Xsvo)
Xe+X
where Xgye =— £ TS
f* —(X¢ +Xqsc)Brcr (0)
Y, =-— (14)
Xm
TR Am— (15)
) +jX
f-v 2

where R, and X, are the resistance and the leakage
reactance of the stator winding in ohm, respectively, R
and X_ are the load resistance and reactance in ohm,
respectively and Xc=(1/100nC;50Hz).Where C is the
terminal excitation capacitance in farad and v is defined by
eqn.(10). Equating the sum of the imaginary terms in
eqn.(12) to zero, the magnetizing reactance X, can be
obtained by,

1
™" B,+B,,

(16)

and then equating the sum of the real terms of eqn.(12) to
zero, the 10" order polynomial function as a function in the
per unit frequency f can be arranged as follow,
Yiof 'O + Yof? + Yef® 4 v, 17
+Y O+ Y £ + Y, 04 47,63
+Y, 2+ Y f+Y,=0

(In

where B,, B, and the eleven coefficients Y, to Y,y are
derived and given in Appendix . From eqn.(17) the per-unit
frequency f can be determined using Newton Raphson
method and then substitute the per-unit frequency f into
eqn.(16) to calculate the magnetizing reactance X, The air
gap voltage E, is evaluated from the magnetization
characteristic obtained experimentally from the no-load test
of the three-phase induction machine and defined as the
relationship between the air gap voltage E,; and the
magnetizing reactance X, The magnetizing characteristic
is represented by the following equation.
207.2-3.773X , Xm <242

541.7-17.79X,, 242<X, <26.5 (18)
0 X, 2265

E, =

Observing Fig.2, the terminal voltage per phase of the
three-phase SEIG can be defined as,

1

- Rl X

mr

1

Y.
6. Experimental Results and Discussions

Due to the wind turbine prime mover speed changing
and load fluctuating, the terminal voltage of the three-phase
SEIG is unregulated and changed. The SVC voltage
regulation compensator connected at the three-phase SEIG
terminals is used to regulate and stabilize its terminal
voltage as suggested in Fig.l. The digital computer
simulation results and the experimental rtesults of the
three-phase SEIG terminal voltage response and the TCR
triggering delay angle response due to the inductive load
variations are shown respectively, in Fig.3, Fig.4 with SVC
composed of FC in parallel with TCR, and then in Fig.5,
Fig.6 with SVC composed of FC in paralle! with TCR and
TSC. In experiment, the TSC is switched on manually by
observing the terminal voltage response of the three-phase
SEIG
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7. Conclusions

The present paper has developed a SVC controlled
system for the voltage regulation of the three-phase SEIG.
The external disturbances as inductive load variations have
been applied to build and test the proposed SVC controlled
system. The responses of the three-phase SEIG have been
determined in terms of its terminal voltage and the TCR
triggering delay angle responses and validated the feasible
effectiveness of the SVC controlled implementation. The
measured responses of the operating performances of the
three-phase SEIG could give good agreements with the
simulation ones.
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Fig.6 Experimental terminal voltage and TCR triggering angle responses
using FC, TSC and TCR

ohm, R;=0.52 ohm, X,=1.01 ohm , 7,=120, v,=133 , N=1500 rpm,
Ymr =G, +JB

mr s

Dy Dt 24D+ Df O +J(Co +Cof 1+ Cyf* +C,F6)f?

Y
Py +Pyf 2 +P,f* + Pf6 + Pyt

mr

Where Fo=-R; X¢RiBrow, FamXe Xy X X +R R +X, XX By, Fa=-Xi X,
To=-RiXc-XcR1-Ri X Xy Breg-Xi Xc Ry Brer, Ta=RiXi +XiRy,
Po=Fy’, Py=2FF+ T, Pa=2FF+F 2T Tay, P=2F.F+T,%
Dy=BrcrFo, D:=R) Fy-BrewXc R Fo- X To (X Brewt1),

D4=R F2-B1cg XcRy Fa- X Tai(XiBrort DX Tor, De=R F4+X T2y,
Co=To BrerXcRi-XcFo(Xi Brerti),

Cy=-Ry Tor¥BrerXcRi T2+ X1 Fo- X Fo( X Brew+ 1),
Cs=-TaRu+HX F- X Fi( X1 Brex 1), Co=FeXy,

Y=ToDotAcPo, Y =T Dy+A Py, Yy=ToDr+T,Dut AgPr+AsPo,
Y:=TD:+T:Dy+AP;, Y =TuDs+T,D:4T Dyt AoPstAsPs,

Y =T Ds+T:Dy+A Py, Y=ToDe+T:Dat T4Dy+AoPet+AL Py,

Y =T \De+TiDs+A P, Yi=T2De+TuDd+A Pyt+A,Ps,
Y=T:Det+A Py, Y1o=T:Di+A:Py

Py=F,
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