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ABSTRACT

Due to the increase in power demand different electrical energy sources are considered in
the world, wind energy is one of the renewable energy sources used to produce electrical
energy based on the combination of a turbine and generator system. To improve the power
production from wind energy larger turbine rotors are being built, which causes increased
aerodynamics and other loads across the turbine blades, which results in a decrease in wind
turbine efficiency and operating lifespan. The wind turbine blade pitch control system is a
critical component for limiting mechanical overload on the overall system, as well as
limiting the power of the turbine when the wind turbine is subjected to excessive wind speed.
Therefore, this study develops an optimum controller for a hydraulic pitch angle actuator to
control the wind turbine blade pitch angle and reduce loads on the blades when the system
operates above rated wind speed. Bernoulli’s equation and mass conservation laws apply to
model the hydraulic turbine blade pitch actuator. Fractional order PID (FOPID) controller
Is used to improve the performance of the pitching mechanism and a genetic algorithm (GA)
is used to find the optimal parameters of the controller based on minimizing integral
absolute error (1AE) objective function. The overall system analysis and optimization were
performed by using MATLAB/SIMULINK 2020a. The performance of the FOPID compared
with the PID controller and the performance has been evaluated based on different reference
signal-tracking capabilities. From the simulation result for the unit step input, the GA-
FOPID controller gives a settling time of 0.1159sec, overshoot of 1.344%, and IAE of 0.010,
the FOPID controller gives a settling time of 0.416 sec, overshoot of 13.427%, and I1AE of
0.0351 and the GA-PID gives a settling time of 1.18 sec, overshoot of 29.74%, IAE of
0.1921. Similarly, the GA-FOPID maintains improved tracking performance by lowering
the IAE value for both sinusoidal and staircase signals. When considering the effect of load
torque at the blade root the GA-FOPID controller gives a settling time of 0.116 sec, and 1AE
of 0.01099, and the GA-PID controller gives a settling time of 1.188 sec, and an IAE of
0.1926. From the transient performance of the controller, the proposed GA-FOPID
controller shows better performance than conventional PID. Lastly discuss the effect of
turbine blade pitch angle change on tip speed ratio, rotor speed, mechanical power, and

torque of wind turbine.

Keywords: Blade, Wind Turbine, Hydraulic Turbine Blade Pitch Actuator, Integral
Absolute Error, GA-FOPID, GA-PID
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CHAPTER ONE

INTRODUCTION

1.1 Background

Energy availability is inextricably linked with long-term economic development. The vast
majority of the world's commercial energy requirements are met by fossil fuels, which have
negative environmental consequences (Studies et al., 2013). Many countries are increasingly
adopting renewable energy sources to combat global warming and other environmental
issues associated with these fossil fuels, also increased demand for electric energy is the
other problem that leads the global society to consider renewable energy sources (Sahib &
Nayl, 2019). Such energy sources are generally based on energy flows through the earth's
ecosystem caused by solar insolation and geothermal energy (Gowdar & Mallikarjune
Gowda, 2016).

Renewable energy sources have the potential to meet many times the current global energy
demand. They have the potential to increase market diversity, secure long-term sustainable
energy supplies, and reduce local and global atmospheric emissions. Renewable energy
derived from renewable natural resources will contribute to long-term development (REN21,
2009).

Among the various renewable energy sources wind energy is one of the electrical energy
sources, which contributes significantly to grid power installed capacity in the world and is
emerging as one of the competing options for pollution reduction (Wu et al., 2019). Over the
past 30 years, there has been a notable increase in the amount of electricity produced from
wind energy. The cost of producing electricity from wind has fallen due to advancements in
wind energy technologies (Islam et al., 2014). Up to 2021 Over 1800 TWh of electricity was
obtained from wind energy, which accounts for more than 6% of global electricity and 2%
of global energy. Globally additional 800GW wind power capacity was added in 2021 from
the data around 100GW installed in China and the United States (Owusu & Asumadu-
Sarkodie, 2016).

