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Adaptive Control of Pitch Angle of Wind Turbine using a Novel
Strategy for Management of Mechanical Energy Generated
by Turbine in Different Wind Velocities
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Abstract — Control of pitch angle of turbine blades is among the controlling methods in the wind
turbines; this measure is taken for managing mechanical power generated by wind turbine in different
wind velocities. Taking into account the high significance of the power generated by wind turbine and
due to the fact that better performance of pitch angle is followed by better quality of turbine-generated
power, it is therefore crucially important to optimize the performance of this controller. In the current
paper, a PI controller is primarily used to control the pitch angle, and then another controller is
designed and replaces PI controller through applying a new strategy i.e. alternating two ADALINE
neural networks. According to simulation results, performance of controlling system improves in terms
of response speed, response ripple, and ultimately, steady tracing error. The highly significant feature
of the proposed intelligent controller is the considerable stability against variations of wind velocity

and system parameters.
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1. Introduction

Use of renewable energies including wind energy has
had a remarkable growth in the recent years. Fig. 1
illustrates growing trend of electricity generation using
wind energy since late 2009 until latter half of 2011 [1].
Improvement of control process of wind turbines is vitally
necessary due to exponential spread in electricity
generation by wind [2].

The classic PID controller is among the most common
controllers in industrial systems, which have excellent
structural properties including signal tracking, low
sensitivity to the measurement noise and robustness against
the process’ parameters and load disturbances despite its
simple structure.

So, it has taken a special place to control of the linear
and/or nonlinear systems [3].

However, it should be noted that the derivative part of
the controller is sensitive to noise in practice. On the other
hand, tuning the PI controller has to be done for a specific
condition. Because, in some cases which provide a new
condition due to the varying inputs or system parameters
and system dynamic the controller fails to operate in its
optimal performance based on its primary tuning [4].

Two application instances of this controller for controlling
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the wind turbines have been mentioned in [5-6].

Nonetheless, logically, use of the simple PI controller
will not yield desirable results in systems like wind
turbines which embrace non-linear and indefinite factors.
This originates from the fact that parameters of control
system change with variations of wind velocity (and hence
change of working point of system), and also the fact that
system parameters need to be readjusted.

Alleviation of aforementioned pitfall is possible in two
ways: use of classic non-linear control methods (adaptive/
robust) and/or application of intelligent control methods.
The classical method of sliding mode (which is among the
oldest and meanwhile most well-known non-linear robust
control techniques) was used in references [7] to control
the wind turbine system.

In [8], the performance of a robust controller based on
H,, for wind turbines is presented. Ref [9] has presented a
new method to estimate the fault-tolerant to design a wind
turbine.

Moreover, in Ref [10] a nonlinear control based on a
wind speed estimator is used. In addition, neural-fuzzy
techniques were utilized in references [11-13] to achieve
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Fig. 1. Global trend of wind-generated electricity
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ideal answers in design of controlling systems of wind
turbines.

In reference [14], the MLP neural network and the RBF
neural networks were used to control the pitch angle.
Simulation results attest better performance of RBF
controller in providing the favorable nominal output power.
Nevertheless, it must be explained that none of the above
mentioned controllers, despite relatively large structure and
diversity of inputs, are capable of full elimination of
overshoot. Furthermore, a step-wise function served as the
wind velocity model.

In [15], coefficients of the PID controller to control the
pitch angle for a given wind speed profile were designed,
and the obtained performance and results which were based
on disturbance observer just for the given wind speed
profile were accessible. It should be noted that the
coefficients of this PID controller were tuned just for the
given wind speed profile.

Moreover, a feed-forward non-linear controller (designed
according to aerodynamic attributes of turbine rotor) was
applied in reference [16] to compensate the weakness of
the classic PID controller. Output of feed-forward non-
linear controller is added to the PID controller output and
generates the ideal input of pitch angle system.

In [17], a self-adjusting pitch angle controller was
proposed based on adaptive control method of reference
model. This controller is composed of two neural
networks: one for comprehending plant’s behavior (pitch
angle system) and the other one for comprehending its
reverse behavior (aimed at realizing reverse controlling
strategy of the plant). Also, pitch angle was controlled with
the aid of a robust controller in [18] so as to be compatible
with systematic uncertainties (variation of wind turbine
dynamics affected by wind velocity fluctuations). Pitch
angle control was carried out in [19] using a non-linear
controller for establishing equilibrium between the
generated electrical power of wind field and the required
load power.

