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ABSTRACT

This paper presents a novel fuzzy voltage controller for a stand-alone three-phase self-excited
induction generator (SEIG) driven by a variable speed wind turbine, The generated voliage of the
SEIG is regulated by adapting the value of excitation capacitance against wind speed and Ioad
variations using a fixed capacitor bank and a PWM current controlled voltage source inverter (CC-
VSI) with a single capacitor on its DC side. The proposed control scheme consists of two fuzzy
logic PI controllers and one hysteresis current controller (FHCC). Fuzzy logic based voltage control
of the SEIG helps to enhance its performance due to its non-linear adaptive gains, which are varied
on-line as the system operating point changes. The need for adaptive regulating scheme comes
from the fact that the wind turbine operates over a wide range of operating conditions and
therefore the system is highly non-linear. A complete mathematical model of the system is
developed in order to study its performance with the proposed controller. Simulation results using
Matlab/Simulink sofiware program demonstrate the effectiveness of the proposed controller m
regulating the generated voltage of the SEIG against wind speed and load variations.
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1. INTRODUCTION

In recent years, the increasing rate of the depletion of
conventional energy sources, degradation of the
environmental conditions and the ever increasing
need for -energy have given rise to an increased
emyphasis on renewable energy sources such as wind,
solar,...etc. A renewable energy source like wind is
non-pelluting and fiee in its availability. It is
considered as the most cost-competitive of all the
environmentally clean and safe renmewable energy
sources. Use of the induction machine as a generator
in wind emergy conversion Systems, especially in
remote and isclated areas, is becoming more and
more popular due to its inherent advantages over than
known generators [1-3]. However, the main
drawback of the induction machine is its need for
reactive power to build up the terminal voltage and to
generate the electric power. If an appropriate three
phase capacitor bank is connected across the machine
terminals which is driven by a wind turbine at an

appropriate speed and if the rotor of the induction
machine has a sufficient residual magnetism, the
required reactive power can be generated. This
process is called self-excitation [4]. Although the
potential of capacitive self-excitation of the induction
generator has been recognized for many years, the
utility of this method is limited because it has some
pmportant drawbacks. One drawback is that the
ouiput voltage depends greatly on the induction
generator speed and load impedance. Another
limitation is that, for a given capacitor value, self~
excitation can only be achieved and mainiained under
certain load and speed combinations. Therefore, the
capacitor bank has to be designed according to a
defined narrow range of speed and load values.
However, even if the capacitor bank is appropriately
designed, the machine demagnetizes and stops
generating either when the speed falls bellow or the
load rises beyond certain values. After that, even
with the speed and load returning to their previous
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values, the induction generator cannot start working
again without the help of an auxiliary energy source
and a controller. This means that, although the
capacitive self-excitation appears to be the cheapest
and simplest technigque to be implemented, some
additional mechanism has to be added in order to
avoid demagnetization and to regulate the generated
voltage. Several methods based on different
technigues have been presented in order to regulate
the generated voltage of the SEIG against load and/or
wind speed variations by adapting the value of
excitation capacitance. The synchronous condenser is
presented in [5] to regulate the voltage of the SEIG
against load variations. Afthough, the high added cost
and maintenance requirement of the synchronous
condenser over-ride the advantages of the induction
generator. The scheme based on switched capacitors
[6-7] finds limited application because it regulates
the voltage in discrete steps. The schemes based on
fixed capacitor thyristor controlled reactor (FC-TCR)
and thyristor switched capacitor thyristor controlled
reactor (TSC-TCR) [8-9] inject harmonics in the iine
current of the system which resulting in distorted
voltage waveforms and higher losses. To improve the
performance of the SEIG, different control strategies
using PWM technique have been proposed in [10-
14]. However, ail of them have some limitations.
Some of these proposals use the field oriented control
technique, which requires costly and unreliable
mechanical position sensing systems such as
encoders or resolvers respectively. Moreover, the
field oriented comirol technique depends on the
machine parameters which are varied due to
operation. The problem of parameters variation is
aggravated in generation mode of the induction
machine where the magnetizing inductance is
naturally varied due to magnetic saturation of the
machine. There are other proposals that do not
require position-sensing systems. Some of them are
based on a shunt-connected PWM voltage source
inverter, and some others supplying reactive current
to the induction generator by a capacitor bank and an
inverter simultaneously based on the instantanecous
reactive power theory. However, these proposals
have commonly been performed their control action
using the conventional PI controllers. Since the
system is highly non-linear and the wind turbine
operates over a wide range of operating conditions,
these schemes do not guarantee an optimal response
of the system. This is due to the constant gains of the
conventional PI conirollers. Moreover, all the
previous proposals do not take into account the
modeling of the wind turbine. Therefore, the dynamic
variation of the turbine output power and the turbine
speed (i.e. the generator speed), which have a great
effect on the all dynamic characteristics of the
system, are not presented. In addition, the d-q model
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of the SEIG used in these proposals is based on the
generalized theory of the induction machine which
ignores the effect of iron core loss. This causes large
ertors in the analysis. Therefore, iron core loss must
be taken into account in order to obtain an accurate
analysis especially when the induction machine used
as a generator.