Wind energy is renewable and environmentally friendly, so systems for converting wind
energy to electricity have grown rapidly (Gowdar & Mallikarjune Gowda, 2016). Every

wind energy conversion system from simple units of generation to complex designs holds a
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turbine and generator, turbine is used to convert wind kinetic energy to mechanical energy
then the generator is used to get electrical energy (Eltigani & Masri, 2015). Nowadays it
become more complex because of the inclusion of different control systems to improve their
ability to deal with wind variability while producing energy cost-effectively and reliably.
And also because of the high dependency on climatic and environmental factors, control
systems are required to ensure the efficient operation of WTs and the effective utilization of

wind energy and to get maximum power (Apata & Oyedokun, 2020a)(Xue & Tai, 2012).

Most of the time the technology used to operate and control the angle of the blades in a wind
turbine is known as pitch control, it is used to regulate the rotor speed by adjusting the angle
of the wind turbines when the system is subjected to excessive wind variation. The pitch
system is used to control how much energy the turbine's blades can extract and also helps to
optimize the system's output power by adjusting the angle of the blades (Sahib & Nayl,
2019).

The wind turbine's pitch angle can be controlled collectively or individually, depending on
the number of actuators in the nacelle of the wind energy generator, which is gaining
popularity in wind turbine construction. Individual pitch angle control is achieved by driving
wind turbine blades independently. In individual pitch angle control, the number of pitching
mechanisms equals the number of blades of the wind turbine. But collective pitch angle
control all blades are controlled at the same time using a single pitching mechanism
(Gambier & Yunazwin Nazaruddin, 2018; Lasheen et al., 2016).

Variable propeller

Blade 1

Wind-speed
measuring instrument

Wind turbine nacelle

Figure 1.1 Blades action under pitch-controlled (Zhou & Liu, 2018)



The driving mechanism of wind turbine blade pitch angle is classified as hydraulic and
electrical pitch control actuators. The electrical active pitch control system primarily
employs a motor driving system to adjust the pitch angle of the wind turbine blade. On the
other hand, the hydraulic pitch angle driving system employs a hydraulic actuation
component to control the pitch angle of the wind energy generator. Both control actuators
have their own set of characteristics (Dou et al., 2010). This study considers fractional-order
proportional-integral-derivative control mechanisms for a large wind turbine's hydraulic

pitch angle actuator.

1.2 Statement of the Problem

A wind energy conversion system is one of the electrical energy generating mechanisms
based on the kinetic energy of wind. Due to the cubic relation between wind speed and the
rotor power, when wind speed varies around the rotor the angular rotor speed and power also
vary accordingly. When the system is subjected to excessive wind speed the turbine handles
rotational speed above the allowable limit due to this the power output also increases above
rated and it may cause damage to the mechanical component of the system. To reduce the
effect of variation of wind speed around the blade of the turbine different turbine types use
different techniques to protect the overall system from mechanical overload. Most of the
studies consider controlling the rotor speed of wind turbines using the turbine rotor side
converter. To reduce the effect of wind variation on turbine rotor output power add two
independent controllers when the wind turbine operates in partial load and full load modes
according to wind speed status. This causes the control system of wind turbines more
complex and bulky. In variable-speed wind turbines, the turbine blade pitch control
mechanism is used to reduce the effect of variation of output power and mechanical load on
the turbine component due to the variation of wind speed. The effect of changing the pitch
angle of the wind turbine blade affects the change of turbine tip speed ratio, rotor speed,
rotor-developed torque, and rotor output power. The quality of the pitch driving mechanism
is the basic consideration to reduce the system complexity and improve the efficiency of the
turbine. One of the techniques used to change the pitch angle of the blade is the hydraulic
wind turbine blade pitch actuator. Most studies take into account the electrical pitch angle
actuator, which has a larger bandwidth, which is more desirable for faster actions such as
individual pitching, but suffers from lower stiffness, faster transmission wear, greater
backlash, less shock robustness, and higher power consumption. A hydraulic Pitch Actuator

is used to overcome these drawbacks. It has higher stiffness, higher power-to-mass ratios,
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and large output torque. In addition, hydraulic pitch actuators are preferred for large to
extreme aerodynamic loading situations because hydraulic systems are thought to be more
fail-safe. This study considers the dynamic analysis and control of the hydraulic pitching
mechanism of the wind turbine blade, it is modelled based on Bernoulli’s equation and mass
conservation laws. Then the performance of the actuator is improved using the FOPID

controller.