It should be noted that the most significant weak point of
the abovementioned studies was their failure in the on-line
tracking regarding compatibility with variations of
operation point and system parameters.

The coefficients of the PI/PID controller for wind
turbines in a specific operating condition such as given
wind speed profile and/or defined dynamic parameters can
be determined to operate in an optimal performance of the
controller can be seen in [15].

But, variation of the wind speed profile and/or the
system’s dynamic parameters causes the PID controller
coefficients deviate form the optimal performance, and to
achieve the optimal the recital, the coefficients are required
to be rearranged -

In this paper, a self adjustable controller based on
consecutive alternating two ADALINE neural networks to
ideal regulation of pitch angle is designed. ADALINE
neural network is characterized by its simple structure and
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accordingly high operation speed.

According to the simulation results, the proposed
controller in terms of response speed, steady-state tracking
error and response ripple performance is better than a PID
controller. It should be noted that one of the most important
features of the proposed controller (unlike the PI/PID
controllers) is that the proposed controller is robust, stable
and self adjustable under system variations .

The following parts of the paper are organized as below:
Wind velocity model used in the simulation section is
explained in section 2. The formulas pertaining to
mechanical power and also power efficiency of wind
turbine will be introduced in section 3. Following a brief
description of single-layer ADALINE neural network and
the procedures of determining reference pitch angle in
section 4, designing mechanism of the proposed pitch-
angle controller with application of two successive
(alternating) ADALINE neural networks will be explained,
and finally, the paper ends with presenting the conclusions
in section 6.

I1. Wind Velocity Model

Wind velocity can be supposed as summation of four
components [20]:

* Average wind velocity (V,, )
* Slope or ramp velocity (v, )
* Gale velocity (Vg )

¢ Turbulence velocity (V,)

The wind velocity can be therefore written as:

V=V, Vg Y, Y,

(M

Average wind velocity component represents mean value
of wind velocity in specified time intervals. Slope velocity
component is in fact defines constant increase of wind
velocity in steady state which is determined via a multi-
rule function:

0 t < Tsr
(-T,)
v, ={4 gy L, <t<T, @)
A, t>T,.

where, 4. is an amplitude of slope velocity, and 7, and
T, are considered as initial and final times of slop wind
blowing, respectively. Gale velocity component in [20] was
modeled as follows:

0 t<T,
58
(t=T)
Ve =9 4g{1-cos 2”(Eg—ng) Ty <t<T, 3)
0 t>T,

eg
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where, 4, is a storm amplitude, and Tz and T,

respectively represent beginning and ending times of storm.

Turbulence component which describes the random state of
wind velocity will be denoted as below:

v, = 22[_]\;[5‘, (a)l,)Aa)]I/2 cos(@;t + ) 4

where @; = (i—%)Aa) and ¢ is a random variable with
uniform probability density in the interval 0 to 2z . Also,

S,(@;) is the spectrum density function proposed by
WIKITIS [21] as below:

2K\ 2|y
Sv(a)i)= N ‘(1),‘

)

7z2|:1+(Fa),~ | )’ ]4/3

where Ky = 0.004, F= 2000, and # is an average
velocity in high elevation. In [22], it was concluded that
the parameter values of N =50 and Aw between 0.5 and
20 would be suitable for the simulation.

II1. Characteristics of Wind Turbines

Mechanical power of wind turbines is in fact a
percentage of total power of wind energy and is calculated
via the following formula:

P.=5AC, (4P’ (6)

where, P is the air density, Cp is the power efficiency
coefficient, B is the pitch angle, 4 is the swept area by
the rotor, and finally, V' is the wind velocity, A is the
ratio of edge velocity which is also defined as below:

A=—=
v

(M

where R is the rotor’s radius and @, is the rotor angular
speed.

Due to constant values of parameters #, A and the
fact that wind velocity is not under control, therefore, it is
realized in Eq. 6 that F. can be ideally controlled through
adjusting Cp , which is in turn a function of A and
B parameters.

