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1. INTRODUCTION

In the recent year, decreasing the fossil fuel consumption and detraction harmful emission become
the important topics for many researchers to reduce the effects of climate change [1]. To achieve this task,
most of the researchers in this field trend using the renewable energy such as: wind energy [2-4], solar energy
[5-8], wave energy [9-10] etc. instead of the fossil fuels to protect the environment. The wind energy is one
type of renewable energy that is available in most of countries around the world. Therefore, many researches
are achieved to extract the electrical power from the wind energy. Because of the wind speed is a variable
amount during the day; the pitch variable-speed control wind turbines strategy is studied. This control
strategy has typically two types. If wind speed is less than the rated wind speed of the turbine, the designed
pitch control system adjusts the pitch angle of the blades to keep the rotation speed of the generator at a
constant level to extract maximum electrical power from the wind energy for improving the efficiency of
wind turbine. While, when the wind speed is higher than the rated wind speed of the turbine, the pitch angle
control system is required to maintain the rotation speed of the generator almost constant. Due to the
generated power from the wind turbine is very sensitive against changing the pitch angle of the blade,
a robust controller pitch angle should be designed. It is clear that the wind speed fluctuates during the day,
so that if the wind turbine has no pitch angle control system, the generated electrical power will fluctuate as
well. Therefore, when speed of the wind is higher than the rated speed of the turbine, the generated electrical
power will be very high that may cause the crashing of the wind turbine system. For that reason the
intelligent pitch angle controller should be designed carefully.
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The purpose of designing a speed pitch angle control system may be listed in following main points:
a) Extracting the maximum electrical energy when the wind speed is below the rated.

b) Remaining the rotational of the generator at the designed level when the wind speed is higher than
the rated.

Many researches are achieved to improve the designing of the pitch angle control system.
The National Renewable Energy Laboratory wind turbine simulator is utilized to design a dynamic chattering
torque control and a proportional integral (PI) pitch control system [11]. The root locus method is used to
design a PID pitch angle controller for a fixed speed active-stall wind turbine [12]. The back propagation
learning algorithm is used for learning and training the parameters of the adaptive neurofuzzy inference
system to design and estimate the optimal power coefficient value of wind turbines [13]. In reference [14],
the authors present adaptive neurofuzzy inference system controlled doubly fed induction generator based
wind energy conversion system integration with the grid for enhancement of wind turbine performance.
Fuzzy logic pitch angle controller is designed for variable speed wind turbine [15-18]. In reference [19],
a new scheme is developed from the wind turbine’s MPPT-curve to extract maximum power from the wind
turbine system. A constant power control system is proposed for a wind turbine to provide constant power
output and compensate the deviations between the desired active power output and the available wind energy
input [20]. Two controllers (Pl Controller and LQR Controllers) are proposed for secondary regulation of
Load Frequency Control with the participation of variable-speed wind turbines to maximize the generated
power from the wind turbine [21]. Nonlinear sliding mode control with exponential reaching law control is
used to improve the performance of wind turbines by producing electrical energy from wind energy [22].
Backstopping and Sliding Mode Control approach based on a doubly fed Induction Generator power
(DFIG-Generator) in order to reduce the response time of the wind system and extract the maximum power
from wind energy [23].

In this paper, three types of the control systems are designed to construct the pitch variable-speed
control: conventional PI controller, Neurofuzzy controller and modified PI-Neurofuzzy controller.
The performance of each controller is designed and studied by utilizing the MATLAB Simulink toolbox.
The results show that the proposed controller (the modified PI-Neurofuzzy controller) succeeds to keep the
speed of the rotor around the rated value (1.86 rad/s) even the wind speed change suddenly from 13 m/s to
18 m/s. It is mean that the generated power from the wind turbine is kept constant even the speed of the wind
rises up the rated value.

The paper is organized as follows. The wind turbine model is derived in Section 2. In Section 3,
the model of hydraulic pitch actuator is presented. The design of pitch angle control systems are discussed in
Section 4. The simulation results are discussed in Section 5. Finally, the conclusion is given in Section 6.

2. WIND TURBINE MODEL

The wind turbine performs three main tasks: the first task is extracting the electrical power from the
wind energy. The parts responsible for achieving this task are rotor hub and blades. The rotational movement
of the rotor is transmitted to the generator via the gear box to increase its revolutions per minute. The second
task is converting the extracted mechanical power to electrical power by using electrical generator. Finally,
the generated electrical power is sent to a power grid. The power generated from the generator is a function
of input wind speed.

