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ABSTRACT

In this paper, a three-phase induction machine-based wind power generation scheme is proposed. This scheme uses a
low-cost diode bridge rectifier circuit connected to an induction machine via an ac load voltage regulator (AC-LVR) to
regulate dc power transfer. The AC-LVR is used to regulate the DC load voltage of the diode bridge rectifier circuit which
is connected to the three-phase self-excited induction generator (SEIG). The excitation of the three-phase SEIG is supplied
by the static VAR compensator (SVC). This simple method for obtaining a full variable-speed wind turbine system by
applying a back-to-back power converter to a wound rotor induction generator is useful for wind power generation at
widely varying speeds. The dynamic performance responses and the experimental results of connecting a 5kW 220V
three-phase SEIG directly to a diode bridge rectifier are presented for various loads. Moreover, the steady-state simulated
and experimental results of the PI closed-loop feedback voltage regulation scheme prove the practical effectiveness of
these simple methods for use with a wind turbine system.

Keywords: Self-excited induction generator, Static VAR compensator, AC load voltage regulator

1. Introduction Some of these proposals use inverters and
field-orientation algorithms to excite and control the
By adjusting the value of the excitation capacitance or induction generator. These proposals enable strict voltage
the prime mover speed, one can maintain a constant output regulation and high efficiency. However, field orientation
voltage for a three-phase sclf-excited induction generator requires costly and unreliable mechanical position sensing
(SEIG) with variable loads. However, adjusting the prime systems of encoders or resolvers. There are other
mover speed is not always possible. So, the appropriate proposals that do not require position-sensing systems.
method is to continuosly adjust the capacitor value!'"?, Some of them are based on a shunt-connected PWM
Adjusting the excitation capacitor value can be achieved voltage source inverter which supplies constant frequency
by many control strategies using power electronic voltage. Others supply reactive current to the induction
technology™”.. generator by using a capacitor bank and an inverter
simultaneously. These are based on the instantaneous
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SEIG with a diode bridge rectifier circuit. Moreover, a
simple stand-alone dc power supply for use in rural
districts is presented. This promising supply is composed
of the three-phase SEIG driven by a variable-speed prime
mover (VSPM) with an ac load voltage regulator
(AC-LVR) and a low-cost diode bridge rectifier circuit.
The steady-state simulated and experimental results of the
closed-loop feedback system with a PI controller, using an
AC-LVR, are calculated and discussed for the stand-alone
dc utilizations.

2. System configuration

Figure 1 illustrates a wind power generation DC
supply based on a simple method for obtaining a full
variable-speed wind turbine

system. It uses a

bi-directional power converter connected to a
conventional wound rotor induction generator. The
schematic system configuration of the VSPM coupled

three-phase SEIG with AC-LVR and PI controller
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voltage regulation scheme in the feedback control loop
is shown in Fig.1. The PI controller circuit and the
thyristors phase angle control circuit are designed for
this scheme. Table I indicates the design specifications
the of the
three-phase SEIG and the constant circuit parameters of

and induction machine parameters
the voltage regulation system.

The circuit in Fig.1 represents an application of the
ac voltage controller to regulate a dc load voltage using
a low-cost diode bridge rectifier directly connected to
the three-phase SEIG via the AC-LVR. This scheme
regulates the voltage for a prime mover such as a wind
turbine which operates at a wide range of speeds. The
reactive power, generally required for generating the
rated voltage at the rated speed is provided by using a
static VAR compensator composed of a fixed excitation
capacitor (FC) and a thyristor controlled capacitor
(TSC). At low speed, additional reactive power is
required from the TSC. However, an AC-LVR is
required to regulate the load voltage.
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System configuration of a three-phase SEIG driven by a VSPM with an AC-LVR and a PI controller
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Table 1 Design Specifications and Circuit Parameters