It should be explained that for higher wind velocities
than rated velocity, Cp tuning is done by parameter / and
in wind velocities lower than rated velocity (of course in
turbines with variable speed) Cp tuning is done by
parameter 4 .

Using numerical approximation methods [23], the
relation between Cp and parameters A and are achieved
in the following closed form:
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—c5

CP(/l,ﬂ):cl(%—c3ﬂ—c4)eT +coh ®)

Where

1

Cp attribute is plotted in Fig. 2 versus A4 for different
values of

According to Fig. 2, wind turbine works with maximum
power efficiency where =0 and A is in nominal value
(which is obtained for nominal wind velocity and rotor
rotation at nominal velocity). In these conditions, nominal
mechanical power is delivered by the turbine.
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Fig. 2. Attribute of power efficiency in terms of edge
velocity ratio and for different values of pitch angle
[23]

IV. Controlling the Pitch Angle

A. ADALINE neural network

Main nucleus of all artificial neural networks is simple
operational element called neuron; these elements are
derived from biological neural systems. Variety of available
artificial neural networks (including diverse structures:
feed-forward and feed-backward) are derived through
special arrangement of neurons in different layers.

Procedures to construct an artificial neural network
respectively include:

* Selection of suitable network structure in accordance
with problem requirements and based on experience.

* Selection of appropriate number of neuron layers and
number of neurons in each one (which are normally
determined through a trial and error process and by
training the network).
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* Training the network (determination of unknown
weights).

Presence of rich training data is among the important
factors affecting successful performance of a neural
network. These data shall cover different circumstances
that might occur during the operation so that trained neural
network can experience different conditions and can yield
suitable results in application where possible.

Block diagram of ADALINE neural network is shown in
Fig. 3 which is a single-layer network with linear activity
functions and the following input-output relation:

Single-layer Adeline neural network with a network of
linear functions and the input - output equation is presented
as follows:

a= purelin(WP+b)=WP+b (10)

P
—_—
rx1

\ 4

Fig. 3. Block diagram of ADALINE neural network
where, P and a are respectively input and output
vectors of network and W & b respectively represent
weight vector and bias vector (adaptive or fitting
parameters of network).

ADALINE neural network is trained by the famous least
square error algorithm (LMS) algorithm. This function
basically works on the assumption of square error for error
function of the network:

FOV.b) = (7,b) an

Obviously, network error function in general is a
function of all fitting parameters of the network (i.e. W &
b). Fitting parameters of the network are adjusted through
an iterated process based on classical optimization
algorithm of highest slope. Having assumed omission of
bias term, the related equations are as below:

w
=k+1

ww

=W +VW
=k =k

~Ir-VF()|,

(12)
(13)

k

where:
w

=—k+1
of network

w
=k

weight vector, VZkis variations matrix,

and respectively are new and current values
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VF (Z)‘Zk is gradient matrix and finally parameter “/r”
represents training rate of the network. Assuming absence
of bias term, output vector, and consequently, error vector
of network (for certain training data) will be as follows:

A

where:

! is ideal output vector of network for input vector 2.

Now, it is written for calculation of gradient matrix
VE(D)I, -

VEW)| =V, W)=V, W)V W)

5)

where:

v, e)=-p" (16)

Through combining the Egs. 15 and 16 with Eqs. 12 and
13, there will be:

T
Vzk=2-lr-gk-£ 17)
T
Zk+l=zk+2~lr-gk~£ (18)
And also, Eq. 19 is used for network bias:
B =h + g (19)
where b, ., and 2, are new and current values of bias

=k
matrix of network, respectively. Additionally, mean square
error for each epoch is:

1 n 2
MSE=—) ¢ 20
p le (20)

where:

n is number of training models in each epoch and ¢; is
the error for the ;” training model calculated via Eq. 14. It
should be noted that the equations above are extracted from
reference [24].

B. Controlling system of pitch angle

In wind velocities below the nominal wind velocity,
value of pitch angle must be considered zero for achieving
the maximal possible energy from wind. If wind velocity
exceeds its nominal value, generation power of turbine is
still maintained in its nominal level through suitable
adjustment of pitch angle. Block diagram of pitch-angle
controlling system of turbine is illustrated in Fig. 4 where
the controller the needed command is sent to pitch angle
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system based on tracing error of pitch angle.