The angle of the blades is adjusted by a pitch angle control system to optimize the generated power
from the turbine when the wind speed is less than the rated wind speed. While, when the wind speed is higher
than the rated wind speed, the pitch angle control system adjusts the blade angle to keep the generated power
at rated turbine power. The desired position of the blades is adjusted by employing an electric or hydraulic
pitch servo motors.

In this paper, it is assumed that the input wind speed is higher than the rated wind speed
of the turbine. The relationship between the mechanical power and input wind speed is shown as below:

Pr() = 5 Cpo (v, B)pmR?U3 €

where:  C,, (v, B)= the power coefficient of the turbine
y = the tip-speed ratio
B = the pitch angle
p = the air density
R= the radius of the rotor
u = the wind speed.
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There are different equation forms to compute the value of power coefficient of the wind turbine.
In this paper, the following equation is used to calculate the value of Cy, (v, 8) [24]:

Cpor B) = 0.5176(*20 — 0.48 — 5)e s + 0.0068y @)

where 9 is tip ration it can be calculated from the following equation:

1_ 1 0.035 @)
9 y+0.088 B3+1

As shown from the (2), the power coefficient is nonlinear equation and it depends on the tip-speed
ratio (y) and the pitch angle (8). The tip-speed ratio (y) is the ratio between the blade tip speed and the wind
speed as shown in the following equation [24]:

y =2 @
where: w,= the turbine rotor speed.

L = the turbine blade length.

From (4), the rotation of the rotor is proportional to the wind speed. So that the power extracted by
the wind turbine is increased when the wind speed increase. When the wind speed reaches to rated wind
speed, the mechanical power extracted by the wind turbine reaches to the rated power of the turbine. If the
wind speed rises up the rated value, the mechanical power should be kept constant to avoid crashing of the
wind turbine. The pitch angle control system is adjusted the blades angle 8 to avoid crashing.

The relationship between the aerodynamic torque coefficient T, and the mechanical power is given
by the following equation:

T, = (%)

Wy
Substituting (1) in (2), we yield that:

T, = 0.5 208 ;rp2y3 (6)

[0

3. HYDRAULIC PITCH ACTUATOR MODEL

The pitch actuators are used to turn the blades of the wind turbine around their longitudinal axis to
keep the extracted mechanical power within the rated value. The hydraulic pitch actuator model describes the
relationship between the pitch demand g, from the pitch controller and the actual value of the pitch angle S.
In this paper, the actuator model is assumed as a first order system as shown in below:

B(s) _ 1 (7)

Ba(s) - Tps+1

where: 7, =time constant of pitch actuator.

4.  PITCH ANGLE CONTROL SYSTEM DESIGN

In this work, three controller systems are designed to generate the control signals as input to the
hydraulic pitch actuators to adjust the position of the blades. Then, the comparisons of the responses of the
wind turbine with each controller are made.

Fist controller is selected as classical Pl controller. Figure 1 shows the connection of the PlI
controller with wind turbine.

The input of PI controller is the error between the actual value of the turbine rotor speed and the
reference rotor speed. The PI controller generates the controller signal (the pitch demand S,;) which is used
as input to the actuator. The pitch demand 8, is computed from the following equation:

Bs=K,E®)+K; [ E(t)dt (8)
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where:  K,,= the proportional gain of controller
K;= the integral gain of controller.

=g
Beta Pm —»{Pm

Wind Speed |—' wr (rad/s)

E Bd—»Bd Beta

Wind turbine Generator PI Controller Actuator

wr_ref (rad/s)

Figure 1. The connection of PI controller with wind turbine

According to (7), the actuator generates the pitch angle g to adjust the blades of the wind turbine.
The second designed controller is Neurofuzzy controller. The neurofuzzy controller is selected in this work
instead of the fuzzy controller because the neurofuzzy controller combines the attributes of both fuzzy system
and neural network. The neurofuzzy controller uses the features of optimization technique of neural network
to train the parameters of fuzzy system [25]. Figure 2 shows the connection of Neurofuzzy controller with the
wind turbine system. As demonstrated from Figure 2, the Neurofuzzy controller is used as an inverse model

to generate the pitch demand signal §;.
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Actuator

Wind turbine Generator

Figure 2. The connection of Neurofuzzy controller with wind turbine

For the Neurofuzzy controller designing, the selection of the fuzzy system completely depends on
the data training method to compute the pitch demand. The collected data from the PI controller are used for
training the Neurofuzzy controller by using the hybrid optimization method which is the combination of
gradient and least square estimate method.