1.3 The Objective of the Study
1.3.1 General Objective

The general objective of this study is to design an Optimal fractional order Proportional
Integral Derivative Controller for a hydraulic pitch angle actuator of the blade wind turbine.

1.3.2 Specific Objective

To develop the mathematical model of the hydraulic blade pitch actuator and mechanical
system of a wind turbine.

To design Proportional Integral Derivative (P1D) and Fractional Order Proportional Integral
Derivative (FOPID) controller techniques for hydraulic pitch actuators.

To find the stability ranges for the parameters of both the PID and FOPID controllers

To tune, the parameters of the controller using the Genetic Algorithm (GA) optimization
technique to get the optimal parameter of the controllers.

To show the tracking performance of the hydraulic system based on the different input
reference signals using MATLAB/Simulink.

To show the effect of the pitch angle change on wind turbine tip speed ratio, rotor speed,

rotor-developed torque, and rotor output power.

1.4 Scope of the Study

This study considers developing the mathematical model for both wind turbine and hydraulic
wind turbine blade pitch actuators. Then design Proportional-Integral Derivative and
Fractional Order Proportional Integral Derivative Controller to improve actuator tracking
performance by considering the effect of load torques at the root of blades introduced during
system operation and obtain optimal parameters of the controller using a Genetic Algorithm.

Lastly, perform the overall analysis of the control system on MATLAB/Simulink.



1.5 Limitations of the Study

This study restricted the simulation of the system using MATLAB/Simulink by
demonstrating the interactions between the actuator's parts and the effect of turbine blade
pitch angle change on the overall behavior of the turbine system. This is due to the difficulty
of obtaining the necessary system components for the implementation of an existing device.
Along with this, it requires the extra effort and expense required to create the prototypes of

the actual implementation.
1.6 The Motivation for Study

Recently, there has been a lot of interest in producing power using various renewable energy
sources (RESs). In particular, wind power is one of the most promising sources of energy in
the world and it is expected to continue to grow quickly in the upcoming years. Wind speed
fluctuations and variations in load demand provide significant challenges to wind energy
conversion systems (WECS). From different types of wind turbines, horizontal axis wind
turbines are the most efficient and commercially available type of wind energy conversion
system. To reduce the predefined challenges most Modern horizontal axis wind turbines are
built with a blade pitch control mechanism that is used to cover all operational wind speed
areas. The blade pitch angle control mechanism is one of the protective methods to reduce
the effect of mechanical overload when the wind speed is above the rated value. The effect
of the pitch angle driving mechanism (actuator) on the overall system response is the basic
thing that must be considered to improve the power quality of the system. To improve the
overall system performance and the efficiency of the driving system apply different control

mechanisms.

1.7 Significance of the study

Nowadays, Because of exceptional benefits such as global availability, low initial costs,
environmental friendliness, and a rapid rate of technological development, there is a growing
interest in using renewable energies today. Wind energy is the most accessible variable
energy source and one of the most rapidly growing renewable energy systems. Furthermore,
wind turbines play an important role as energy sources in microgrids and can be viewed as
an alternative to a global network. Variable-speed wind turbine control systems are

constantly evolving to provide more innovative and efficient solutions. The most important



control technique used in a wind turbine to obtain the desired output power from the wind is
blade pitch angle control. It is essential for turbine operation because it performs important
actions like increasing energy capture, reducing operational load, and aerodynamic breaking.
Enhancing energy capture entails improving the wind generation system's ability to regulate
the voltage supplied from the system to the end user through optimal power harvesting.
Another benefit of pitch angle control of wind turbine blades is that it adjusts the
aerodynamic torque of the wind turbine when the wind speed exceeds the rated speed. To
get effective operation and to improve the overall efficiency of the system needs a robust

actuator to achieve the system's above-mentioned quality.