In this figure, “Look up table” block contains the
information of reference pitch angle proportional to each
wind velocity and nominal velocity of rotor. Fig. 5
demonstrates how this flowchart is prepared. In flowchart
of Fig. 5, Ve and V, respectively are minimal and
maximal wind velocities for which the turbine generates
power, and, B, is nominal mechanical power of turbine.
Block diagram of pitch angle system is shown in Fig. 6.

table

o
L

Look up
Fig. 4. Block diagram of pitch-angle controlling system

By

Pitch angle

Controller
System

i=LV({)=K
\
A =aR/ V()
Y
B =40
i=i+1,
Vi) =V + 1 ;
A G=Gp)
7 B=p-0.1
[}

P=0.5zC,pRV>

N

ﬂoul (l): ﬁ

Fig. 5. Flowchart of calculation procedures of reference
pitch angle [17]

>

Fig. 6. Block diagram of pitch-angle controlling system

0|
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C. New strategy of controlling pitch angle

Due to non-linear nature of wind turbine and with the
intention of maintaining favorable performance of the
control system, the time-consuming process of coefficient
adjustment in PI linear controller must be normally
repeated for different wind velocities (working points).
Two measures can be taken to resolve this problem:

* The PI linear controller can be replaced by an
intelligent system (using fuzzy-neural structures).

* Adjustment of PI controller parameters with the aid of
on-line training techniques for compatibility with new
working conditions and even variations of system
parameters.

In the current paper, a PI controller is used for desirable
control of a default wind velocity profile (Fig.9,
simulation section). It must be remembered that controlling
coefficients of PI are determined using ZIGLER NICOLS.

In the next steps, another controller is designed and
substitutes the former one using a new strategy aimed at
alleviating the structural weak points of linear PI controller
of pitch angle (for variations of working point and system
parameters). As observed in Figs. 7 and 8, the proposed
controller is composed of two alternate ADALINE neural
networks. Two ADALINE neural networks are used in
order to maintain the structural power of the network, and
particularly, styled observance of its training process.

B4 7' |
the neural
controller
of the >
pitch's
Brer-B > angle

Fig. 7. Block diagram of the intelligent pitch-angle controller

The B Thed
first P B N secon
neural Z neuralk
networ
B,.;-B—¥ network . —>
© Adaline Adaline
|

Fig. 8. Details of the neural block in Fig. 7

C1. The new controlling structure of neural network

Behavior of a PI controller is first studied. It is observed
that the control signal exits from the PI controller for a
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certain value of error introduced to the system and consists
of two parts:

* Instantaneous control signal which nullifies the error
of the same instant

* The controlling signal which has been already available
and nullifies the errors of former instants.

Finally, control signal for a new input of the PI controller
is the sum of these two aforementioned control signals. As
a novel method of control method, a model is built based
on the PI controller and a neural network controller has
been designed on the same basis. This neural network
controller is composed of two neural networks connected
in series.

The first ADALINE neural network generates the
instantaneous control signal for the error at the same
instant; behavioral input-output knowledge of PI controller
is used for training this network. The second ADALINE
neural network also sends a more optimal control signal to
the pitch angle controller compared PI controller; its
performance is based on instantaneous control signal (the
output of the first neural network) and the output of pitch-
angle control related to one instant before.

C2. Training the neural networks

200 values from difference interval of pitch angle and
reference pitch angle are uniformly introduced to the PI
controller; the maximal and minimal values among these
200 data respectively are the lowest and largest difference
between the pitch angle and the reference pitch angle.
These values are input in PI controller one by one in the
form of the step function the same domain, and, the steady
output value of PI controller for each input will be
considered as the desirable output of the same input. As
such, 200 training models are created for the first neural
network.

Out of these 200 training models, 160 models were used
for training and the rest 40 models for testing the first
neural network. Training procedures are as below:

* Selection of random values for network weights

* Introducing training model to the neural network and
achieving the output using Eq. 10.

* The error is computed using Eq. 14. And subsequently

mean square error of each epoch is obtained via Eq. 20.

If this error is less than 0.0001, the training procedures
will end.