The third controller that is designed in this work is modified PI-Neurofuzzy controller.
Figure 3 shows the connection of modified PI-Neurofuzzy controller with a wind turbine.
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Figure 3. The connection of modified PI-Neurofuzzy controller with wind turbine

The designed Neurofuzzy controller in the second controller is used to generate pitch demand ;.
Then the pitch actuator uses the output of the Neurofuzzy controller to calculate the pitch angle S.
Finally, the output of the PI controller is added to the output of the pitch actuator to generate the adjusted
signal for the blades of wind turbine.
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5. RESULTS AND ANALYSIS

In this work, the speed controller of the wind turbine is discussed. The wind speed is assumed
higher than the rated speed of the wind turbine. So that, the pitch angle of the blades should be adjusted to
avoid the crashing of wind turbine. For comparison purposes, three pitch angle control systems are designed
in this work. The pitch angle control systems of the wind turbine are simulated by employing a MATLAB
program to test the performance of the designed controllers and evaluated the efficiency of the wind turbine.

The nominal physical parameters of 5 MW wind turbine, which are used in the simulation work,
are shown in Table 1 [26]. The wind speed which is used in this work is equal to 18 m/s, while the rated
wind speed of the turbine under studied is 12 m/s. Therefore, the rotational speed should be kept almost
constant around the rated rotor speed (w,_r.r = 1.86 rad/s).

Table 1. The Nominal Physical Parameters

Description of the parameter Value
Rated turbine power 5 MW

Rated wind speed 12m/s
Rated rotor speed 1.86 rad/s
Number of blades 3

Gear box ratio 60.88
Turbine blade length 55m

Radius of rotor 30 cm

Air density 1.225 kg/m3

For designing of PI controller, the value of K, and K; are selected equal to 1000. The wind turbine
with Pl controller is simulated by using Matlab simulink toolbox at rated turbine power and rated rotor
rotation speed to collect the data for training the Neurofuzzy controller. The number of membership functions
for Neurofuzzy system is equal to five which have triangle shape. The hybrid optimization method is used to
train the parameters of Neurofuzzy system. Figure 4 shows the training phase of Neurofuzzy system.
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Figure 4. The training phase of Neurofuzzy system

In this simulation, it is assumed that, the wind speed is varied from 13 m/s to 18 m/s. The step
function is used to simulate the changing of the wind speed as shown in Figure 5. The pitch angles of the
blades are adjusted using the designed control systems to avoid crashing of the wind turbine. Figure 6 shows
the comparison between the time response of the pitch angle 8 when the three designed controllers
(PI controller, Neurofuzzy controller and PI-Neurofuzzy controller) are used.

Figure 6 illustrates the rotation speed change of the rotor when the three designed controllers are
used. The robust controller should keep the rotation speed of the rotor constant even the wind speed changed.
Figure 7 shows that, when the PI-Neurofuzzy system is used the rotational speed of the rotor is almost kept
constant. It is mean that the new proposed controller is more efficient than the other controllers.
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Figure 5. Comparison of pitch angle change when Figure 6. Comparison of rotation speed change of the
the three different controllers are used rotor when the three different controllers are used

Figure 7 shows the comparison of mechanical power change when the three different controllers are
used. As it is mentioned above, the mechanical power should be kept constant to avoid crashing of the wind
turbine. When the PI-Neurofuzzy system is used, the mechanical power is almost kept contasnt around the
rated turbine mechanical power (5 MW) even the wind speed is varied from 13 m/s to 18 m/s. The result
illistrates that, the response of new proposed controller is better than the responses of the other
two controller.
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Figure 7. Comparison of mechanical power change when the three different controllers are used

6. CONCLUSION

The wind turbines are one of the renewable systems that are used to generate the electricity from
wind energy. When the wind speed is higher than the rated speed of the turbine, pitch angle of the blades
should be adjusted to maintain the rotation speed of the generator almost constant even the wind speed is
higher than the rated wind speed. In this paper, three different controllers are designed to achieve this task.
The results show that, the modified PI-Neurofuzzy controller is more robust than the other designed
controller because when this controller is used as a pitch angle control system, the rotational speed is almost
maintained constant even the wind speed rises up the rated wind speed.
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