1.8 Organization of the study

The study has been organized into six chapters.

Chapter 1: Describes the background of the study, statement of problems, the objective of
the study, scope, limitation, and significance of the study.

Chapter 2: Describes the literature review including the system's theoretical background,
types of wind turbines, parts of the horizontal axis wind turbine system, wind turbine pitch
angle actuator types, and related works on the control of wind turbine pitch angle actuators.
Chapter 3: Described the methodology follow during the development of the control system,
a detailed derivation of the mathematical model of hydraulic pitch actuators and turbine
system.

Chapter 4: Describes discussion on control techniques, stability ranges of the controller
parameters, and optimization techniques used during the design of the control system to
monitor the system properly.

Chapter 5: Describes the result of the system after simulation and includes a discussion based
on the simulation result.

Chapter 6: Describes the overall conclusion and future work recommendation.



CHAPTER TWO

FUNDAMENTAL THEORIES AND LITERATURE REVIEW

2.1 Introduction

This section considers the basic classification of wind energy generation systems by
considering their advantages and disadvantages, parts of the horizontal axis wind turbine,
the power vs. wind speed relation effect in wind turbine operation, different wind turbine
blade pitching techniques, and types of blade pitch actuators, and related works which
consider improving the performance of wind turbine pitch angle actuator.

2.2 Types of wind turbines

Wind energy is a renewable energy that has drawn the interest of countries all over the world.
Due to the system's applicability, there are various types of wind power generation systems.
(Tan & Wang, 2013). The following diagram shows different types of wind energy

generation techniques.

Wind turbines
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Figure 2.1 Classification of wind turbines
Wind turbines are classified into two types based on the installed axis of rotation.
I.  Vertical axis wind turbines
Il.  Horizontal-axis wind turbines

Each type of wind turbine types has different parts. Especially the horizontal axis wind

turbines have different types but most of the time it has almost the same number of



subsystem. The following figure shows the basic sub-systems of horizontal-axis wind
turbines. Figure 2.2 in this study mainly considers the turbine blade pitch angle subsystem
and the effect of pitch angle change on the aerodynamic and mechanical performance of the

wind turbine systems.
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Figure 2.2 Main parts of horizontal axis wind turbines

I. Vertical axis wind turbines (VAWT)

A vertical axis wind turbine (VAWT) is a form of the wind turbine in which the rotor shaft
is oriented transverse to the wind but not necessarily vertically, while the major components
are located at the base of the turbine and blades are tapped at the top and bottom of a vertical
rotor. The generator shaft is vertically oriented, with the blades pointing in the direction of
the generator, which is placed on the ground or a short tower.

Figure 2.3 Different types of VAWT (Sunyoto et al., 2013)



Table 2.1 Advantages and Disadvantages of Vertical Axis Wind Turbines (VAWT) (Borg
& Collu, 2012)

Advantages VAWT

Disadvantages VAWT

Wind from any direction can rotate the
blade

The blades are close to the ground where the

speeds are lower and have low output power

Low maintenance cost

Change in wind pressure and velocity

causes stress on the system

Can be installed below the existing HAWT

Low starting torque

The nacelle component installed at the

ground doesn’t need a strong tower

Low swept area

I1. Horizontal-axis wind turbines

The horizontal axis wind turbine (HAWT) is a commercial and efficient type of wind turbine.
The axis of the rotor rotation in HAWT is parallel to the wind stream and the ground, and it

uses a structurally strong tower because all

positioned at the top of the tower.

of the wind turbine system components are

It is categorized based on the number of fixed blades on the rotor and the position of the

rotor.

4

=
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Figure 2.4 Types of HAWT (Kalpaktsoglou et al., 2019)

Based on the number of blades HAWT is classified as a One-bladed wind turbine, Two-

bladed wind turbine, Three-bladed wind turbine, etc.