In this paper a novel fuzzy voltage controller of a
stand-alone three-phase SEIG driven by a variable
speed wind turbine vsing a fixed capacitor bank and a
PWM current controlled voltage source inverter is
presented. A complete mathematical model of the
proposed system is developed and simmlated in
Matlab/Simulink software environment in order to
study the performance of the SEIG with the proposed
comntroller.

2. DESCRIBTION OF THE PROPOSED
SYSTEM

The main objective of this paper is to propose a new
strategy to control the terminal voltage of a stand-
alone flree-phase SEIG driven by a variable speed
wind turbine regarding less the frequency. This is
because of uses of the electrical power in such
isolated areas include commonly voltage sensitive
loads. Such as water heating, space heating and water
pumping systems. A schematic diagram of the
proposed system is shown in Fig. (1). The proposed
system consists of a three-phase induction machine
connected to a variable speed wind turbine through a
step-up gearbox (1:a). A PWM CC-V8I is connected
in parallel with the fixed capacitor bank and load to
the AC terminals of the SEIG through a filter
reactance. The importance of using the fixed
capacitor bank is to eliminate the requirement of pre-
charging of the DC side capacitor of the CC-VSI for
the start-up process of the induction generator. Also,
to reduce the inverter size and thus the controller
cost. Moreover, combining the filter inductanee and
the capacitance of the fixed capacitor bank, 2 second-
order filter is emerged which filters out the high
order harmonic components caused by the switching
action of the inverter. The CC-VSI is used as a
variable source of leading or lagging current in order
to contro} the equivalent excitation capacitance of the
SEIG which in turn control the generated voltage of
the SEIG against wind speed and load variations.
Since the CC-VSI has no real power source on its DC
side, a small real power, which is fed from the SEIG,
is required to replenish the internal losses of the
inverter and to keep the DC side capacitor charged at
a specified level in order to make the inverter able to
perform its control action properly.

3. PROPOSED CONTROL STRATEGY

The control philosophy used to regulate the terminal
voltage of the SEIG is based on the controlled supply
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of the output currents of the CC-VSL As shown in
Fig. (1), there are two control loops. The inner
control loop forces the actual inverter currents i;(abe)
to follow the reference inverter currents i; (abc)
geverated by the outer loop through the hysteresis
current controller HCC which provides the required
switching pluses to the inverter IGBTs switches. The
reference inverter currents i*(abc) are derived by
adding two orthogonal current components of each
phase. The in-phase active current components
i,*(abc) (which represent the real power required to
replenish the internal losses of the inverter and fo
keep the DC side capacitor charged at a specified
level) and the oquadrature reactive ocurrent
components ig*(abc) (which represent the reactive
power required to regulate the generated voltage).
Therefore, the AC voltage of the SEIG is sentsed and
its magnitude is compared with the reference
magnitude (which equals to 220%¥2V). The AC
voltage error is processed in the first fuzzy logic PI
controller (FLC-1). The output of the FLC-1 (ig*) of
the AC voltage control loop is multiplied by the
quadrature unit vectors up (abc), which lead the unit
vectors of AC voltages by a phase shift of 90° to
give the reference reactive current components
ig*(abc) that control the amplitude of the reactive
power generated in the CC-VSL The reference
reactive current components lead by a phase shift of
90° the corresponding AC voliages for a positive sign
of the AC voltage error. While for a negative sign of
the AC voltage errar, they lag by a phase shift of 90°,
Thus, the CC-VSI operates in capacitive and
inductive modes respectively for positive and
negative sign of the AC voltage error. Similarly, the
in-phase components i;*(abc) are obtained through

the DC voltage control loop. The DC voltage error is
processed in the second fuzzy logic PI comtroller
(FLC-2). The output of FLC-2 (i,*) is multiplied by
the unit vectors u, (abc) (which in-phase with the
corresponding AC voltages of the SEIG) to give the
reference active current components i *(abc).

