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Nowadays, due to the increasing demand for electrical energy, investments in renewable
energies are a satisfactory solution to meet this demand. Wind energy, which is one of these
renewable energies, has many advantages such as low environmental impact, renewable
structure, and decreasing system costs with developing technology. However, the instant
changes of the wind, affect the sustainability of the system and the production efficiency
negatively.

Maximum efficiency, stable and long-lasting operation is aimed at wind energy conversion
systems with permanent magnet synchronous generators (PMSG). In line with these
objectives, systems should be used with appropriate control structures. Modeling studies in
the computer environment allow analyzing the different controls to be used in energy
conversion, which can be difficult and costly to work on the real system. These studies
provide analysis, comparison of various control parameters, and adjustments before system
installation, Thus, the problems can be prevented before the installation, higher performance
and less costly designs can be achieved.

In this study, the basic components and parameters of the wind energy system were
explained and mathematical models of these parameters were obtained. The working
principle of the control structures for the system was explained through these models. The
general system modeling, which includes pitch angle control for higher wind speeds, was
designed in Matlab/Simulink environment, and graphical analysis of the control structure
was performed based on various system parameters. As a result, the control structure ensured
stable operation of the system at higher wind speeds.

1. INTRODUCTION

methods and analyzing different system parameters. Thus,

more efficient systems can be installed at lower costs.

Wind energy conversion systems (WECS), used to
generate electrical energy, are structures created by the
integration of mechanical and electrical components. Turbines
and generators used in energy conversion are the most crucial
parts of these systems. Commercially, three-bladed, speed and
pitch angle-controlled turbines are commonly used. For
generators, permanent magnet synchronous generators
(PMSG) have come to the fore due to their characteristics such
as direct connection to wind turbines, compatibility with
variable speeds, and higher efficiency due to permanent
magnets in their rotors. Different control methods are used for
higher production efficiency, preventing mechanical and less
electrical stress to the system and increasing the service life of
the system. Before applying different control methods to the
system, simulation of a WECS through a computer program
such as Matlab/Simulink provides dynamic and steady-state
performance of the system by selecting appropriate control

In the literature, Different control simulations have been
conducted based on the mathematical models of the system
components. Furthermore, graphical analysis based on system
parameters for different techniques is presented in [1-3]. In
other studies; based on reference frame conversion, PMSG
and electronic interface simulations are presented in [4-6].
There are many different studies on the analysis of the pitch
angle control used for WECS in [7-10]. Comparative analysis
of these control techniques allows appropriate control
selection and design as presented in [11-14]. There are also
studies using soft computing methods such as fuzzy logic and
neural networks used for the pitch angle control in [11, 15-
18].

In this study, the main components of a WECS and its
basic controls, such as maximum power point tracking
(MPPT) and pitch angle control techniques were explained
theoretically. Simulation of the system in Matlab-Simulink
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environment was carried out and system parameters were
analyzed based on the pitch angle control.

2. MATERIAL AND METHOD

Figure 1 shows the main components of a WECS and
energy conversion stages.

Mechanical Energy
Conversion

%J‘.“ ‘4% ‘ ‘ - Lj‘iJ‘IL

Power Converter
Unit

Electrical Energy
Conversion

Wind Wind Turbine Generator Consumers

Figure 1.  Basic conversion scheme for REDS

Criteria in the selection of WECS components are

* Size

* Design and Maintenance costs

* Control designs ensuring stable and efficient operation

The main objective for a WECS is to create a system where
efficient and ergonomic components are used to design a
control for high efficiency, according to instant winds. As for
the working principle of the system, the Kkinetic energy of the
wind is converted into mechanical energy by the wind turbine.
Then, this energy is transferred to the generator through the
drive system between the turbine and generator. Finally,
produced electrical energy is supplied to the grid or a
standalone load by the power converter unit, which is used as
an intermediate link structure and used to control the
efficiency and quality of the produced energy [19,20].