Table 2.2 Advantages and Disadvantages of Horizontal Axis Wind Turbines (HAWT)
(Topologies, 2013)

Advantage of HAWT

Disadvantage of HAWT

High output power

Due to the size, it is difficult to transport,

install, and maintenance

Can transform 40-50% of received wind

energy into electricity

It harms the environment, especially the

effect on wildlife and the local ecosystem.

High reliability

Strict regulations for installation

can operate at different wind speeds, it used

to get optimal performance

To face the system toward wind direction it

needs a complex yaw control system

Variable pitch is possibly used to adjust the
angle of attack of the turbine

2.3 Parts of Horizontal Axis Wind Turbine

The following are the components of the horizontal axis wind turbine and its functions

(Baburajan & Ismail, 2017)

Rotor ¢

Brake )

Low-speed
shaft

Gearbox

Generator

Controller

Anemometer

Yaw

drive [{ .

Yaw motor

Blades

Tower

High-speed Nacelle
shaft

Figure 2.5 Part of Horizontal Axis Wind Turbine (Kalpaktsoglou et al., 2019)
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Anemometer: used to measure wind speed around the turbine rotor then sends the
information to the control system.

Blades: The major components to generate mechanical rotation of the rotor based on variable
wind speed.

Brake: is utilized to stop the rotor manually, electrically, or hydraulically when an
emergency occurs.

Controller: is a fundamental component of a wind energy generation system to regulate the
general functioning of the overall system so that it may run under various operational
circumstances and maintain favourable working conditions for the turbine system's parts.
Gearbox: is located between the rotor and generator shaft, and is utilized as a transition
between the low-speed shaft and the high-speed shaft. It is employed to achieve the speed
needed by generators to produce power.

Nacelle: a structure with a blade that can be seen at the top of a wind turbine tower. It
includes the brake, controller, generator, and gearbox in addition to the shafts.

Pitch actuator and controller: The wind energy generation system's pitch actuator and the
controller are used to move the wind turbine's blades about their longitudinal axis, or in and
out of the wind, respectively, to manage rotor speed and output power. The primary job of
the pitch control system is to keep the rotor operating at its maximum capacity.

Rotor: In the horizontal axis wind turbine is formed by the blades and the hub. It is located
parallel to the direction of the wind flow.

Wind vane: It is located at the top of the nacelle and detects changes in wind direction and
interacts with the yaw drive to appropriately orient the turbine system to the direction of
wind flow.

Yaw drive: It keeps turbines facing the wind by orienting them to the direction of high wind
flow measured by the wind vane. Different wind turbine systems employ various Yaw

driving technologies.

2.4 Operating Condition of Horizontal Axis Wind Turbine

Especially horizontal axis Wind Turbine Generators operate in three modes: stop, partial
load, and full load. Figure 2.6 depicts the relationship between generated output power and
the operating range of wind speed. When the wind speed falls below cut-in speed, the WTG
rotational speed is zero, and no power is generated since there is insufficient torque to rotate

the wind turbine blade. The initial rotational speed of the turbine is called cut-in wind speed,
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which is typically between 3-4m/sec. If the wind speed is more than the cut-in value but less
than the rated speed, the control system is used to extract the maximum power from the
wind. This turbine operating range is known as maximum power point tracking (MPPT).
The generator's power output is at its peak when the wind speed is between 12 and 17 m/sec.
This is referred to as the rated power output, and the wind speed at which it is achieved is
referred to as the rated speed. When the wind speed exceeds the rated value, the pitch angle
control is activated to keep the generated output power constant at the rated value. In pitch
angle control, the angle of the WTG blades is altered as a control variable for power
management over the rated wind speed. (Sahib & Nayl, 2019) (Sohoni et al., 2016). As the
wind speed exceeds the forces applied to the turbine structure increase accordingly, and there
is a risk of damage to the rotor and other components of the wind energy generation system.
As a result, a braking mechanism is used to stop the rotor. The cut-out speed is normally

approximately 25m/sec.

