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ABSTRACT

In this paper, without using the mechanical speed regulator,
we propose a scheme that can control the output power of an
induction generator by controlling the excited current. To
attain this goal, an inverter is designed as a current controlled
source, to supply an excited current for the induction gen-
erator. Furthermore, using the dqg axes theory, a vector con-
troller is designed by a digital signa processor (DSP) for
controlling the inverter which supplies excited current appro-
priately in accordance with the wind speed to regulate the
induction generator output power. Finaly, the experimental
results have shown good performances of the proposed in-
verter for control the excited current on induction generator.
Thus, in applications of wind power generation, the proposed
system can successfully obtain the variable speed constant
frequency (V SCF) control without using the mechanical speed
regulator in wind power applications.

. INTRODUCTION

Owing to the merits of brushless, excited source useless,
simple and rigid structure, simple operation, easy maintenance
and etc., the induction generator has been used widely in the
generation of wind power. However, the induction generator
with a squirrel cage rotor lacks a self-excited source and
consequently can not generate the reactive power needed for
power generating. Therefore, an induction generator for in-
dependent operating must have a capacitor connected in par-
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allel to the output terminal so as to provide the reactive power
and use the capacitor exciter. Since the variation of wind
speed affects the operation speed of wind power generator, and
then it will influence the rotation speed of the rotor for induc-
tion generator to be driven. This phenomenon will lead to the
variation of output voltage and frequency accordingly, such
that the normal rated power can not be outputted and the util-
izing of induction generator is lowered [17, 18].

Many papers have been written to improve the above draw-
backs. Some approaches use thyristor for controlling the volt-
age on the load end with closed-loop form. However, consid-
ering the problems of the cost invested on the systemishigh and
the controlling circuit is complicated, harmonics of high order
and surge for thyristor switching turn on and turn off are dif-
ficult to solve, these approaches have the drawbacks of low
system rdiability and bad system stability [10]. Studtmann
brought up the research on using a pulse-width-modulation
(PWM) inverter as the controller of a self-excited induction
generator, in which the PWM inverter plays the role of an ad-
justable capacitor and can be adapted to the induction generator
and the reactance of load [15]. Afterward, using the rectifier
and the inverter, the objective of research is to combine two-
stage AC-DC-AC inverter with the self-excited induction gen-
erator to modulate the alternating power source of variable
frequency into that of constant frequency as the utilization of
load [8]. Therefore, the problem that the value of output power
varies with the rotating speed and the load of a self-excited
induction generator can be effectively solved [12, 13].

In early periods, the non-linear relations and mathematic
modes of an induction machine are too complicated to handle
the dynamic characteristic and thus the development of in-
duction machine in applications of variable speed is obstructed.
In 1972, Blaschke from Siemens in Germany proposed a
vector control theory and start anew generation for alternating
current motors [1]. Its basic concept is to change the com-
plicated state equation of an induction machine into a non-
time-variable and non-coupling mathematic model by using
the dg axes theory and technique of frame transformation, so
that the armature current and the magnetic field current can be
controlled separately. This control method is easy and likes as
ashunt DC motor which the output torque can be controlled by
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just controlling the armature current.

According to methods of obtaining magnetic field anglesfor
aternating generator, the magnetic field vector controls can be
divided into thedirect and indirect control methods. The former
calculates the value and position of magnetic flux with esti-
mating rules by measuring the electrical parameters such asthe
current and voltage of the motor, while the latter first adds the
dip angular frequency by estimating to the electrical rotating
speed of motor shaft by measuring, here the sum of these two
values is caled the angular frequency of magnetic flux, then
the angular angle of magnetic flux can be obtained by inte-
grating the angular frequency of magnetic flux. Furthermore,
according to the classification of reference frames of magnetic
flux, the magnetic field vector controls can be divided into the
stator-flux-oriented control, the rotor-flux-oriented control and
the airgap-flux-oriented control. In which, with respect to the
complexity of equation for induction generator magnetic field
orientation control, the rotor-flux-oriented control is the most
simple control method [5, 11, 14].