4. MODELING OF THE PROPOSED SYSTEM
4.1 Modeling Of The Wind Turbine
The mechanical torque T, developed by a wind
turbine of 2 blade radins r running in a wind stream
of velocity Vy is generally given as [15]:
. P 1 C, V2 0
‘T2 A
where C, is known as the power coefficient of the
wind turbine, p, is the air density and A is the tip
speed ratio. The C, is defined as the ratio between the
actual power delivered to the fiee stream power
flowing through a similar but uninterrupted area. And
A is the ratio of linear speed at the tip of the blade to
the free stream wind speed. It can be given as:
h=w,1/V, ()
where ©, is the angular turbine speed. A fypical
relationship between C, and A is shown in Fig. (2). It
is clear form the figure that, the parameter C; has a
non-linear function with %, By using a curve-fitting
technique, the parameter C, can be mathematically
expressed with a polynomial function of seventh
degree as a function of A which given as follows:
C,=a,A +aA" +a, X +..+2,) +ah+a, (3)
where a;, ag,. ..., 4 are constants and are given in the
Appendix.
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Fig. (1) A schematic diagram of the proposed system
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4.2 Modeling Of The SEIG

The d-q model of the SEIG is helpful to analyze its

all characterisfics. To model the SEIG effectively, the
parameters of the induction machine should be
measured accurately. The traditional tests (no-load
and short circuit) are used to get these parameters.
For motoring application, these parameters can be
used directly, However, for SEIG application the
variation of the magnetizing inductance should be
taken into account. Because it is the main factor in
voltage buildup and stabilization of the generated
voltage. The relation between the magnetizing
inductance and the magnetizing current is obtained
experimentally and depicted in Fig. (3). This relation
can be mathematically represented by a sixth order
curve fit as foliows:

L,=bil +bi +...+bi, +b, “
where bg,bs,...., by are constants which given in the
Appendix. Since, the magnetization characteristics of
the SEIG are non-linear due to saturation and the
magnetizing inductance depends on the instantaneous
value of the magnetizing curent. Thus, the
magnetizing current must be calculated at each step
of the simulation in order to evaluate the
cotresponding  instantaneous  value of  the
magnetizing inductance.
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Fig. (3) Experimental variation of the magnetizing
inductance with the magnetizing curent

Magnitude of the magnetizing cutrent can be
caleulated as foltows:

i, =4fin +io, (5)
Fig. (4) shows the equivalent circuit of the SEIG with
the proposed controller in the d-q statiopary reference
frame. The effect of iron core loss is taken into
accouttt in order to obtain an accurate model and in
turn an accurate analysis. The effect of iron core loss
is expressed by a resistance (R,) comnected in
parallel with the magupetizing branch. The reference
directions of the currents in the d-q model, which are
based on the generalized rachine theory, are
changed into the directions shown in Fig. (4) in order
to be more convenient in studying the generator
characteristics, The mathematical equations that
describe the SEIG model in the d-q stationary
reference frame are derived and can be given as
foltows:

v, =~R.i, +po, ©)
Vi =——R‘iql +pO, {7
0=R,i, +0,0, +po, ' ®
0=R,i —0,@¢,+po, 9
Rolae = PP | (19)
Rl = PO (11)
i, =1, +i, +ig (12)
i, =i, +i, +ig (13)
¢, =—-Li, +L.i, (14)
@, =L, + L, (15)
Qo =Lody + Linlan (16)
@y =Ly, +L i, (17
O = Llgn (18)
O =Ll (19)
T, =20,y +ig) = 0l +ia) (20)
(] 4 qs qie q
The equation of motion is given as:
Iat_=Te+jd_;°t£=T,+j(.§).%‘9tL @1