ltems Machine Rating and Machine Parameters
Rated Voltage 220V

’é‘hreg—Phase ‘ Rated Power S5kwW

tar Connecte

Induction Machine Number of Poles 4
Rated Frequency 60 Hz
Rotor Type Wound Rotor

Induction Machine Parameters at 60 Hz

R=0.6 Ohm X,=1.375 Ohm
R,=0.6 Ohm X,=1.375 Ohm
Xe; C 200 pF

SVC (FC & TSC) [ Xpee; Crse 50 uF
Kp 0.38

PI Controller K, 12.5

Low Pass Filter Cr 3300 uF
Lr 100 mH

3. SEIG with Diode Bridge Rectifier Circuit

A three-phase SEIG model is helpful for analyzing the
generator’s characteristics. First, the parameters of the
three-phase SEIG need to be calculated for the model. The
traditional tests used to get the parameters for a three-phase
SEIG equivalent circuit model are the open-circuit (no load)
test and the short-circuit (locked rotor) test Ul For
induction machines used in motorized applications, it is
important to determine the magnetizing reactance at its
rated voltage. Variation of the magnetizing reactance is the
main parameter affecting the dynamics of wvoltage
buildup and stabilization for a three-phase SEIG. To
determine the magnetization curve of the three-phase
induction machine, it is driven at the synchronous speed
of Ny=1800 r/min and a variable ac supply voltage is
applied to the stator winding at the rated frequency of
60Hz. The relation between the magnetizing reactance
X, and the magnetizing current /, is obtained
experimentally. It is depicted in Fig.2. The magnetization
curve obtained experimentally is represented by the
fourth order curve fit as follows,

X, =-11x 1071 + 2471

(1
— 18.58I° + 57.05I,, -3

The d—g model of the three-phase SEIG with a diode

bridge rectifier circuit, shown in Fig. 3, is used because it
provides the complete solution, both transient and steady
state, of the self-excitation process. The parameters
obtained from the tests at rated values of voltage and
, and R,=0.6

The d—g-axes equivalent circuits of an induction machine

frequency are L;=L;=3.7 mH, R;=0.6

with a diode bridge rectifier circuit in a stationary
reference frame are given in Fig. 3. The dynamic model of
the induction machine in the stationary reference frame is
described by the following equations'”. The simulation
was carried out by solving the first-order differential
equation, derived on the basis of the no-load condition
from Fig. 3, for the three-phase SEIG given by,

pl = Al +B ()
i
i
where [ = .ds "
Loy
idr
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Fig. 2 Magnetizing reactance versus magnetizing current of
three-phase induction machine .
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(b) d-axis

Fig. 3 d—g model of a SEIG with a diode bridge rectifier circuit,
a low pass filter, a DC load and a fixed excitation
capacitor in a stationary reference frame

§=(LL —L,),

X

L =—2=
1207
d

and p=—
P=u

The d-g-axes equivalent circuit models of a diode
bridge rectifier circuit, a low pass filter, a DC load and a
fixed excitation capacitor in a stationary reference frame

are defined by,

-1 0
Vs 0 -1
ol |=Lio o
Voo | C
Var 0 0
L

Plig I Ly | oLy

] 0 0 W
0 =1 || igs 0
L 0 g _ VoL (3)
Cor I | | CoRa
0 i idf Var
Cdf _CdedL

aL[# Vs _ Laf Vol )
Ly v | | Logvar

The pair of diodes, which are connected between that
pair of three-phase SEIG lines having the highest amount
of instantaneous line-to-line voltage, will conduct. The
operation modes will indicate in the following tables.
Table I indicates the g-d axes parameters of the diode
rectifier circuit, the low pass filter and the DC load in
stationary reference frame as shown in Fig.3 when the
highest value of the instantaneous line-to-line voltage of
the three-phase SEIG is V,; or the absolute value /V,/.