* Weights and biases and network are revised using Egs.
18 and 19 and the procedure returns to step 1.

In this state, the first neural network will end after 63
epochs with MSE=0.00098.

In the interval of pitch angle variations, 20 values are
selected between the maximal and minimal values in a way
that its highest and lowest values equal the maximal and
minimal values of pitch angle value. Also, 20 values are
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chosen between the maximal and minimal output values of
the first neural network like the pitch angle values.
Through permutation of two selected 20-value groups, 400
states will be obtained for two values. The generated 400
states are introduced to the PI controller one by one in the
form of two-level step function whose domain in the first
level equals the previous instantaneous pitch angle, and,
the domain in the second level equals output of the first
neural network. The steady output for the same input is
considered as its desirable output, and in this manner, 400
training models are created for the second neural network.

For the second neural network, 30 models are used for
training and 50 models for testing the second neural
network. The training procedure of the second neural
network is also similar to that of the first network while the
two are trained independently. The second neural network
ends in epoch 84 with MSE=0.00091. For both networks,
training rate is taken 0.05 for the first network.

These two series ADALINE neural networks yield better
non-linear performance capability to the neural network
controller, proposed for the first time in the current paper
as a novel method to be used in the design of intelligent
controllers.

V. Simulation

All simulations were performed using MATLAB
software lasting 400 seconds with nominal wind velocity
of 12 m/s in all runs.

The default wind velocity profile is demonstrated in Fig.
9. In the initial 300 seconds when wind velocity is below
the nominal value, pitch angle must be zero, and for the
last 100 seconds during which wind velocity exceeds the
nominal value (12m/s)., this value must equal 2.2 degrees
according to “Look up table” depicted in Fig. 5.

Fig. 10 illustrates the reference pitch angle, response of
pitch-angle controlling system in the case of using PI
controller, and response of pitch-angle control system in
the case of using the proposed controller.

11.5¢ B

wind speed (nvVs)

200 250 300 350
time (s)

0 50 100 150 400

Fig. 9. Wind velocity profile.
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To have the possibility of better comparison, the detailed
form of Fig. 10 is presented in the interval 120-140
seconds in Fig. 11.

Fig. 11 reflects better performance of the proposed
controller compared to the conventional PI controller in
terms of overshoot elimination, response speed, and steady
tracing error.

3.5
Refrencel
3k PI ) i
Adaline
251 B
g 5l ]
¢
:Cg 1.5+ q
a
1k 4
0.5 q
0 . . . . . . .
0 50 100 150 200 250 300 350 400
time (s)

Fig. 10. Pitch angle variations for both types of controllers
for 0<7<400s

Refrencel
3r PI
— Adaline
251
g 2
§
e 1.5F
S
a
1k
0.5

130 132 134 136 138
time (s)

122 124 126 128

Fig. 11. Detailed form of Fig. 10 in 120-140 seconds
interval

wind speed (nVs)

200 250 350
time (s)

0 50 100 150 300 400

Fig. 12. Wind velocity profile

869

Nevertheless, in order to manifest the remarkable
structural capability of the proposed intelligent controller
for variations of working point and system parameters, Fig.
13 shows the performance of this controller versus velocity
profile of Fig. 12 (which is somewhat different from
velocity profile in Fig.9); here, the change in the
integrating coefficient of the pitch-angle system (K) is 80%.
Fig. 13 also illustrates performance of PI controller in the
new condition.

Comparison of recent years confirms excellent alignment

10

ol Refrence
PI
gl Adaline
71 i
g o |
o
g ° ]
<
L 4r g
a
3} i
2 =
1 i
oL . . .
0 50 100 150 200 250 300 350 400
time (s)

Fig. 13. Pitch angle variations for both types of controllers

wind speed (mVs)
fee]

200 250 300 350
time (s)

0 50 100 150 400

Fig. 14. Wind Velocity profile

pitch angle (deg)

200 250 300 350
time (s)

0 50 100 150 400

Fig. 15. Pitch angle variations for the proposed controller
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Fig. 16. Mechanical power curve of wind turbine

of the intelligent controller with the new condition while PI
controller (which was adjusted for the previous condition)
did not exhibit an unfavorable behavior.