where subscripts d and g are used to indicate direct
and quadrature axis respectively. Subscripts s, r, m
and fe are used to indicate stator, rotor, magnetizing
and iron core loss variables respectively. Variables v,
i and @ represents the instantanecus voltage, current
and flux respectively. R, and R, are the stator and
rotor resistance respectively. L, and L are the
leakage stator and rotor inductance respectively. o,
and @, are eclectrical and mechanical angular
generator speed respectively. p is the time derivative.
p is the number of poles and T, is the electromagnetic
torque of the SEIG. j is the effective inertia of the
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system. The SEIG and the wind turbine parameters
are given in the Appendix.
4.3 Modeling Of The Load And Fixed Capacitor

Bank
The voltage-current equations of the fixed excitation
capacitor bank in the d-q stationary reference frame

can be wriiten as follows:

idc

= 22

Ve =5 (22)
i‘lc

qus = E (23)

where C i3 the per phase capacitance of the fixed
capacifor bank, iy, and i, are the direct and
quadrature axis components of the fixed capacitor
bank current respectively. These components can be
calculated as follows:

iy, =1, —ig —ig (24)
i, =1, =iy —ig 25
where iy and iy are the direct and quadrature axis
components of the AC side inverter cwrent
respectively. While iy and iy are the direct and
quadrature axis components of the load current
respectively.

(a) d-axis
Lls. Rs
[AAAA] JVWAV - . -
iy —iq: lch_ 1qu1 lqi

L Vs CT R

(b) g-axis
Fig. (4) Equivalent circuit of the proposed system

4.4 Modeling Of The CC-VSI

The voltage equation that describes charging and
discharging of the DC side capacitor of the CC-VSI
can be written as follows:

p‘fdc = Idc fcdc (26)
Where Vg, is the voltage across the DC side capacitor
Cyge of the CC-VSI and Iy, is the current passing
through it as shown in Fig. (5). The reference value
of the DC voltage V. * is chosen such that, it must be
greater than the peak value of the generated AC line
voltage of the SEIG in order to obtain adequate

A
¥
RN

control of the CC-VSI currents. The DC current [
can be expressed in terms of switching functions of
the inverter as follows [10]:

I, =8SAi,+8SB i, +8Ci, @27
where SA, SB, SC are switching functions stating the
ON/OFF positions of the inverter IGBTs switches.
The switching function SA takes the value of 1 when
the upper switch is ON and the lower switch is OFF
in the inverter leg of phase A. Iis value is 0 when the
upper switch is OFF and the lower switch is ON.
Similar logic is applied for the other two phases
(phase B and phase C). Instantaneous phase voltages
€., ¢, € gencrated by the inverter can also be
expressed in terms of switching functions as [12]:

e, =(V, /3)(2SA-SB~SC) (28)
e, =(V, /3)(2SB - SA —S§C) (29)
e, =(V, /3)(28C-SA ~SB) (30)

As shown in Fig. (5), the three phase AC inverter
currents iy, iy, i can be determined as follows:

pini = (VI —eu _.ini RI)IL!‘ (31)
piy =(v, —e, =iy R;)/ L, (32)
pi, =(v,—e, -1, R;)/L, (33)

where v,, vy, V. are the instantaneous three phase
stator voltages of the SEIG. Ry and Ly are the per
phase filter resistance and inductance respectively.

Lgo —s

J[sn | s | s

Vabe iy

—p 1.
N Sl S PR Cie 22 Ve
Y —* & -
filter

A B C
Fig. (5) A schematic diagram of the CC-VSI

4.5 Modeling Of The HCC

The switching functions (SA, SB and SC) stating the
on/off positions of the inverter- IGBTs switches
which are generated form the hysteresis cumrent
comparator can be mathematically expressed as
follows [12]:

If 15 < (i -hb) switch s; off and switch s, on. SA=0

If iy > (isf +hb) switch s; on and switch s, off. SA=1
If iy; < (iy; -hb) switch s; off and switch s on. SB=0

If iy; > (iy; +hb) switch s, on and switch ss off. SB=1
Ifig< (i -hb) switch s5 off and switch s; on. SC=0
Ifiy;> (i +hb) switch ss on and switch s off. SC=1
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where hb is the current band of hysteresis current
controlier HCC.