Table 2 Highest Instantaneous Line Voltage (V. AND |V)

g-axis d-axis
a=-L b=+3
V3
iE B
Co =3¢ Co =5 C
2 2
R, =—R R, =—R
ql =3 dL \/§ L
If Vca < Vab > Vbc 5 If Vca <Vab > Vbc 5
3 3
If[Veal < [Var| > [Viel; If [Veo| < [Vian| > [Viel;
3
VL:_EVqL Vi =—€VdL

When the highest value of the instantaneous line-to-line
voltage of the three-phase SEIG is ¥V, or the absolute
value /V,,/, the g-d axes equivalent circuit parameters are
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the same as indicted in Table I, except for the following
parameters listed in Table III,

Table 3 Highest Instantaneous Line Voltage (¥, AND |V, |)

g-axis d-axis

a=—ﬁ b=—\/§

If Vab < Vca > Vbc 5 If Vab < Vca > Vbc 5
3 V3
"L Z__Z_VqL VL ZTVdL

If [Vap| <[Vea > [Vl 5 If [Vaol <|[Vea| > [Vioe| 5

3 i

No=sVa Vi=—Va

If the highest value of the instantaneous line-to-line
voltage of the three-phase SEIG is V. or the absolute
value |V, the g-axis current i, equals zero, which means
that the g-axis equivalent circuit model of the diode
rectifier circuit, the filter and the DC load are
disconnected. The d-axis equivalent circuit parameters are
indicated in Table IV.

Table 2 Highest Instantaneous Line Voltage (Vbc AND |Vbc})

d-axis

1 2

v, = —\/E Vi » when Vg, < Vi > Vi,

V, =3V, , when|Va| <[V >|Val

4. Simulation and Experimental Results for a
SEIG with Diode Bridge Rectifier Circuit

To study the induction generator, directly connected to
the full-bridge diode rectifier circuit for a dc application,
the d-g model is derived as explained in the previous
section. The dc load is connected to the machine terminals
via a filter inductor L,, and a capacitor C; to reduce the
harmonics injected into the machine, thereby reducing the

output voltage harmonics of the machine. The excitation
to the machine is supplied by means of a fixed excitation
capacitor (C =200 u F).

4.1. No-Load Operation

To investigate the characteristics of the dynamic stator
current and the generated voltage of the three-phase SEIG,
the input diode rectifier current(which equals zero) and the
output diode rectifier voltage are simulated. The current
and voltage are measured while the speed is kept at a
constant value(N=1530 r/min) by a controllable separately
excited dc motor, which is used as a prime mover for the
three-phase SEIG. The simulated results of the dynamic
stator current, the voltage of the three-phase SEIG and the
output voltage of the rectifier circuit are given in Fig. 4.
The experimental results are given in Fig. 5.

15

Stator Current of SEIG (A)

15 502 3.03 3.04 3.05 3.06
time(sec)

Terminal Voltage of SEIG (V)

3.02 3.03 3.04 3.05 3.06
time(sec)

500
4090
300

ZOOYWW\/WYW‘/VW
y

100

Rectified Output Voltage (V)

0

3.02 3.03 3.05 3.06

3.04
time(sec)

Fig. 4  Simulation results of the stator current of the SEIG, generated
voltage of the SEIG, and the rectified output voltage
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Fig. 5 Experimental results of the stator current of the SEIG,
generated voltage of the SEIG and the rectified output

voltage

4.2 Full-Load Operation
Fig. 6 indicates the simulation results of the dynamic
stator current of the three-phase SEIG, the generated

voltage of the three-phase SEIG, the input diode rectifier

current and the output diode rectifier voltage, all of which

vary according to the load applied. The generated

Input Current of Rectifier(A)

frequency and the dc load voltage are dependent upon the
input current of the diode rectifier circuit variations. Fig.

7 indicates the corresponding experimental results for the
circuit. An increase in the load current will decrease the 500
generated voltage and its frequency. The simulation
results are given in Fig. 8. The THD of the three-phase
SEIG stator current is exaggerated due to a change in the
dc load where it is measured to 7% with the full load.