Powery_ Region l/ .......... Regionll | RegionIl” | Region Il  RegionIV__

) " o
Region I ! i Rated power

Power curve

| |
Vi ci Vul2 Rated vy, Vweo Wind speed

Figure 2.6 wind turbine power output variations with wind speed (Gambier, 2021)
2.5 Pitch Angle Control Techniques of Wind Turbine System

Different control systems can enhance the amount of wind energy captured by the turbine.
Changing the angle of attack of the wind turbine blade is one of the control strategies used
to increase power quality when wind speed is above the rated value (Pelin et al., 2018). There
are three ways for controlling wind turbine blade pitch angle:

a) Passive stall control

b) Active stall control

¢) Pitch control

a) Passive Stall Control

Passive stall control was employed in early wind turbine models. When the wind speed is

less than the rated value, the blades can produce the greatest amount of power. However,
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when the wind speed exceeds the rated value, the strong wind creates turbulence at the back
of the rotor blade, and reduced lifting force acting on the blade surface is used to reduce the
rotational speed of the turbine. This is known as stalling. Wind turbine stalling is an effective
strategy to regulate power output and prevent turbines from running away (Apata &
Oyedokun, 2020a). The rotor blades of passive stall-controlled wind turbines are bolted to
the hub at a fixed angle. The geometry of the rotor blade profiles is aerodynamically designed
to create turbulence on the side of the rotor blade that is not facing the wind when the wind

speed becomes too high.

b) Active stall control

It has an adjustable blade angle and a separate pitch controller (control mechanism) for each
wind turbine blade. When the wind exceeds the rated value, the controlled blades turn more
into the wind, resulting in the rejection of the controlled power. By altering the angle of
attack of the blade when it is entirely turned into the wind, the captured power can be kept
at the rated value. When the blade loses all interaction with the wind, causing the rotor stops.
This operating situation can be employed when the wind exceeds the cut-out wind speed to
stop the turbine and protect it from damage. Active stall control allows for keeping the power
at the turbine design limit when the wind speed is above the rated value (Pelin et al.,
2018)(Menezes et al., 2018).

c) Pitch control

The Pitch angle of variable-pitch wind turbines can be altered in conjunction with wind
speed to maintain rated output power. The Pitch angle can be increased to lower the
windward area of turbine blades at high wind speeds. Variable-pitch wind turbines are the
greatest choice for large wind turbines because they can efficiently reduce blade stress,
operates at all wind speed range, and enhance optimal power coefficient (Apata &
Oyedokun, 2020).
To change a wind turbine's pitch angle, various actuators are employed. The common types
of wind turbines' pitch angles actuators are:

1. Electrical wind turbine blade pitch actuator

2. Hydraulic wind turbine blade pitch actuator

13



1. Electrical wind turbine blade pitch actuator

The actuator, which is positioned at the blade's root, drives the blade when the system is
operating at various wind speeds. One of the pitch angle actuators is the electrical one, which
drives the system with an electric motor and gear. It has the advantages of compactness,
good control precision, and high tracking performance, but it also has problems with erosion

and less robustness against shocks.
2. Hydraulic wind turbine blade pitch actuator

An electro-hydraulic variable pitch angle actuator is the other technique to drive wind turbine
blades. A hydraulic proportional valve, a hydraulic cylinder, and other parts are used to
appropriately drive the system. Compared to the electrical pitch angle drive, the hydraulic
actuator has superior qualities. To drive the megawatt wind turbine's blades using electrical
actuators requires high motor torque to drive the system due to this it consumes above the
usual or anticipated electric power. However, compared with an electric motor-based pitch
angle actuation system, the electro-hydraulic control system has favourable qualities such as
better power-to-mass ratios, good self-cooling ability, higher stability, higher stiffness, and

large output torque (Lee & Moon, 2011).
2.6 Working Principle of Hydraulic Blade Pitch Actuator

A hydraulic variable pitch control system consists of a hydraulic pump, pilot-operated
electro-hydraulic proportional directional control valves (DCV), a fluid tank, a liner-variable
differential transformer (LVDT), a slider-crank mechanism, and a single rod double-acting
hydraulic cylinder. A hydraulic cylinder located in the turbine's hub changes the blade pitch
angle. The oil flow to and from the cylinders is controlled by valves, specifically a directional
control valve.