5, FUZZY LOGIC CONTROL

Fuzzy logic based voltage control of the system helps
to enhance the system performance over than
conventional PY controller. This is due to its non-
linear adaptive gains, which are varied on-line as
system operating point changes. The need for
adaptive regulating scheme comes from the fact that
the wind turbine operates over a wide range of
operating conditions and therefore the system is
highly non linear. The proposed system has two

V. Evaluate _E,@_B,

— error and
Qchange 9_]“1 ce

n exror

V4 Tnput scaling
factors

fuzzy logic PI controllers. The FLC-1 is used in the
AC voliage control loop while the other FLC-2 is
used in the DC voltage contro! lcop. Fig. (6) shows
the block diagrarm of the FLC-1, where it consists of
three main blocks: fuzzification, evaluation of control
rules and defuzzification. The AC voltage error E and
change in this error CE are the crisp inputs of the
FLC-1. The input signals E and CE are converted to
the corresponding per unit signals e and ce (throngh
dividing by the input scaling factors GE and GC
respectively). The input signals e and ce are
expressed in fuzzy set notation using linguistic labels

Fuzzification |

Rule base
\ 4
dip Ay _ip
%zzlgzil:‘ﬁ;f - {Defuzzification™ _[
QOutput scaling
factor

Fig. (6) Block diagram of FLC-1

characterized by membership grades before being
processed by the fuzzy logic controller. Also, the
output signal dip is expressed in fuzzy set notation
using linguistic labels characterized by membership
grades. The membership functions MFs for e, ce and
dip are shown in Fig. (7). There are seven MFs for
both e and ce signals, whereas there are nine MFs for
the output dig. Table (1) shows the corresponding
rule base of the FLC-1. The top row and left column
of the table indicate the fuzzy sets of the variables e
and ce respectively. While, the MFs of the output
variable dip are shown in the body of the table. There

" are 49 possible rules, which are used to decide the

appropriate control action. In the implementation of
the fuzzy logic controller, the input variables ¢ and ce
are fuzzified, the comtrol rules are evaluated and
finally the fuzzy output is defuzzified. The crisp
output of the FLC-1 dig is converted to Aig* by
multiplying by the output scaling factor GW. This

.signal is accumulated to penerate the aciual

comnand value ig*. Using a similar technique, the
FLC-2 is implemented. The fuzzy logic PI controlier
can be considered as a conventional PI controller but
with non linear adaptive gains. Therefore, its
advantage is obvious, since the values of Aiy* and
Aig* which are used to decide the appropriate control

action are adaptive for the DC and AC voltage errors -

tespectively. Therefore, an optinal dynamic response
of the proposed system is achieved.
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TFig. (7) Membership functions of the FLC-1
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_ATabl 1) Rule bas of_‘ the FLC-1

6. RESULTS AND DISCUSSION

The proposed system is modeled and simuiated using
Matlab/Simulink software program in order to study
its performance with the proposed coniroller. Fig. (8)
shows the simulink model of the: proposed system,
which consists of different blocks called subsystems.
Each subsystem performs a specific task. In the first,
the induction machine is driven by the wind turbine
from the rest with a wind velocity of 6.5 m/sec. After
the speed of the induction machine reaches to its
steady state value, the fixed capacitor bank and the
CC-VSI are connected across the machine terminals
at =0 sec in order to excite the induction machine
under no-load condition.
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N |

SC

PWM CC-VSI
and
DC link

Fig. (8) Simulink model of the proposed system

The fixed capacitor bank is selected with a value of
10 uF in order to sustain the generated voltage of the
SEIG under no-load condition and to reduce the
inverter size. Fig. (9) shows the dynamic response of
the system during the start up process and switching
in the controller under no-load condition. Firstly, the
terminal voltage of the SEIG settles to
275.05V(RMS), whereas the DC side capacitor of the
CC-VSI is also charged {(due to the anti-parallel
diodes across the inverter IGBTs) to 643,14V as
shown in Fig. (9.a) and Fig. (9.b) respectively.
However, the DC voltage does not reach its reference
value whish is set to 750V and the terminal voltage is
over-excited whose reference voliage is set to
220V(RMS). When the controller is brought into
operation by giving it a switching pulse at =3 sec,
the over-excited terminal voltage and the DC side
voltage are regulated to their reference values by
controlier action. In this case, the CC-VS] is operated
in inductive-mode where the reactive component of

