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Abstract— In this paper the detailed model of a typical wind
turbine with permanent magnet synchronous generator is
extracted by using mathematical equations, simulation and system
identification. There are a lot of limitations in this turbine
performance and control caused by mismatching among
components which is not avoidable during the production process.
The main idea of pitch controller is to consolidation the power and
generator speed over the rated wind speeds. An efficient pitch
controller will lead to reduce the mechanical stress and fatigue on
the pitch actuator and guarantee the wind turbine stability. In this
paper four pitch control methods are presented to pitch regulation
and performance enhancement of a 108 KW wind turbine. These
controllers are utilized and compared to regulation of the pitch
angle in practical application. These four controllers are Pl, fuzzy,
fuzzy-PI and gain scheduled PI controllers which are designed to
be applied to an actual wind turbine. The result of comparison
among these four methods shows that the fuzzy-Pl controller
provides an appropriate pitch control signal.

Keywords—Fuzzy Logic; Gain Scheduling; Pl Controller; Pitch
Control Wind Turbine.

l. INTRODUCTION

Awind turbineis a device that converts mechanical
energy captured from the wind into the electrical power.
Nowadays the wind turbines are manufactured in a wide range
of vertical and horizontal axis type [1]. Wind power, as an
alternative to fossil fuels, is accessible, renewable, widely
distributed, clean, produces no greenhouse gas emission during
operation and uses little land. As of 2011, Denmark is
generating more than a quarter of its electricity from wind and
83 countries around the world are using wind power to supply
the power grid. In 2010 wind energy production was over 2.5%
of total worldwide electricity usage, and growing rapidly at
more than 25% per annum [2,3]. At the end of 2013,
worldwide nominal capacity of wind-powered generators was
318 GW, growing by 35 GW over the preceding year [3, 4]. It
is predicted that the installed wind capacity in China will be
about 40 GW till 2020 [5].

There are a great number of papers and technical reports that
presented a pitch controller to regulate the output power and to
stabilize the generator speed of wind turbines. The General
Electric (GE) report presented a Pl controller based on the
feedback of the generator speed to regulate the pitch angle and
a pitch compensation module based on the electrical power to
adjust the pitch command while a sudden change occurs in the
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wind speed. This method will fail when the electrical power
involves flickers caused by the network harmonics [5,6]. In [7]
a mathematical method is represented to calculate the gains of
a Pl pitch angle controller fora 5 MW wind turbine. Firstly, the
power coefficient characteristics for various pitch angles are
calculated. Secondly, the output powers vs. rotor speed curves
from cut-in to cut-out wind speeds are simulated. Finally, the
results are compared using a wind turbine model to determinate
turbine’s tracking characteristic. This method needs the LIDAR
sensor to measure the wind speed. The controller gains will be
changed for different wind speeds. The LIDAR sensor is
expensive and is not affordable for low power wind turbines
[8]. In [9] a new design algorithm for extracting the gains of the
Pl pitch controller for the wind turbines is presented. This
method leads to a proportional and an integral gain fixed for all
the wind speeds. In the following it is shown that a fixed gain
Pl controller will lead to unwanted pitch signal fluctuation
specially in higher wind speeds.

These methods do not consider the mismatching problem
that occurs during the production procedure. There are a lot of
limitations in this turbine performance and control caused by
mismatching among components. An efficient pitch controller
will lead to reduce the mechanical stress and fatigue on the pitch
actuator and guarantee the wind turbine stability.

In this paper four pitch control methods are presented to
pitch regulation and performance enhancement of a 108 KW
wind turbine. These controllers are utilized and compared to
regulation of the pitch angle in practical application. These four
controllers are Pl, fuzzy, fuzzy-Pl and gain scheduled PI
controllers which are designed to be applied to an actual wind
turbine. The result of comparison among these four methods
shows that the fuzzy-PI controller provides an appropriate pitch
control signal. In section 2 a brief introduction is presented on
the wind turbine structure and components. Section 3 and 4are
assigned to considering different types of controllers and test
results respectively and section 5 concludes the paper.

1. WIND TURBINE STRUCTURE AND COMPONENTS

As it is shown in Fig. 1, there are four main parts in a wind
turbine: the base, tower, nacelle and blades. The blades capture
the mechanical power from the wind and transmit it to an
electrical generator located in the nacelle [10].There are a
generator and a gearbox in the nacelle. The blades are attached
to the generator through a series of gears. The generators can be
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either variable or fixed speed. Variable speed generators
produce electricity at a varying frequency, which must be
corrected to 50 or 60 Hz before it is fed into the grid [10-11].