For demonstrating excellent match of the proposed
controller in fluctuating wind velocities, performance of
this controller is shown in Fig. 15 versus the velocity
profile of Fig. 14 (taken from the wind velocity model
explained in section 2). Fig. 16 also plots the mechanical
power of wind turbine for wind velocity profile of Fig. 14.

V1. Conclusions

Efficient control of power and speed in wind electricity
generation systems is highly significant due to variability
and at the same time uncontrollability (uncertainty) of
wind velocity. Using a novel strategy in the current paper, a
controller consisting of two alternate ADALINE neural
networks was designed for controlling the pitch angle of
turbine. The reason for selecting ADALINE neural network
was its simplicity and hence high execution speed.
According to simulation results, the following notable
features can be listed for the proposed controller:

More favorable quality compared to controllers of the
former research works in terms of steady and transient
behavior indices while having a simple structure (higher
quality regarding response speed, response ripple, and
steady tracing error).

Excellent adaptability with working point variations
(wind velocity profile) and system parameters (with change
of working point and system parameters, there is no need
for repeating the design but the model will be auto-
matically revised and maintains its optimal performance).

References
[1] World Wind Energy Report 2011,

WWW.Wwea.com.
[2] Beltran, B., Ahmed-Ali,

available at:

T. and Benbouzid, M. E.,

[11]

[14]

“Sliding Mode Power Control of Variable-Speed
Wind Energy Conversion Systems,” IEEE Trans. on
Energy Conversion, June 2008.

Astrom, K. J. and Hagglund, T., “PID Controller:
Theory, Design, and Tuning,” 2™ edition, 1995.
Zaragoza, J., Pou, J., Arias, A., Spiteri, C., Robles, E.
and Ceballos, S., “Study and experimental verify-
cation of control tuning strategies in a variable speed
wind energy conversion system,” Renewable Energy,
Vol. 36, pp. 1421-1430, 2011.

Tapia, G, Tapia, A. and Ostolaza, J. X., “Two
Alternative Modeling Approaches for the Evaluation
of Wind Farm Active and Reactive Power
Performances,” IEEE Trans. on Energy Conversion,
Vol. 21, pp. 909-920, 2006.

Hand, M. M. and Balas, M. J., “Systematic Approach
for PID Controller Design for Pitch-Regulated,
Variable-Speed Wind Turbines,” 17th ASME Wind
Energy Symposium Proceedings, pp. 89-94, 1998.
Beltran, B., Ahmed-Ali, T. and Benbouzid, M. E.,
“Sliding Mode Power Control of Variable-Speed
Wind Energy Conversion Systems,” IEEE Trans. on
Energy Conversion, June 2008.

Belfedal, C., Gherbi, S., Sedraoui, M., Moreau, S.,
Champenois, G., Allaoui, T., and Denai, M. A.,
“Robust control of doubly fed induction generator for
stand-alone applications,” Electric Power Systems
Research, Vol. 80, pp. 230-239, 2010.

Seo, S., Back, J., Shim, H. and Seo, J. H., “Robust
Adaptive Control for a Class of Nonlinear Systems
with Complex Uncertainties,” Journal of Electrical
Engineering & Technology, Vol. 4, No. 2, pp. 292-
300, 2009.

Boukhezzar, B. and Siguerdidjane, H., “Nonlinear
control with wind estimation of a DFIG variable
speed wind turbine for power capture optimization,”
Energy Conversion and Management, Vol. 50, pp.
885-892, 2009.

Vieira, J. P. A., Nunes, M. V. A., Bezerra, U. H. and
W. Jr. Barra, “Novas Estratégias de Controle Fuzzy
Aplicadas ao Conversor do DFIG para Melhoria da
Estabilidade Transitoria em Sistemas Eolicos,” IEEE
Latin America Trans., Vol. 5, No. 3, pp. 143-150, 2007.
Zhang, X.-Y., Cheng. J. and Wang, W.-Q., “The
Intelligent Control Method Study of Variable Speed
Wind Turbine Generator,” ICSET 2008.