However, in practical application, the vector control needs
complicated mathematical calculations and could not be
achieved by the analogical circuit, thus it is not used for a
period of time. Now the complicated control rules can be
implemented by software based on micro-processor, espe-
cialy the development of digital signal processor, and then
the requirement of high-performance control system can be
achieved [3, 9, 16]. In this paper, based on DSP as the core of
system control, the vector control of inverter for induction
generator isdesigned. And, with respect to the VSCF system, a
vector control is aso proposed by combining flux control and
decoupling current control of the induction generator. From
experiments and computer simulations, it is shown that an
inverter can work as the exciting source of an induction gen-
erator and the proposed system can successfully obtain the
control of VSCF without using the mechanical speed regulator.

[I.CONTROL METHOD OF INDUCTION
GENERATOR

1. Vector Control

Transform the three phase voltage V,, V, and V. along with
the three phase's current iy, ipy and igy of the induction ma-
chine into the dq axes rotating synchronously, then the induc-
tion machine will have characteristics similar to that of aDC
generator [12, 16]. As shown in Fig. 1, the magnetic field
component current iggy is a vector orthogonal to the vector of
torque component current igey. Here, the igew and i are
resemble respectively to the magnetic field current and the
armature current of the DC generator. When the rotating
speed is raised from sub-synchronous to above synchronous,
the magnetic field component g9 is unchanged but the ar-
mature current component is changed from motor mode +i g
to generator mode —i gy

The vector control of induction machine is generally used
in the motor mode, controlling the magnetic field component

Generator Motor
operation operation
g Vs
'lq.vM lz/xM | q axis

: Synchronous
| rotating

Ldsm

Stator current

d axis Rotor flux

Fig. 1. Vector control of induction machine.

igsv and the torque component current iqe to satisfy the
torque-speed characteristic of load, and then the control of
rotating speed is achieved [4, 6]. In this paper, the vector
control is applied in the generator mode of the induction ma-
chine; theinverter is controlled to provide the exciting current
igsv Needed for the induction machine. Also, the synchronous
rotating magnetic field is build, the primary machine drives
the induction machine to rotate above synchronous, and the
inverter is controlled to modulate the output current —igg of
the induction generator.

The control signal i'4yg Of theinverter controlstheinverter to
provide the excited current so asto build the rotating magnetic
field of the induction machine and provide the reactive power
current needed for the load. Another control signal i*qs. of the
inverter controlsthe real power current between the induction
machine and the load, the control rules are shown asfollowing
equations:

i;SI :idyvl +idl_ @)
i;sl =iqu +iqL ()]

where the iggq and iqev are the stator current component, re-
spectively. The ig. and iq are the load current component,
respectively.

2. The Magnetic Flux Control

According to the rotating speed, the vector control of VSCF
system for induction generator controls the exciting current
igv to stabilize the system voltage and then to balance the
value of electricity generated and the load demanded. There-
fore, the stator current, which is easy controlled, and the rotor
magnetic flux are taken as the state variables [7, 16]. After
being transformed via three phase abc axes to synchronously
rotating dq axes, the state equation of the induction generator
can be expressed as following:

[_R _R@-0) ® MR @M

oL, ol oL’> oLl
[Py o R R(@-0) oM MR || igm Vy
o [y _ ol oL, ol oLl |l |, 1|V,

@ @

& MR 0 R o-a || O oL 0
D, L L @, 0

0 MR —(0-w,) R

L L

©)
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where the @4 and @, are the rotor magnetic flux component
of synchronously rotating dqg axes in induction generator, L,
is the rotor inductance, L is the stator inductance, R, is the
rotor resistance, R is the stator resistance, M is the mutual
inductance between the stator windings, p is the differential
operator, wistheinduction generator stator angular frequency
(rad/sec), o is the rotor speed of induction generator and
o=1-M?LdL, isthe coefficient of leakage flux.

