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Abstract—The use of wind turbines based on induction
generator is very popular to generate electrical power and
it has been noted by researchers because of its many
advantages compared to conventional methods of
electrical energy generation. Factors of uncertainty in the
nature of the wind cause variable voltage in amplitude
and frequency on the induction generator. It is not
appropriate to apply such voltage to the load. So a
controller must be designed to be kept constant voltage
and frequency. In this paper, a fuzzy controller is used as
state feedback to stabilize the voltage, frequency and
voltage amplitude. The variable AC voltage generated by
generator is converted by rectifier to a variable DC
voltage. The variable DC voltage causes a change in the
output voltage of the inverter. The PWM switching
property is used to stabilize frequency and state feedback
is used to stabilize the output voltage amplitude. The
obtained error signal with its derivative is applied to the
fuzzy controller as input to generate the considered
control signal by controller to generate appropriate firing
pulses to apply to PWM inverter. Therefore, frequency
and amplitude of the output voltage is kept constant with
switching control and so maximum power of wind is
resulted. Simulation results show that by design the
appropriate controller for the considered system output
voltage can be stabilized in constant amplitude and
frequency.

Index Terms—Wind turbine based on induction
generator, voltage and frequency amplitude stabilization,
fuzzy controller.

|. INTRODUCTION

Pollution is one of the most important issues in the use
of renewable resources which grows increasingly its
importance. So that it has forced international
organizations like the IEA (International Energy Agency)
to take serious decisions to protect the health of the
planet and reducing atmospheric pollution [1]. This can
be a great help to the serious forecasting to use renewable
energy sources. Wind energy is currently the fastest
energy from point of view of spread in the world. Today,
wind energy is growing at a 30 percent growth in world
[2]. In terms of environmental, wind power not only
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reduces the production of carbon dioxide which is the
main cause of greenhouse gas emissions, but it hasn't
other pollutions resulting from the use of fossil fuels [3].
In terms of wind power generation costs, these costs are
decreasing day by day so that the cost of each KWh
power generated by wind turbine had decreased 20
percent during 5 years. Also in terms of size wind
turbines come to market with higher powers while these
turbines have an output of 5 MW [4]. The use of wind
power plants with variable speed has advantages
compared to the fixed speed wind power plants.
Although wind power plants with a constant velocity, can
be connected directly to the network, however, a wider
range of energies is covered by the variable speed wind
power plants and has less mechanical stress and noise.
Today, with advances in power electronics, all speeds
control is possible and effective [5]. In turbines with
variable speed, in fact, the rotary part of turbine absorbs
the mechanical power fluctuations with changes in its
speed and output power curve is flatter [6-7]. This can
help to improve the quality of power. However, wind is a
variable quantity and every moment is changing. So the
voltage amplitude and output frequency of the wind
turbine is changing that variable voltage is not suitable
for consumer. So a controller must be designed to be
capable to deliver maximum voltage and power with
constant amplitude to consumer from turbine. In last
research in frequency and voltage control of wind farm
based on induction generators the simple proportional -
integral controller (PI) is applied that the PI controller
parameters can be adjusted by trial and error method. Pl
controllers have a gain with fixed values. Hence against
the wide variation of operating conditions and non-linear
factors, are not suitable to dynamic performance.
Furthermore, the fuzzy controller based on fuzzy logic is
one proper approach to control the power system stability
So that the controllers are able to adapt themselves to the
conditions of the system.

In this paper, the fuzzy controller is designed to
maintain the amplitude and frequency of available
voltage caused by the uncertainty of nature wind.

Il. STUDIED SYSTEM

The studied system consists of a wind turbine is
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connected to the load as shown in Figure 1.The system as
shown as in Figure 2, includes a wind turbine, induction

» AC/DC Converter

generator, diode bridge rectifier, filter DC, inverter and
suitable AC filter.

» DC/AC Converter > Filter —

Wind Model, Wind Turbine,
Adaptive Controller &
Induction Generator

Fuzzy Controller <

Load

Fig.1. Overview of a Wind Turbine Connected to the Load

Fig. 2 shows a general view of a wind turbine block,
the adaptive controller and the induction generator.
Figure 2 refers to relation between wind model,

controller, adaptive calculation and induction generator
modeling.
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Fig.2. A general view of a wind turbine block

A. Wind Turbine

Torque produced by the wind turbine with no losses is
as follows [8-9]:

T, = %ﬂpct (AR 2 &)
4_Rao @)

Y,

C
C ——» @

2
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, the adaptive controller and the induction generator

Where R is the radius of the wind turbine, @ is the
turbine rotation speed and , is the ratio of tip speed to
the wind linear speed.