Increasing the capacitance can compensate for the

Rectified Qutput Voltage (V)
~
=]
=]

generated voltage, but this increases the stator current. 100-=--rmmm s T TTTTTT T oot :
Hence, care should be taken not to exceed the stator rated P N

3.02 3.03 _ 3.04 _ 3.05  3.06
current. time(sec)

To develop an electronic power control system which

will regulate the generated voltage for a dc load over a Fig. 6 Simulation results of the stator current of the SEIG,

wide range of speeds one must meet all of the above generated voltage of the SEIG, input current of the

.\ diode rectifier and rectified output voltage
conditions.
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Fig. 7 Experimental results of the stator current of the SEIG,
generated voltage of the SEIG, input current of the diode
rectifier and rectified output voltage
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Fig. 8 Simulation results of the generated frequency and dc
load voltage with the input current variations of the
diode rectifier circuit

5. Per-Unit Frequency and Per-unit Speed of
SEIG Driven by VSPM

The per-phase approximate equivalent circuit of the
three-phase SEIG, excited by the SVC and AC-LVR, is
depicted in Fig.9!"""), The equivalent DC load representing
the three-phase SEIG terminal ports and the capacitive
reactance Xrgc of the TSC is connected in parallel with the
fixed excitation reactance X 2110,

Al
. . p<a .
I
¢ Inc v2y, I
a=¢ &
S
Vo <by
et G 2,9
r r
29
0)
FC TSC Load

Fig.9 Per-phase equivalent circuit of the SEIG with SVC and
AC-LVR in steady-state

25 i T T v

(a) 1y = T1ON.m and vy= 112 N.m

(b} v, = 120N.m and vy= 133 N.m

(¢) 1, = 123N.m and vy= 141 N.m 1

—_ — [
(=] wn =
T T

Output Torque of VSPM (N. m)
W

0.8 085 09 095 ]
Per-Unit Speed of VSPM

Fig.10 Mechanical output torque-speed characteristics of the
VSPM

The term (f-v) is extremely small. As a result, the term
(X)’) can be ignored with respect to [R/(-v)’]. The
mechanical input power, P; of the three-phase SEIG can

be written as 1%,
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2
=i 7]

where E| is the air gap voltage per phase and f'is the per

unit frequency(f=F/60.0, F is the output frequency of the
SEIG).

The mechanical output power, P, of the VSPM is

defined as [61'[71,

P. = (7, —0,0)00 | 6)

where v(L=N/N,) is the per unit speed of the VSPM, N
is the rotor speed, N; is the three-phase SEIG rated
synchronous speed in r/min, @, is the rated synchronous
angular speed, 7, is the torque coefficient, and v, is the
speed coefficient. In the experiment, a controllable dc
motor is used with a constant armature voltage and a field
current control. Fig.10 illustrates the effect of the field
current control on the torque-speed characteristics and the
corresponding torque-speed coefficients of the VSPM.

By equating (5) to (6) to create a mechanical power
balance, the per unit speed v can be obtained as follows:

R,w,7, +3E7
U -_—_—

= 7
Ryov,f +3E] M

6. Steady State Analysis of SEIG with SVC
and AC-LVR

By applying the impedance approach to the three-phase
SEIG terminal ports, where the SEIG circuit has been
replaced by its approximate circuit and DC load
equivalent, as shown in Fig.9, the following equation can
be defined as,

Zrm+qu+qu:0 (8)

where Z,m, Zmgand Z4 are described by considering

the equivalent circuit shown in Fig. 9 and defined as (A1),
(A2) and (A3), respectively, in the Appendix.

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

y = GGG+ Cf + G +Csf )

" (A + A f+ 4+ 407+ 4,17 )f

y Do+ Dif +Dyf* 4Dy f* + Dy f* +Dsf’

10
(By+B,f+Byf* +Bsf  +B,f*)f 19

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

AR VAR AARS TR 04 an
LRTARS TARD VARS WES /R
where the real coefficients from Y, to Y, expressed in
terms of constants 4, (i=0~4), B; (j=0~4), C, (k=0~5) and
Dy (I=0~5) are indicated in the Appendix.