The principle of vector control in induction generator isto
make @, zero, and to control ®q, which is changed inversely
to the rotating speed, for stabilizing the system voltage. There
by, the magnetic flux component in Eq. (3) can be isolated to
following Eq. (4):

InEq. (4), let & to be zero and dy, is the controlled quan-
tity, then p®, = 0. If rotating speed of generator is constant
for acertain period of time, then ®4 must also be controlled to
aconstant value, that is, ©4 = Wy and pdg = 0 will be derived.
Under this condition, the rotor magnetic flux Wq and the rotor
angular frequency @y can be obtained by Eq. (4):

MR i
a)d =W—Q :_R'ﬂ

h ©)
I-r k4 dr

MR .
pYy = _%\Pdr +L_Rr'ds|v| (6)

From Egs. (5) and (6), as long as the currents iggy and iga
are detected, the Wy, and ay will be obtained. In Fig. 2(a), the
difference of the system frequency @ and the induction gen-
erator rotor speed is the slip angular frequency wy. The
feedback signal igqy is processed from Eq. (6) and then Wy, is
obtained. Also, the Wy and iqgy are procmd from Eq (5) to
obtain @y. Comparing the values of wy and wy, if wy islarger
than ay then it means that magnetic flux isinsufficient and the
exciting current i gy Needs to be increased, if on the contrary
i s Needs to be decreased. Consequently, processing the error
signal of @y and wy via proportional integrator will get the
value of magnetic flux @, and this value continue to com-
pared with W4 from Eq. (6) to obtain the error value of mag-
netic flux, thereby the value of exciting current i'qgq can be
obtained via the magnetic flux controller. Here, in Fig. 2(a),
we should point out that the magnetic flux controller is a
proportion integrator with limited range.

If the load is only resistance, then the iggey shown in Figs.
(24) and (2b) is the value of the exciting current iy provided
by the inverter to the induction generator. If the load needs
reactive power, the inverter must provide it. Thus, according
to Eq. (1), iww in Fig. 2(b) should plus the reactive power

0wy + _—wg

i
dsM

"
Ldsm
Flux controller —

(a) Flux controller

o o
Lism +  ldst

R, R(l- + Va Va
— (1-9) oL, —»Eq. (8)—»

+ oL, oL, + _

Lar > p

iq.\ M e

LR,

kpr 2
™ GLI2

(b) Current control and decoupling controller for d axis

lgsM 4 Lgsr ~ R, VL,
+T oL Va
Eq. (9)—
id.sM —
gL > P T T
Y, w.

(c) Current control and decoupling controller for d axis

Fig. 2. Thevector control of VSCF system for induction generator.

current component iq_ of the load and then will be equal to i’y
on the inverter. According to Eq. (2), the resistance current
component iy of the load equals to the output current of the
induction generator —ig, then the inverter does not have to
provide the g axis current component to the load, that is, the
value of i'4y on inverter is zero.

If substituting iggy and igey With igg and i in Eq. (3) di-
rectly to design the control quantity vy and vg, the design value
of vy and vy will be very difficult because that dg axes are
coupling together. Thus, following statement will illustrate
how to decoupl e the dqg axes and design the val ues of vy and v,

3. Decoupling of Current Control

The control principles of the VSCF system of the induction
generator are ®g = Wy and W = 0. With satisfactions of
these two conditions, the Eqg. (3) can be simplified to Eq. (7).