the inverter current lags the voltage of the SEIG by a
phase shift of 90° as shown in Fig. (9.c). Fig. (9.d)
shows the dynamic response of the stator current
which is decreased afier the controller starts its
operation. This is due to that, operation of the
inverter in inductive mode reduces the equivalent
excitation capacitance of the SEIG which in ten
reducing the stator current. Also for this reason, the
generator losses are reduced and therefore the
extracted power form the wind turbine which equals
the generator input power is reduced as shown in Fig.
(9.¢). This increases the generator speed after
switching in the controfler as shown in Fig. (9.1). Fig.
(9.g) shows the zoomed dynamic response of the
actual and reference inverter currents of phase (A). It
is clear from the figure that, the HCC forces the
actual inverter current to follow its reference in a

hysteresis current band.
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under sudden loading with load resistance (R,=

4500) at +=7 sec. In this case, the CC-VSI which is
in the inductive mode in the previous case (no-load

condition), changes to operate in the capacitive mode
in order to inject the required reactive power to

regulate the generated voltage as shown in Fig.
increase in load resistance from the previocus value to

(10.c). After that, the system is subjected to a sudden
(Ry= 650€2) at t== 15 sec.
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Fig. (10) System response during sudden decrease

and increase in the load resistance

Fig, (11) shows the dynamic respons¢ of the system
for sudden decrease in the wind speed from 6.5 m/sec
to 6 m/fsec at t=21 sec. Followed by a sudden increase
from 6 m/sec to 7 m/sec at =30 sec. The obtained
results, which are shown in Fig. (10) and Fig. (11),

demonstrate the effectiveness of the proposed

controller for regnlating the generated voltage of the

SEIG under wind speed and load variations.
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Fig. (11) System response during sudden decrease

and increase in wind velocity

Fig. (12) shows the steady state operating points of

the system for the previous operating conditions on
steady state operating points are characterized by the

the turbine output power/specd characteristics. The
moment of settlement.
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7., CONCLUSION

A novel fuzzy logic controller in order to regulate the
generated valtage of a stand-alone SEIG driven by a
variable speed wind turbine is presented. The main
innovations presented in this work are the modeling
of the system and the confrol strategy. The fixed
capacitor bank and the CC-VSI are used to
accomplish the required reactive power in order to
regulate the generated voltage of the SEIG under
wind speed and load variations. The inclusion of the
fixed capacitor bank eliminates the requirement of
pre-charging of the DC side capacitor of the CC-VSI
for the start-up process of the induction generator and
supports minimizing the inverter curent. This
reduces the inverter rating. Moreover, The
implementation of the proposed controller neither
requires the use of a mechanical position nor a speed-
sensing system. This increases the system reliability.
These two features enable reduced costs of the
proposed control scheme. Moreover, the proposed
confroller is insensitive to parameters variation and is
adaptive to changes in the operating conditions.
Therefore, it has an optimal dynamic response.
Simulation  results using  Matlab/Simulink
demonstrate  the effectiveness of the proposed
controller in regulating the terminal voltage of the
SEIG against wind speed and load variations.

8. APPENDIX

-The induction machine used in this study is a 3-
phase, 4 poles, 1.1 Kw. The machine parameters are
R#=6.396 £, R=7.965 , Ly= L,=20.837 mH,
R;=933.61 Q, j=0.015 kg.m’.

-The wind turbine parameters are: r=1.85 m, gear
ratio= 1:8.53, j=1.6384 kg.m®

-The equivalent system inertia j=0.03452 kg.m”.
-Constants of Equation (3) are: a;= 4.6324e-7, ag= -
3.5767e-5, as= 8.0176e-4, a;= -7.5748e-3, as;=
0.0289, a;=-0.025952, a;= (1.029343, ay=-7.255¢-4.
-Constants of Equation {4) are: bs= -3.8493e-5, b=
0.00109534, by= -0.0126716, b= 0.0741395, b= -
0.213417, b= 0.198004, by=10.350224

-The hysteresis band current controller hb=0.01.
-Filter parameters are: R=0.1 £}, L~0.055 H.
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