Rotor Blade
Tower

Nacelle f

Hub

Low-speed High-speed
Shaft Shaft

Rotor Hub Gearbox

Transformer

Brake Brake  Generator

Q

Fig. 1. The wind turbine components [11]

It is necessary to model, identify and simulate the
subsystems of a wind turbine to produce an efficient model
which is practical to control design. The wind turbine
components are classified into two main categories, the
mechanical and the electrical parts. These two parts are
discussed in the following subsections [12].

A. Mechanical Components (Blade, Aerodynamics & Power
Transmission System)

The MATLAB wind turbine block shown in Fig. 2, is used
to model and simulate the mechanical components of the wind
turbine. The inputs are generator speed, pitch angle and wind
speed. The outputs include the aerodynamic torque and
reference rotor speed which provide the mechanical power by
multiplication. According to the MATLAB block settings the
mechanical part efficiency is about 76 % and the generator speed
is selected about 98.74 % of the nominal speed. The main goal
of these selections is to generate a semi-actual Simulink model.

Wind Turbine
Signal Builder

Fig. 2. Wind turbine block to model the mechanical components
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B. Electrical Components (Generator & Power Converter)

The electrical components are summarized in generator and
power converter. The permanent magnet synchronous generator
(PMSG) is shown in Fig. 3. In these types of generators, the
permanent magnet causes the DC excitation in the generator
windings. The advantages of this type of generators in
comparison with the other types are higher efficiency,
controllable terminal voltage and reactive power. Besides these
advantages, having no resistance losses and no need for an extra
power supply to excite a generator are some of the distinction
of PMSG. Another advantage of PMSG is the ability of
bringing out the gearbox while increasing the generator poles.
This advantage decreases the mechanical losses and costs [12-

13].
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Fig. 3. PSMG and single stage gearbox

The generator is modeled by using the PMSG block in
MATLAB Simulink. The input of this block which is shown in
Fig. 4, is the aerodynamic torque and the outputs include the
phase voltages and currents.
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Fig. 4. PMSG block in MATLAB

The power produced by the generator is stabilized and
synchronized with the grid frequency to inject to the power
network by a three phase back to back converter. The converter
should track and control the MPPT curve of the wind turbine.
An output filter is utilized to eliminate the harmonics [14]. The
general structure and the simulated control system of the
converter are shown in Fig. 5 and Fig. 6, respectively. The
converter controls the generator speed through the generator
current adjustment by using two PI controllers. The generator
speed error is entered to a PI controller to produce the generator
g axis reference current. This reference current is compared
with a generator actual current and the error is injected to
another Pl controller to adjust the current by utilizing the
voltage. The d axis current is set to zero through another control
loop.
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Fig. 6. Six switch back to back converter control system

The aerodynamic power produced by the blades, P, can be
calculated through by (1). In this equation p is the air density, r
is the rotor radius, v presents the wind speed and f is the pitch
angle. The power coefficient is calculated through (2). In this

equation w,, shows the angular rotor speed.
B prr3v2C, (4, 8)

p, =V S0P ©)
p="2 )

v
The aerodynamic torque as shown in (3) is related to P, and
Wiy -

P, prr*v?C,(4,B)

T, = E = 22 (3)
The drive model is shown in (4). In this equation w, w, =
Pw, = PNwy,) is the electrical rotor speed and w, is the
mechanical rotor speed. The number of the poles is shown by
P, turbine inertia is shown by J, N is showing the gearbox
Convelgsi;)n ratio and T, is showing the electrical torque [15].

W, = 7 (Ww + Te) (4)
Fig. 7 shows the power coefficient characteristics of a typical
wind turbine which is different at various pitch angles. The
maximum power point tracking (MPPT) will be extracted
through the power coefficient characteristics. The MPPT curve
used in the simulations is shown in Fig. 8. In the simulated wind
turbine, MPPT is realized by the using a piecewise linear look
up table. Maximum power point tracking (MPPT) is a
technique that wind turbines, solar battery chargers and similar
devices use to obtain the maximum possible power from the
power source. In the simulated wind turbine, the MPPT
procedure is implemented by the convertor.
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Fig. 7. Power coefficient characteristics of a typical wind turbine [14]
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Fig. 8. MPPT curve of the simulated wind turbine
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IIl.  CONTROLLER DESIGN