_R _R(-0) . MR
i ol oL, oL 2 i v
e R R(@-0) oM ||| 1|°
Pligu |= ) - g [F—=—] Vg
ol oL, oL, ol
\Pdr MR R.— \Pdr 0
0 A 3
L, L,
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In Eq. (7), d axis and q axis are coupled together, thus the
control design becomes difficult. If d axis and q axis can be
decoupled, then solution can be simplified as iggy for control-
ling vq and i for controlling vq. Therefore the following
arrangement is done.

v, =V, —wolL M (8)

. M
Vg = \/q +afoldygy +L_Tdr] 9

T

Substituting Egs. (8) and (9) into Eq. (7), the Eg. (10) can
be derived asfollowing:

R _R@-09) , MR ]
. ol oL, oLL, |-
lasm R lgsm 1 v
P F ° oL |
‘Pdr M ° \Pdr * O
R o _R
L Lr Lr i

(10)

The approach to redlize Egs. (8)-(10) is shown in Figs. 2(b)
and 2(c). In Eq. (10), ig and vy are separated from iggy and
Vg, thus the current controllers of d axis and g axis can be
designed separately.

In Fig. 2(a), the error between of @ and W, generates a
control signal iy Viaway of flux controller. In Fig. 2(b), the
d axis control signal i 4y of the inverter is produced by pulsing
i'ugq With ig.. The signal iyy includes i’ gy, Where the d axis
control signal vy can be designed according to the relationship
of igev @and vy in Eq. (10), and becomes the input of d axis
decoupling controller. In Fig. 2(c), the q axis control signal
i g Of the inverter is produced by pulsing iq with i'ggy. Simi-
larly, the error signal of iy includes iygy, Where the q axis
control signal v; can be designed according to the relationship
of igw and vg in Eq. (10), and becomes the input of g axis
decoupling controller. Designing the d axis decoupling con-
troller in Fig. 2(b) with Eq. (8), the input signals are vg, igm
and ., respectively and the output isvy. Similarly, designing
the g axis decoupling controller in Fig. 2(c) with Eq. (9), the
input signals are Vg, g, @ and Wy, respectively and the
output is v, After putting vy and vy into synchronous roteating
dqg axes to abc axes inverse transformation, the control signals
V., V, and V. will be available to control the inverter output
system voltages V,, V, and V..

1. FRAMEWORK OF SYSTEM

In this paper, the vector controller of inverter-excited in-
duction generator design has a control core that is the DSP
TMS320F240, which isa 16-bit chip with fix-point design and
having not only the characteristic of a DSP but also enhanced

0 Encoder
L J<} . —
| —
Inverter
C
5
Gate Load
drivers ~AD Encoder
interface interface
circuit circuit
Digital Signal Processor o’
; PWM (TMS320F240)
modules

Fig. 3. Theframework of system.

Harvard architecture, produced by Tl company. And the
program and data are processed in different buses so that the
processing speed is greatly increased. The chip has very good
advantage in reducing hardware circuit and aso has conven-
ience in program design. The framework of system is shown
inFig. 3.

In Fig. 3, the detection of rotor’s position is done by the
increase encoder, and then processed by the encoder interface
of the digital signal module. The current detection device uses
Hall current sensor to transform the three phase induction
generator current iy, ipv and iy and also three phase load
current iy, iy andiy into voltage signals. Andthenthesignals
will be passed through the level adjustment circuit for satis-
fying the input voltage requirement of TMS320F240 A/D
module, and proceeded by software program. Finally, using
PWM, the three phase voltage commends (Vs , V,, and V, ) are
generated for output. Here, we should point out that the
hardware circuit outside the dashed line in Fig. 3 includes
power transistor module, which can transform the voltage of
battery into alternating electricity, and the gate driver circuit of
transistor, so as to complete the vector control system of in-
verter-excited induction generator.

When the hardware framework is completed, software is
needed to realize the vector control rule of theinverter-excited
induction generator. In practice, this article uses assembly
language to write the control rules derived by theory, and then
the control is achieved by the encoder interface circuit built
inside the DSP, current feedback, A/D interface and PWM
module. The overall flow chart for realizing the vector con-
trol rule of theinverter-excited induction generator isshownin
Fig. 4.