In the earlier designs, 3-bladed fixed-speed turbines were
commonly used. Due to the low efficiency and power quality
of the fixed types, variable speed, pitch angle-controlled
turbines with PMSG, whose rotor speed can be adjusted
according to instant wind speed, have been widely used at
present.

For a variable speed WECS, there are two main control
structures. The first is to control the speed of the system below
the rated wind speeds, the latter is to control the pitch angle of
the turbine for protecting the system components above the
rated wind speeds [21,23]. WECSs can be operated at wider
range wind speeds without exceeding the rated power through
pitch angle control.

Computer simulations can be used for selecting and
designing proper control structures. For this purpose, Basic
models of the system components are needed. These models
explain the energy efficiency and conversion process.

2.1. Wind turbine model
The mechanical power transferred to the generator from
the turbine is expressed as shown in Equation (1) [3, 24-26].

1
P=§><Cp><P><A><Vw3- D

In this equation, P is the power extracted from the wind
(W), p is the air density, which is equal to 1.225 kg/m?, C, is
the power coefficient, V,, is the wind speed (m/s), and A is the
area swept by the rotor (m?). The power coefficient, showing

the ratio of power extracted from wind energy, can be defined
based on two parameters as shown in Equation (2).

C
(A, B) =C, (/1—2 —C3x B — 64) e (/M) 4 ¢ x A (2)
L

Coefficients C;_¢ are characteristic values for turbines.
(pitch angle) is kept at a minimum value below the rated wind
speeds, and it can be adjusted to prevent the turbine from
damage especially at higher wind speeds. The tip speed ratio
A and Ai parameters are defined as shown in Equation (3,4).
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In Equation (3), w is the angular velocity of the rotor
(rad/s), R is the rotor radius (m) and V' is the wind speed (m/s).

Figure 2 shows the power coefficient Cp as a function of
the tip speed ratio (A) and pitch angle ().

ex Coeflicient (Cp)

Pow

Tip Speed Ratio (1)

Figure 2. Cp curves as a function of A and 3

According to Figure 2, obtaining the optimum mechanical
energy, according to instantly changing wind speed, depends
on keeping the power coefficient at the maximum value.
Furthermore, keeping the power coefficient at the maximum
value for any wind speeds is related to keeping the pitch angle
value at the minimum and the tip speed ratio at an appropriate
value. As shown in Equation (3), the optimum value of the tip
speed ratio can be obtained by adjusting the rotor speed
according to the instant wind speed. This adjustment
composes the main principle of speed control and MPPT.
Another feature shown in Figure 2, the power coefficient is
decreased by increasing the value of the pitch angle. This
guarantees that excessive power can be limited above the rated
wind speeds by adjusting the pitch angle.

2.2. Generator and drive system model

Obtaining the mathematical model of a generator is very
important to understand which parameters can be used for
control. For machines operating at synchronous speeds, the
transformation from a 3-phase (a-b-c) stator reference frame
to a 2-phase (d-q) reference frame provides convenient control
design and analysis as in direct current (DC) machines. This
reference frame transformation can be used for the
mathematical model of a PMSG and controller designs [26-
27].

As a result of reference frame transformation, the
following equations are used to express the model of the
PMSG as shown in Equation (5-6).
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diz 1 ] ]

E=L—[—(Rs*lq) + wg(Lgig + A1) + V. (5)
q

dig 1 . .

E = Z [_(Rs * Ld) + WE(quq) + Vd' (6)

Where subscripts d and q refer to the physical quantities
that have been transformed into the d-q reference frame, R is
stator resistance (Q2), Ly and L, are g and d axis inductances
(H) of the generator, V, , and iy , are d and q axis voltages.
and currents consecutively, Ar is the permanent magnetic flux

wg, the electrical angular velocity of the generator, as
expressed in Equation (7).