Types of controller are used to fix and level the output power
and the rotor speed in different operating regions. The block
diagram of these controllers is shown in Fig. 9. When the wind
speed is lower than the rated, the speed controller adjusts the
rotor speed so that the maximum power can be obtained from
the wind. In other phrase, the speed controller adjusts the tip
speed ratio (1) at its maximum point. When the wind speed is
upper than the rated, the pitch controller adjusts the rotor speed
at the rated value by increasing the pitch angle of the blades.
While the wind speed is lower than the rated value, the pitch
angle is controlled so that the maximum power can be obtained
from the wind energy [10]. Pitch control limits the output power
when the wind speed is over the rated value. The Pl controller is
a widespread method for adjusting the pitch angle.

Wind Active and
spccd Lhg Wind turbine reactive power Power
and generator converter
3
Power
g Rotor speed .
¢ ¢ st pomt
Pitch Cross coupling Speed
controller controller

Fig. 9. Two types of controller are used in variable speed wind turbines [10]

In the following, four control methods are utilized to produce
different pitch controllers for a variable speed wind turbine.
These four controllers include a simple Pl controller, a fuzzy
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controller, a gain scheduled PI controller and a fuzzy-PI
controller. The aim is to achieve to an appropriate controller that
is able to regulate the pitch angle, generator speed and the output
power. The supposed parameters of the wind turbine are shown
in Table I.

TABLE I. THE 108 KW WIND TURBINE PARAMETERS
Name Symbol Value
Inertia ] 1000
Air Density p 1.05
Nominal Gird Power Poria 108 KW
Generator Inductance L 0.001 H
Generator Resistance RS 0.17Q
Number of Pair Poles P 11
Nominal Generator Speed Wrer 320 rpm
Rated Wind Speed 9m/s

A. PI Tuning Using First Order Ziegler Nichols Method

The most useful and also simplest method for pitch control
is the use of the PI controllers. In Fig. 10 the pitch control system
based on the generator speed error is shown. The controller
output is the reference value of the pitch angle [15].The
proportional and integral gains of the PI controller is extracted
by using the first order Ziegler Nichols method. For the first step
the generator speed is fixed on 350 rpm in wind 9 m/s. The pitch
angle changed from 0.5 to 1 degree suddenly and according to
the step response of the generator speed, the proportional and
integral gain of the PI controller will be designed.

Generator speed B ‘
Dhicas t . error 4 Pitch Vi) Wind
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Fig. 10. Pitch angle control based on the generator speed error

According to the first order Ziegler Nichols method, at this
wind speed, the gain K and the time constant T and the delay t4
in (5) are calculated as K = 0.35, T = 1.4and t; = 0.636.
e~ "as (5)

Gy =
first order S+ 1

Therefore the controller gain is equal to K, = 5.67 and the
integrator time constant is equal to T; = 2.1. The transfer
function of the controller is shown in (6).The block diagram
realization of PI controller is shown in Fig. 11.
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Fig. 11. The block diagram realization of PI controller

B. The Gain Scheduled PI Controller

The Ziegler Nichols test shown in Fig. 9 is repeated at
different wind speeds and the controller gains and the integrator
time constants are calculated for different wind regions. The
Table 1l extracted from this collection of the tests, includes
Kp, T;, pitch angle to control the generator speed at 350 rpm and
pitch angle to control the generator speed at 320 rpm for
different wind speeds. The wind region is recognized based on
the current pitch signal. In different wind region the pitch
controller increases the pitch angle to stabilize the generator
speed at 320 rpm. Therefore the current pitch angle specifies
the wind region. Because of simplicity, T; is supposed to be
fixed in 0.6 second and the controller gain will be determined
according to the current pitch angle based on the data
represented by table I1. In that case the controller gain will be
changed in different region based on the pitch angle. The block
diagram realization of gain scheduled PI controller is shown in
Fig. 12 respectively.

TABLE II. THE GAIN SCHEDULING TABLE
Wind (ms) P't‘:h(g’:gorggm) i Kp T, (Second)
9 0.3 567 21
10 2 3.03 2
1 74 3.33 198
1 9.2 32 198
13 1 3.18 195
14 125 3.02 18
15 1 2.96 175
16 155 2.93 173
17 165 2.85 17
18 18 2.79 168
Generator speed1
325

wrat!