Jerbi, L., Krichen, L. and Ouali, A., “A Fuzzy Logic
Supervisor for Active and Reactive Power Control of
a Variable Speed Wind Energy Conversion System
Associated to a Flywheel Storage System,” Electric
Power Systems Research, Vol. 79, pp. 919-925, 2009.
Yilmaz, A. S. and Zer, Z., “Pitch Angle Control in
Wind Turbines above the Rated Wind Speed by
Multi-Layer Perceptron and Radial Basis Function
Neural Networks,” Expert systems with Application,
Vol. 36, pp. 9767-9775, 20009.



[15]

[19]

[20]

(21]

Mahdi Hayatdavudi, Mojtaba Saeedimoghadam and Seyed M.H Nabavi

Joo, Y. and Back, J., “Power Regulation of Variable
Speed Wind Turbines Pitch Control based on
Disturbance Observer,” Journal of Electrical Engin-
eering & Technology Vol. 7, No. 2, pp. 273-280, 2012.
PENG, G, “Nonlinear Feed Forward Pitch Controller
for Wind Turbine BASED on Rotor’s Aerodynamic
Characteristic,” Proceedings of the Ninth International
Conference on Machine Learning and Cybernetics,
Qingdao, 11-14 July 2010.

Bati, A. F. and Leabi, S. K., “NN Self-Tuning Pitch
Angle Controller of Wind Power Generation Unit,”
IEEE PSCE 2006.

Takaai, H., Chida, Y., Sakurai, K. and Isobe, T., “Pitch
Angle Control of Wind Turbine Generator using Less
Conservative Robust Control,” IEEE International
Conference on Control Applications, Russia, July 8-
10, 2009.

A. Abdelkafi and L. Krichen, “New strategy of pitch
angle control for energy management of a wind farm”,
Energy, Vol. x, pp. 1-10, 2011.

Anderson, P. M. and Bose, A., “Stability Simulation
of Wind Turbine Systems,” IEEE Trans. on Power
Apparatus and Systems, Vol. 12, pp. 3791-3795, 1983.
Slootweg, J. G, Polinder, H. and Kling, W. L.,
“Initialization of Wind Turbine Models in Power
System Dynamics Simulations,” in Proceedings of
IEEE Porto Power Tech. Conference, Porto, 2001.
Rimas, V., Shinozuka, M. and Takeno, M., ‘“Para-
meters Study of Wind Loading on Structures,”
Journal of the Structural Div., ASCE, pp. 453-468,
Mar. 1973.

Anderson, P. M. and Bose, A., “Stability Simulation
of Wind Turbine Systems,” IEEE Trans. on Power
Apparatus and Systems, Vol. 12, pp. 3791-3795, 1983.
Hagan, M. T., Demuth, H. B. and Beale, M. H.,
“Neural Network Design”, PWS Publishing Company,
1996.

871

Mahdi Hayatdavudi was born in Kazeroon, Iran, on
September 20, 1985. He received his B.S. degree in
Electrical Engineering from Islamic Azad University,
Kazeroon Branch, Kazeroon, Iran, in 2008, and., M.S.
degree in Electrical Engineering from Birjand University,
Iran, in 2011. He is currently as a Lecturer in Department
of Electrical Eng, Borazjan Branch, Islamic Azad
University, Bushehr, Iran. His research areas of research
interest are renewable energies, electrical machines and
control systems.

Mojtaba Saeedimoghadam received his B.S. degree in
Electrical Engineering from Islamic Azad University,
Kazeroon Branch, Kazeroon, Iran, in 2009, and M.S.
degree in Electrical Engineering from Islamic Azad
University, Najaf Abad Branch, Esfahan, Iran, in 2012. He
is currently as a Lecturer in Department of Electrical Eng,
Borazjan Branch, Islamic Azad University, Bushehr, Iran.
His research areas of research interest are renewable
energies, Micro grids and neural networks.

Seyed M. H Nabavi (S’09-M’11) received his B.S.(Honor
student), M.S. (Honor student) and Ph.D. degrees in
Electrical and Computer Engineering from Islamic Azad
University, Bushehr Brach, Bushehr, Iran in 2001, and Iran
University of Science & Technology, Tehran, Iran in 2004
and 2011, respectively. He has published more than 40
papers based on power system and optimization. His
research interests include optimization, power system
operation and control. Dr. Nabavi is a member of IEEE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