P
Wg =§><WR. @)

Where P is the number of poles of the generator, wy, is the
mechanical angular velocity of the generator. The
electromagnetic torque produced by the generator (T%) can be
expressed based on (d-g) quantities as shown in Equation (8).

3p . .
Ty = 5 ((La = Lq) * kalg) +ig * A7), (8)
For a non-salient-pole PMSG, L4 and L, inductances are
approximately equal. In this case, the equation of
electromagnetic torque can be expressed in the following
form.

3
T, = 7p(iq « A7), ©)

In Equation (9), it is seen that the torque equation obtained
in the reference frame is similar to the torque equation of DC
machines. This similarity proves that reference frame
transformation provides ease of control and analysis. Equation
(9) also shows that the generator torque can be controlled by
the g axis current of the generator [26-28].

The drive system ensuring energy transfer from the turbine
to the generator can be treated as a one-lumped mass model.
The mathematical model of the drive train presents the motion
equation of the system. The equation is defined as in Equation
(10).

dWp _ Ty TE—E*WR.
dt ] ]

(10)

Where ] is the total moment of inertia, B is the coefficient
of viscous friction. Tyand T, are electromagnetic and
mechanical torques respectively. Wy is the mechanical
angular velocity of the generator. This equation shows that the
rotor speed can be controlled by adjusting the electromagnetic
torque. This torque can be adjusted by the g-axis current of the
generator based on Equation (8). This adjustment forms the
basis of MPPT control for a WECS below the rated wind
speeds.

2.3. Power converter unit

The main purpose of these units is to produce energy with
high efficiency and transfer the produced energy properly.
They can also be used as an energy buffer for the power

fluctuations caused by the wind turbine and for the transients
coming from the load side. There are two common converter
types for WECSs. The first configuration is designed as a
back-to-back converter connected to the grid or load, the
second configuration is a diode-bridge rectifier, a boost
converter, and an inverter connected to the grid or load.
Designed controllers aim to regulate the operation of the
power converter unit for various purposes based on the control
variable. For example, adjusting the switching signals in a
back-to-back configuration or regulating the duty cycle for a
boost converter can be used as control variables for MPPT
control [28-31].

2.4. Pitch angle control

In this control, the controller, which is activated above the
rated wind speeds, provides the opportunity to work at higher
wind speeds and mechanical protection [7-8]. Pitch angle
control is an essential and useful controller to enhance the
efficiency of a WECS and improve the stability of power
conversion. Pitch systems are classified into two types,
hydraulic and electrical pitch controls. Electrical controls
provide more efficient and faster operation [21]. For a PID-
based pitch angle control, different parameters (rotor speed,
power, torque, etc.) are compared with their rated values. The
error between these values could be used as inputs for pitch
angle actuators. Figure 3 shows the working principle of a
classical PI controller used for a pitch angle control with
various input parameters.

+ Pl Rate Pitch
_— —>  Controller Limiter Angle
Reference -
Values Value
Rotor Speed Instant Values
(Radlis) Rotor Speed
Wind Speed Wi‘::‘;/ s)e "
(m/s) v
Power (W) m;';_‘(w)
T"“‘;‘g‘”"" Torgque (Nm)
Etc.

Figure 3. Pl controller as a pitch angle control

A rate limiter can be used for adjusting the rate of change
of the pitch angle. Furthermore, it adjusts the operating range
of the controller. The angle value can also be adjusted to a
value that can stop the turbine operation by the used controller
in conditions where the wind speed is very high or low
[11,16].
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3. FINDINGS AND DISCUSSION

Figure 4 shows the general WECS model designed in
Matlab/Simulink environment.
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Figure 4. WECS system model

According to Figure 4, the mechanical torque obtained by
the turbine is given as input to PMSG by the wind turbine. The
mechanical power and torque are obtained based on the
mathematical models of the wind turbine. The sign of the
torque applied to the PMSG determines whether the machine
works as a motor or a generator. The negative torque enables
it to work as a generator. The detailed model of the wind
turbine is shown in Figure 5.
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The detailed model of the wind turbine

Figure 5.