Piich angle1

Discrete-Time

Lookup Table Sign Integrator

Fig. 12. The block diagram realization of gain scheduled PI controller

C. The Fuzzy Controller

In fuzzy systems, decision making is done based on the
inputs, linguistic tags and membership degrees. The fuzzy logic
is an appropriate choice to develop different kind s of
controllers. It can be used as a direct controller and as a gain
adapter for the PI controller. In this section the fuzzy logic is
utilized as a direct controller to develop pitch signal for the
simulated wind turbine. In the next section the fuzzy logic is
used for the gain scheduling of the PI controller [16].

In this paper the fuzzy controller is designed based on the
simple PI controller described in section 3-1 and the fine tuning
procedure is done. The realization of the fuzzy control system is
shown in Fig. 13.
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Fig. 13. The realization of the fuzzy control system

D. The Fuzzy-PI Controller

To design the fuzzy-PI controller, error and the integral error
of the gain scheduled PI controller and its command signal is
injected as inputs and outputs to the fuzzy inference system. The
identified fuzzy system is utilized as the gain adapter block for
the PI controller. The fuzzy inference system is finely tuned and
then applied to the simulated wind turbine. In both fuzzy and
fuzzy-PI controller the fuzzy system learning procedure is done
based on the gradient descent and least square estimation (LSE)
method. The premise parameters are identified by using the
gradient descent method because the output is nonlinear respect
to them. The consequence parameters are identified by using the
LSE method because the output is linear respect to them. This
identification method is called the hybrid learning procedure.
The advantages of this method are reducing the identification
time and avoidance of local extremum points [7-16]. The
realization of the fuzzy control system is shown in Fig. 14.

FIS Wizard

FIG. 14. THE REALIZATION OF THE FUZZY-PI CONTROL SYSTEM

IV. SIMULATION RESULTS AND COMPARISON

According to the previous sections and modeling the
electrical and mechanical components, the obtained Simulink
block diagram is shown in Fig. 15. The simulation tests of the
four designed controllers are done on this model with the wind
signal plotted in Fig. 16.

As the wind speed is the same in all simulation tests, the results
are comparable. The results are shown in Fig. 17 to Fig. 19. As
it is shown in Fig. 17, the fuzzy-Pl controller and the gain
scheduled PI controller provide a more appropriate speed
control than two other controllers. Generator speed variations
around the nominal speed are smoother than the two others. In
Fig. 18, the output power injected to the grid is plotted for the
four controllers. The wind turbine nominal mechanical power
is about 108 KW and the efficiency is about 76%, therefore, the
nominal grid power is about 82 KW. As it is shown in figure 18
the fuzzy-Pl and gain scheduled PI controllers provide a
smoother output power in comparison with two other
controllers.

Fig. 15. Simulink block diagram of the 108 KW wind turbine
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Fig. 16. Wind signal used in the simulation tests
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Fig. 19. Pitch signal

In Fig. 19, the pitch angle variations for the four controllers
are plotted. The pitch signal for the fuzzy-Pl controller is
smoother in comparison with others. Table 11l shows the Root
Mean Square Error (RMSE) of the generator speed and the grid
power around the rated speed (320 rpm) and nominal power (82
KW). RMSE is an adequate numerical criterion to calculate the
controllers performance. RMSE is calculated through (7).

RMSE = \/Z?=1(yi - ynominul)z/n (7)

In this equation, Y,ominal iS the nominal value and it is constant,
y; is the i" sample of the variable and n is the number of
samples in y vector.

TABLE III. COMPRATION RMS ERORR
Pl Sl Sg?eduled Fuzzy Fuzzy-PI
Ge”ez‘r’;‘r’;fpeed 16.527 41737 9.0175 | 3.9933
Grid Power (KW) | 11.324 6.46 8.21 441

As it is shown in table 3, the RMSE criterion for fuzzy-Pl
controller is smaller than the other methods utilized in this
paper. This table shows that the fuzzy-PI controller stabilized
the generator speed and grid power in their nominal points.
Therefore the fuzzy-PI controller which is using the adaptive Pl
gains, provides a more stable and smoother response in
comparison with the others. The fuzzy inference system used in
this paper, has 25 fuzzy rules.

V. CONCLUTION

In this paper the wind turbine subsystems and components
are discussed and modeled in MATLAB and a complete model
is obtained for the wind turbine system. As it is mentioned the
pitch angle control is of great importance in wind turbine and it
is necessary to design an adequate pitch controller to guarantee
the stability and safety of the variable speed wind turbine. The
four control strategies are introduced and applied on the wind
turbine detailed model. The results are compared and analyzed
to choose an appropriate controller for the wind turbine
practical simulator.
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