Remark: Here, with respect to Fig. 4, we should point out that
the process of d and g axis control is excited at the same time
for avoiding the phase lag. And the significant steps are ex-
pressed briefly asfollows.
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tep 1 Start
Step Transform three-phase
step 8
abc axes to dq axes
Load encoder v
step 2 values and Obtain iy, by flux
rotor speed o, step 9 controller shown in
¢ Fig. 2(a)
Get rotor flux angle 6, by
step 3 integrating the sum of slip Pass through d-axis
speed and rotor speed current controller and
step 10 .
decoupling controller
Look up table for shown in Fig. 2(b)
step 4 |cosd,, cos(d, — 120), cos(6, — 240) i
sinf, sin(9, — 120), sin(, — 240) Pass through g-axis
step 11 current controller and
decoupling controller
shown in Fig. 2(c)
step 5 y
Obtain ¥}, V3, V. by
Yes No step 12 | dg axes to abc axes
inverse transformation
AT=2.5ms ¢
AP=P,-P,
tep 6 lculate th
step P60 sep13 | Coleulate the
w,= — comparing values
2.5 %107 10000 7
< Output the
tep 14
h 4 Siep PWM signals
step 7 Iil :*Pz
W4~ 0 — 0 Waiting for th
step 15 next PWM
interrupt

Fig. 4. Flow chart for realizing the vector control rule of the inverter-
excited induction generator.

(i) Instep 6, the calculation of rotor speed @ can be referred
to Eq. (11).

(i) Instep 8, the transformation about three-phase abc axesto
dqg axes can be referred to [15, 16].

(iii) In step 9, by using the flux controller shown in Fig. 2(a),
the i'yqy IS Obtained.

(iv) In step 12, by using the dg axes to abc axes inverse
transformation, the control signals V,, V, and V. are
obtained [2, 6].

In Fig. 4, the program of rotor speed calculation by soft-
ware is as follows. The pulse wave signal outputted by the
encoder of the induction generator rotating shaft is transmitted
to the encoder interface circuit of the DSP. The sampling time
is2.5 ms, and AP is calculated. Here, AP is the pulse wave
number outputted by the encoder during the sampling time. In
this paper, the encoder having 2500 pulse wave number per
cycleisused. And then proceeding with fourfold circuit, the
10000 pulse wave numbers per cycle is obtained. Thus, the
rotor speed @ can be calculated as following:

AP 60

0= 11
"~ 2.5%10°° 10000 ()

Inverter Load

Induction generator

Fig. 5. Thestructure of system for experiment.

IV.EXPERIMENTAL RESULTS

In this section, using experiment, the proposed method will
be verified and its performance also will be expressed. Now,
the structure of system for experiment is shown in Fig. 5, in
which the specification of the induction generator is three
phases and 6 poles, 60 Hz, 220V and 1 HP,

In Fig. 5, the measure points of induction generator are
three phase voltages V,, V,, and V,, while the measure points of
current are the a-phase output current |, of the inverter, the
a-phase output current I, of the induction generator and the
a-phase load current |, respectively. In Fig. 5, using power
oscilloscope, the waveforms of V,, Vy, V., |, 13 and I, which
are operated at different modes, are recorded in Figs. 6-9.
Here, we should point out that the Figs. 6-9(a) are experi-
mental test waveforms (200 V/Div, 5 A/Div, 5 ms/Div), the
Figs. 6-9(b) are vector diagrams according to Figs. 6-9(a), and
the Figs. 6-9(c) are simulation waveforms (100 V/Div, 1.25
A/Div, 5 ms/Div) used the CASPOC software of simulation
research.