In the pitch angle control, which is adjusted to activate
above the rated wind speed (12 m/s defined in this model).
The general system can be operated at the rated values through
this control. The Pitch angle is adjusted to change between 0°-
45°. Figure 6 shows the detailed model of the pitch angle
control, working based on instant wind speed.

- ﬂE ,j . . . _
Wind Speed —» " = I
: >12 {

PI Controller
E f —(D

:}_ Pitch angle (Beta)
0

Pitch angle control model

Rated Wind Speed

Figure 6.

According to the model shown in Figure 6, the control
limits the power capturing capacity of WECS to the rated
value, if the wind speed is greater than the rated wind speed
(12 m/s). During lower wind speed, the pitch angle of the
turbine is adjusted to the minimum value to rotate the rotor at
a higher speed thus increasing the power capacity of the
generator.

Control analysis will be carried out for a 1 kW WECS
based on a wind profile as shown in Figure 7.

Wind Speed Profile
20 T T T

Wind Speed (m/sn)
I

o] 1 2 3 4 5 6 7 8
Time (sec)

Figure 7. Wind speed profile

When pitch angle control is not applied throughout the

simulation period, Figure 8 shows the variation of rotor speed
and output power.

Output Power

Time (sec)
Rotor Speed (rad/s)

eoﬁ\‘

o 1 2 3 4 5 6 7 8
Time (sec)

Variation of output power and rotor speed (pitch angle control not

Rotor Speed (rad/s)
£
o

Figure 8.
applied)

For a 1 kW system, when the pitch angle control is not
applied, the output power increases to a 2.5 kW level at the
fifth second. Power level is higher than the rated value, so this
power can damage the system. This problem shows that a
pitch angle control is required to limit the output power to the
rated value at higher wind speeds.

When the pitch angle control is applied, the angle value
starts to increase from the fifth second. Figure 9 shows the
variation of the pitch angle.

Pitch Angle Variation

Angle (degree)
5

i L L L
o] 1 2 3 4 5 6 7 8
Time (sec)

Figure 9.  Pitch angle variation

This variation proves that the controller activates only
when wind speed above the rated value (12 m/s). Figure 10
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shows the variation of rotor speed and output power when the
controller is applied.
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Figure 10.
controller)

The activation of the pitch angle control at the fifth second
enables safe energy production at higher wind speeds by
limiting the power and rotor speeds to the rated values. This
control also enables energy production at higher wind speeds
as well as safe operation. Overall efficiency is also improved
in this way.

Figure 11 shows the variation of generator output voltage
and current according to the pitch angle control

Generator Output Voltage Variation Generator Output Current Variation

Voltage (V)
Current (A)

NU 1 2 3 4 5 6 7 8 0 1 2 3 4 5

Time (sec) Time (sec)

Figure 11.  Variation of output voltage and current of the PMSG

When the wind speed exceeds the rated value, the voltage
and current values can be limited to the rated values, which
indicates that the pitch angle control of the system works

properly.
4. CONCLUSION

In this study, the working principles of a WECS,
mathematical models of the system parameters, and the
control methods were explained theoretically. The simulation,
conducted in Matlab/Simulink environment, gave detailed
information about pitch angle control. Graphical analysis of
the system parameters was conducted based on this
simulation. It was observed that the system continued to
operate without exceeding the rated power at higher wind
speeds throughout the simulation period and the output current
and voltage remained at the desired value. As used in this
study, simulation is an important tool to see the effects of a
control structure and make required regulations before the
production process. For future studies, instead of PID
controller, soft computing techniques such as fuzzy logic,
artificial neural networks, and optimization methods can be
used for pitch angle control. Simulation studies also allow
comparative analysis of different control techniques.
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