B. Adaptive Controller as Feed Forward

Due to changes in the parameters in studied system,
using the fixed gain classic controllers is not reasonably
fixed. Because this controller is not capable to maintain
system stability in conditions of parameters variation. To
solve this problem, the adaptive controller can be used.
Therefore, this controller is used in wind farm. The
overall block diagram of the adaptive controller is shown
in Fig. 3. In this Figure the calculation of turbine rotation
speed and adaptive calculation of T is presented.
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Fig.3. The overall block diagram of the adaptive controller

C. Calculation of @~

@ "is obtained from following equation [9]:

*

wy, =

n @V 4)
R

In the above equation n=98 and R= 33 is the turbine
radius and model of " is considered as a gain in wind
speed.

D. Controller

The equation of the controller is considered as follows:
V=aw, +ke (5)

The value of Ke is 1.8 in the above equation.
E. Adaptive Computing of T,

According to the adaption law, we have [9]:

e(t) = H(s)|kg™ @)v(v)] ®)

In the above equation e (t) is a scalar quantity, H(s) is
the real transfer function, k is the constant with given

sign, ¢ is the 1*M vector function of time and V/(t) is the

measurable vector of 1*M. If @ is changed as follows:
#(t) = —sgn(k)ev(t) Y

With the constant and positive ', the e(t) and ¢ are

bounded. If V is bounded, so:
e(t) >0 as t—>w (8)

Now with the last equation for the dynamic error, we
have following equations:
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e=—ke— Jl:l:t ©)

R

From the above equations, the result is the following
adaptation law:

T =L (10)
J R

¥ is a constant value that is considered 2000000. So the
Jr is defined as follows:

2
I, = (H) 3 +3, (11)

In the above equation:

J; =2.15x10° Kgm?
J =63.87Kgm?
n=98

F. Feedback Linearization (T., Calculation)

A torque which is estimated by an adaptive controller
for generator and is applied as input to it, is obtained by
following equation [9]:

T, =Jx (j—t -V J (12)

R

G. Simulated Adaptive Controller Model

Given the above steps, adaptive controller simulation
model is presented in Fig. 4. In Figure 4, adaptive control
equations and mathematical modeling related to its inputs
are presented.

Tk

Gearboxl Wind Speed

Gearbox

Fig.4. Simulated adaptive controller

H. Induction generator
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The Park transform is used in induction generator
model. In this transform of three-dimensional space (a-b-
c) is transformed to the (d-g-0).Generator input equations
has become to its new form by Park transform. Blocks
and new equations are as following. Also the outputs are
(a-b-c) by the inverse Park transform [10-13].

Equations of induction generator are as follows [10-
13]:

. d
VdS - rslds - a)ﬂ,qs =+ _/,lzdS (13)
dt
Vgs = Fslgs + oAy + —Aqs
dt
Vo, =L +iﬂ, (15)
Os s'os dt 0s
: d
Var = elgr — ((0— wr)ﬂqr +aﬂ’dr (16)
. d
Vor = Lig + (@0 —@,) Ay, +a/"tqr (17)
) d
Vo, =iy, +— A4 (18)
Oor r'or dt Or
3P . .
Tem = T (ﬂ’dslqs - ﬂ’qslds) (19)
FLR, ) LR . _
. . L, _
s LR LR | As| |Ves
. -0 r s 0 __ms
Aes | _ L, [ oV
Jo| |- LT_R, 0 L‘LR’ 0=, far| | Vor
/1qr a LR a LR _ﬂqr Vqr
0 —__m T _a)+a)r S T
i L - (20)
I. Block Circuits of d and q Axis
0} I
l//qs :wbj{vqs _7l//ds+7s(l//mq _‘//qs)}dt (21)
a)n Xls
0] I
Wys = %I{Vds TV + = (Vg _l//ds)}dt (22)
wb Xls
Wos = a)bJ‘ (Vos - rsios)dt (23)
] ] w_wr ' I’r' ]
qu = %j{vqr - (?)V/dr + XT(‘//mq _qu)}dl (24)
Ir
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e 4
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Xls
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Is Ir

3 P . .
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_ @

w, =
2H

(T, =T.) (32)

The block of the g axis and inside of the q axis block is
shown by Fig. 5. The block of the d axis and inside of the
d axis block is shown by Fig 6.

J.  The Bock Circuit of The Rotor and abc to dgo
Transform

The inside of rotor blocks abc to dg0 transform include
mathematical modeling of induction generator and
system is shown by Figures 7 and 8.

K. Applying Filters

AC/DC and DC/AC converters create harmonics from
AC and DC side that may have no suitable size for the
source or load. The filters are used to reduce the
harmonics. Filter that is used in the AC side are to reduce
the current harmonics and on either side of the DC is to
reduce the voltage harmonics amplitude.

I1l. THE Fuzzy CONTROLLER DESIGN

The fuzzy controller uses the fuzzy logic rules to
obtain control applications. Fuzzy rules have been
established based on control rules. Fuzzy logic systems
are not designed based on mathematical models. Fuzzy
controllers implement the human logic using fuzzy logic
that is planned by membership functions, fuzzy rules and
membership rules [14-15].
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Fig.7. Inside the rotor block

Copyright © 2015 MECS I.J. Modern Education and Computer Science, 2015, 7, 17-27



22 Designing of Fuzzy Controller to Stabilize Voltage and Frequency Amplitude in a Wind Turbine Equipped with
Induction Generator

: — )
- b OutWgs
In \ag Fen
Cor——mMx—
I g Dut Vds
Fen2
(E r—»
In .'ung . f(UJ
Fend
) >D oL
In iastibstics
Gain Integrator

Fig.8. Inside the abc to dqo transform block

In this study, the output voltage is sampled and is
compared with the reference voltage level and the
generated error signal and its derivative is applied to the
controller as the controller inputs.