By using the Newton Raphson method with the initial
value of the per-unit frequency f=zy/v,, the per-unit
frequency f can be determined from (11). The magnetizing
reactance X, is calculated by substituting the per-unit
frequency f into (9) or (10). The air gap voltage E; is
evaluated from (1).

By neglecting the harmonics, the three-phase SEIG
results calculated by using the equivalent circuit for each
phase shown in Fig. 9, are given as follows,

The per-phase output voltage of the three-phase SEIG is
defined as,

qu
Vi = JE, . . (12)
Zy+Zmg
The load voltage of the three-phase SEIG is,
V,\/(az —20'c0s(ﬂ +a)sin0'+sin2 O‘)
v, = (13)

T
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where @, ofo=fa) and f are the triggering angle, the
conduction angle and the extinction angle of the AC-LVR
thyristor, respectively.

7. Simulation and Experimental Resulits of
the Proposed Voltage Regulation Scheme

The generated terminal voltage of the three-phase SEIG
falls steeply when the load power increases or the prime
mover speed decreases!' . The static VAR compensator
composed of TSC and FC is used to increase the allowable
range of the required power from the three-phase SEIG.
The AC-LVR is applied to regulate the DC load voltage so
that it falls within the reference load voltage. Fig. 11
shows the simulation of the DC load volitage and the
AC-LVR friggering angle responses using the AC-LVR
for the three-phase SEIG with DC load variations. Fig. 12
depicts the experimental responses of the DC load voltage
and the AC-LVR triggering angle. The PI compensator
controls the AC-LVR ftriggering angle until the load
voltage, which is affected by load and prime mover speed
variations, is regulated to the reference voltage. At full
load, an additional excitation capacitance from the TSC
type is switched on. Figs. 13 and 14 show the simulation
and experimental responses of the DC load voltage and the
AC-LVR triggering angle responses, respectively, when
the three-phase SEIG is excited by the SVC composed of
FC in paralle] with TSC.
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Fig.11 DC Load voltage and AC-LVR thyristor triggering

angle responses with DC load variations
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Fig.12 Experimental DC load voltage and AC-LVR thyristor
triggering angle responses with DC load variations
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Fig.13 DC Load voltage and AC-LVR thyristor triggering angle
responses with DC load variations(no-load/full load)
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By increasing the speed of the prime mover from 1300
r/min to 1500 r/min and then decreasing it to 1000 r/min,
Fig.15 depicts the experimental responses of the load
voltage and the AC-LVR thyristor triggering angle. The
three-phase SEIG is supplying a DC load with the
AC-LVR controlled by a PI compensator. From the
experimental results of the three-phase SEIG load voltage
and the AC-LVR thyristor triggering angle responses, we
have demonstrated that the circuit can handle a wide range
of prime mover speeds such as one might expect from a
wind turbine.

e\ el "'-l‘l%}-lk\-i'|v|-|~|'l-|-x-x-|-i l-l-l~|'i:l-l~l~|'
ing Point at inereas Speed of the pri N . . .
5 Opeming o““;a; e “?g“ws ;“epme“m Derating Point at Connecting TSC
3N i o B .

OUTIE PIRTRTTIN: M S Tereienan T\-oeens R TS PPN Taverniinn

wm

Thyristor Triggering Angle (Deg.)  Terminal

time {sec) : . b secdiv

Fig. 15 Experimental load voltage response of SEIG excited by
TSC and FC and AC-LVR thyristor triggering angle
response with prime mover speed variations

8. Conclusions

In this paper, we have demonstrated the dynamic
performance responses and experimental results of a
three-phase SEIG directly connected to a full-bridge diode
rectifier circuit for dc utilization. We have also derived its
d-q model in a stationary reference frame. Moreover, this
paper also dealt with the SVC and the AC-LVR for the
voltage regulation of the three-phase SEIG. Changes to the
DC load and the speed of the prime mover were applied to
build and test the proposed SVC-based feedback control
implementation system. A three-phase SEIG prototype
set-up excited by SVC and AC-LVR was established. We
demonstrated experimentally that a three-phase SEIG
provides a simple method for regulating voltage for
renewable energy applications. This proposal for using a

SVC and an AC-LVR to excite and control the induction
generator voltage of an analogous PI closed loop feedback
control system is cheap, reliable, highly efficient and does
not require position-sensing systems.