For illustrating the experimental results conveniently, the
relationship between dq axes vector and three phases abc axes
is stated again about Fig. 5. In theory, the excited current of
each phase of the induction generator is 90° lagged behind
voltage. If the phase current of the three phase induction gen-
erator is asfollowing:

l,=1,sSnot
I, =I,sn(wt—120°) (12
I, =1,sin(wt+120)
Then the phase voltage is:
V, =V, cosat
V, =V, cos(wt—120") (13)

V, =V, cos(wt+120°)

Substitute Egs. (12) and (13) to dqg axes, then Eq. (14) will
be obtained.

Vgs =Vins Vgs =0, =0 and gy =1 (14)

m
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Fig. 6. Experimental results for induction generator without load (1300

rpm).
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Fig. 7. Experimental results for induction generator without load (1400

rpm).

Compare Eq. (14) with Fig. 5, if the a-phase of the induc-
tion generator is aligned with q axis, then vy = V, and iggy = la.

In Fig. 6(a), the inverter provides excited current to the
induction generator, and a DC motor simulates wind power to
drive the induction generator to operate above synchronous.
The load is with open loop in this experiment, thus the output
current —igev Of the induction generator will charge the battery
by way of inverter. From Fig. 6(b), it is known that the output
current of the inverter includes the excited current izg and the
output current —igg of the induction generator.

The rotating speed in Fig. 6(a) is 1300 rpm whilein Fig. 7(a)
is1400 rpm. Comparing the results of Fig. 7(a) with Fig. 6(a),
since the rotating speed is raised, then the theory predicts that
the output current —igg Of the induction generator increases
as well asig and dg components will increase. Thus I, is

I = igm

(b) (©
Fig. 8. Experimental results for induction generator with load (1300
rpm).

K|
X
124 \
WA
N
®

!

eq(1): 60.2He Period(1): 16.63ms _J{ Phase(142: 124.0°
Frequency || Period || Peak-Peak »

I

= dggn + (Tlgsn + igr)

() ©

Fig. 9. Experimental results for induction generator with load (1400
rpm).

increased but the value changing of phase angle is not large.
The experiment results are coincide with the theory predicts
when rotating speed isincreases.

In Fig. 8(a), the experiment conditions are the same with
Fig. 6(a) but the difference is that the induction generator is
connected to load. From Fig. 8(b) it is known that the inverter
current |, is 90° lagged behind the induction generator voltage
V,, the inverter only provides excited current gy to the in-
duction generator, and the output current —iqe of theinduction
generator is equal to theload current | for the sake of the load
isonly resistance.

The load in Fig. 8(a) remains unchanged but raises the ro-
tating speed to 1400 rpm, the experimental results will be
obtained asin Fig. 9(a). Fig. 9(b) showsthe vector diagram of
the voltage and current waveform phase relation for Fig. 9(a).
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Comparing the results of Fig. 9 with Fig. 8, the load of induc-
tion generator is the same but the rotating speed increases
which means the induction generator outputs is more power
and the output current —i v of theinduction generator islarger
than the load current, and the difference amount between each
other will be absorbed by the inverter and will charge the
battery. Thus, inFig. 9(b), I = la+ [L = —igeu +iq + igaw. Since
the inverter absorbs some current outputted from the induction
generator, the current of inverter is lagged more than 90° be-
hind the voltage. The actual value for experiment measure-
ment is 103.2°, which means the experiment result is coincide
with the theory predict.

V. CONCLUSION

In this paper, using the DSP as the core of system contral,
the vector controller of inverter-excited induction generator is
designed. Also, avector controller combining flux control and
decoupling current control with respect to the V SCF system of
the induction generator is proposed. From the experimental
results, it is shown that the vector control approach applied in
the induction generator can obtain a constant frequency output
at different rotating speeds, and can overcome the difficulties
of control for induction generator. Thus, the efficiency of the
wind power generation system can be increased without using
the mechanical speed regulator. Furthermore, from the small
difference value between experiment result and theory predict,
it has proved that the VSCF generating system on the induc-
tion generator can really control the output power of the in-
duction generator under variable loading and different rotating
speeds. In the future, we will develop this approach to high
performance complex systems.
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