A fuzzy system is described by a set of IF-THEN rules
and uses a number to define the degree of membership in

its membership functions. To solve the problem in fuzzy
controller, controller inputs, error signal and its
derivation, and its output are considered as the control
signal. The wind turbine system with fuzzy controller
structure is shown in Fig. 9.

Ferd

Fovery
T,

(R

Fig.9. The Proposed fuzzy type-1 controller in wind turbine system.

Design of fuzzy controller has 4 steps that are
presented as follows [16-18]:

Step 1. Determination of the system dynamic behavior
and characteristics

In this step, the controller input and output variables
and their variations range considering load-frequency
control problem should be determined. Input signals are
considered to create the base rules as the IF part and the
output signal of the fuzzy controller are considered as the
THEN part.

Copyright © 2015 MECS

Step 2. Determination of the fuzzy sets and membership
functions

In this step, the degree of fuzzy membership functions
related to each input and output signals are determined
and the fuzzification processing is completed.

The fuzzy controller membership functions are shown
in Fig. 10.
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Fig.10. The membership functions of proposed fuzzy controller (A: input and K: output)

Step 3. Description of inference engine

In this step, fuzzy rules are formed by the control rules

Table 1. Fuzzy rules of proposed fuzzy type-1 controller

23

that system performance is based on that rules. s

Step 4. Formation of the defuzzification process ¢ N8 NS = PS i
The fuzzy rules are combined and defuzzification NB S S M M B

process is performed on the output and output of the NS S M B vB

fuzzy inference engine. 7z M M B VB VB
In this study the membershi_p functions inputs and PS Y] Y] VB VB VVEB

output are considered same. For inputs and output, the 5- B 5 VB VB VB VB

segments triangular membership functions are applied.

Each input has five membership functions, so the number
of base fuzzy rules is 25. The fuzzy rules of fuzzy
controller are presented in Table 1. fuzzy rules refer to

conception of fuzzy controller inputs and relation of input
signals error and its derivation.

IV. SIMULATION AND RESULTS

generator is presented by Table 2 [19].

Table 2. Simulation parameters [19]

Parameter Value
Rated Power 1.6 MVA
Line to line voltage 33 KV
Rs 36 Q
R, 28 Q
X 40
X, 40
X, 53.35Q
Poles Number 4

Overview of system simulated in Simulink is shown in
Fig. 12. In this section, a three phase fault is applied to

the system according to Fig. 12 and with design of fuzzy
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The studied system data related to the induction

controller is attempting to fix and maintain the voltage
and frequency fluctuations.
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Fig.12. Overview of the simulated system

Input voltage curves of the studied system is presented in Figs. 14 and 15, respectively. Total harmonic disorder
in Fig. 13. Rectifier and inverter output curves are shown

(THD) of inverter output voltage is shown in Fig 16.

System Input Yoltage

Time 1

Fig.13. Input voltage curve of system
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T T
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Fig.14. The output voltage of the rectifier
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Fig.16. THD of inverter output voltage

Output voltage curve of the studied system is
presented in Figure 17. As shown as in Fig. 17, output
voltage of system is sinusoidal. The THD of system
output voltage is shown in Fig. 18. THD of system output
voltage in this stage is 4.65 percent ant it is within
standard ranges. THD of system output voltage based on
step R-L load is shown in Fig 19. THD in this condition
is equal to 4.91 percent in standard range. So the total

System Output Voltage
T

harmonic distortion of system is in standard domain. The
results showed that fuzzy controller in power system
stability are robust and suitable for damping application
in power system. According to obtained results the
amplitude of frequency and voltage oscillations are kept
constant and in standard range by fuzzy controller
application.

...... . T . |
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(
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Fig.17. Output voltage curve of the studied system
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Fig.18. THD of system output voltage with fuzzy controller.
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Fig.19. THD of system output voltage based on R-L input load with fuzzy controller.

V. CONCLUSION

In this paper, a fuzzy controller is designed for
stabilization of the amplitude and frequency of the
variable voltage caused by the uncertainty of the wind
nature. A fuzzy adaptive controller was designed as
direct supply to use maximum wind power at each
moment. As is clear from the results, by applying the
error associated with changes in wind speed, Adaptive
fuzzy controller employs wind maximum power and then
voltage was created in induction generator. Induced
voltage has variable frequency and amplitude which were
kept constant in amplitude and frequency by fuzzy
controller and power electronics circuits. According to
the results output voltage is within the standard in point
of view of total harmonic disorder.
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