Appendix
= LX) 2r (A1)
Zr+jX,
e R
Zmg =—+ jX (A2)
f
X+ X .
. "]—C—lesg(Rer"'JXer)
Zy = (A3)
. Xo+X
R,z + (X, -5

—RAcos(tan_J g)+ X, sin(tan_l )

Ry =775 2
\[0' —20cos(f+a)sinc +sin” o

R - _
~ =L sin(tan™ 6 )+ X, cos(tan™" §)
Xer = 3 >
\/0' ~2ocos(f+a)sinc +sin” o

0=tan_l[ sin( f+a)sin(o) ]

o—cos(f+a)sinc

Zrz Rr +ler
f-v
Ao=TyG,

A=G3Tg+GoT +GoRp+ Xy Xc G,
A;=G3T1+G T+ GoXp+ G Re+Xin(XcG3-RsGo),
A3=G3T,+GoT5+G Xg- X (RIG3+X1G ),
A,=G;T5-X,X,G3,

Dy=TGy,
D=GT1+ G Ty-FpX, G,
D,=GoT,+G T)-F X,GrF X, G,
D;=GoT5+GT,-FXyGrF1X,Gs,
D =G T5F3X,G-F:X,Gs,
Ds=-F3X,,G3,

Co=GoF
C1=GoF 1+ G Fy+TpX,,G),
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Cr=GoF y+ G F 1+ X,(G:T1+Gs3Ty),
Cs=GF3+G [Pyt X (G, T;+GsT)),
Co=G F3+X(G,Ts+G3T),
C5=X,,G3T3, Bo=GrF =X Gy,

Bi=G3Fy+GoF -X.G,+R,Gy,

B,=G;3;F 1+ GoF+X,G.R+X,Gy+R,G,
B;=G3Fy+GoF 3+ X, (GsRr+ G Xp) +X,G
By=G;3F3+X,G3Rp,

Thy=RiXc,

T1=X (X +-Xis) +ReXis,
Ty=XrRs-X;R;,
T5=-X) X},

Fo=-Xc(Rp+Ry,

F1=-XcXpt+RsR,,
Fr=Xi,Ret XiRs,

F3=X X,

Rr=Rcos[tan™ (a;/b,)]/C,,
R=-Rysinftan” (a,/b,)]/C,,
Xp=Xcos[tan” (a;/b,)]/C,,
X1=—XLsin[tan'1 (a;/ b)]/C,

p=tan” (X;/R,),

C, :(\/;2 —20cos( B+a)sino+sin’ O')/l[

G0=3E,2/a)s,G1= UsR,, Go=-1y, G3=0y, o=, f=rt@

Yo=AoDo+BoCy,

Y1=ApD;+A,Dy+ByC,+B,C,,
Y2=AoD>+A4,D+A4,Dg+ByCy+B,C;+B,C,,
Ys=ApD3+A,D3+A,D,+43Dy+ByCs+B,Co+B,C+B;C,,
Yi=4pD+A,D3+A4,D,+A3D,+A4;D,+A4,Dp+B,Cy+8B,C;
+B,C,+B;C+B,C,,
Ys=AoDs+ADy+A4:D3+A43D,+A4,D,+ByCs+B,Cy+B,Cs
+B;C,+B,C,
Ys=A4;Ds5+A;D4+A3D3+A,D,+B,Cs+B,Cy+B3C3+B,C),
Y;=A,D5+A3D+A4,D3+B,Cs+8;C+B,C;,
Ys=A;D5+A4,D,+B;Cs+B,C,

Yy=A.D,+B,C,
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