The hydraulic cylinders piston road, which is attached to a crank connecting road
mechanism, is the main engine of the independent hydraulic variable pitch control system.
The displacement of the hydraulic cylinder piston rod and the pitch angle of the wind turbine
are related, by modifying the position of the piston road of the cylinder's displacement can
control the pitch angle of the wind turbine blade. It is accomplished by altering the electro-
hydraulic proportional valve's control signal. Based on the difference between the actual
blade pitch angle and the reference signals, the system controller generates a command
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signal to change the position of the proportional directional control valve spool. A hydraulic
cylinder controls the direction and speed of the piston in response to the output hydraulic oil
flow and direction from an electro-hydraulic proportional valve (Gu & Hui, 2008)(Qi, 2014).
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Figure 2.7 Simplified diagrams of the electro-hydraulic pitch angle actuator

Based on figure 2.7 the direction of the flow of liquid into and out of the terminal of the
hydraulic cylinder decides the movement of the blade of the wind turbine. If the directional
control valve is in the right position the fluid flow into the rod part of the hydraulic cylinder
and removes without the rod cavity part of the hydraulic cylinder, in this case, the piston
moves to the right position, and the pitch angle is reduced to 0°. If the directional control

valve moves to the left position the fluid flow into the without rod part of the cylinder and
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removes from the rod cavity of the hydraulic cylinder, in this case, the piston moves to the

left position the pitch angle increases up to 90°.
2.6 Components of Hydraulic Pitch Angle Actuator

2.6.1 Proportional Directional Control Valve (DCV)

Directional control valves (DCVs) are an essential component of hydraulic and pneumatic
systems. It allows fluid to flow into multiple channels from one or more sources. DCVs are
typically made up of a spool inside a cylinder that is mechanically or electrically actuated.
The spool valve is classified based on several factors, including the number of lands and the
number of ways the flow can enter and exit the valve. Every valve should have at least three
ports: one for supply, one for return, and one for the load.

To reduce the power consumption and amplification to achieve high pressure and huge liquid
flow of the directional control valve during operation using the pilot valve. A solenoid-
operated pilot valve and a pilot-operated main valve comprise electro-hydraulic proportional
valves. When a solenoid is activated, the pilot valve directs the flow to move the spool of
the main valve, changing the direction and size of the flow in the hydraulic circuit. Pilot
valves are crucial because they allow a small, manageable feed to control a much larger
force. When the pilot valve is controlled by a solenoid, it is even more effective. A minimum
oil pressure must be maintained in all operating conditions of the proportional control valve.
In closed-loop control displacement force feedback is the operating mechanism of the
electro-hydraulic proportional valve. The feedback spring connects the positioning of the
main valve core and the pilot valve core. The upper cavity pressure of the main valve core
will decrease as the electromagnet forces the pilot valve core down, overcoming the
feedback spring's spring force. The main valve core moves open to ensure the proportional
valve opens when the pressure differential is created. A feedback spring converts the main

valve core's displacement into a force acting on the pilot valve core as feedback.

The valve is divided into three categories based on the alignment of the port opening with
the land. An open-center or under-lapped valve is one in which the width of the land is less
than the width of the port. The land width of a zero-lapped or critical-center valve matches
the port width exactly. Closed-center or over-lapped valves have a land width that is bigger
than the port width.
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Figure 2.8 Diagrams for pilot-operated solenoid valve (Zhang et al., 2018)

The type of valve center may be related to the valve's flow characteristics. The majority of
valves are made with a critical center because this allows for a direct correlation between the
flow of the valve and the displacement of the spool. The proposed system uses the critical
center valve. Due to the dead-band features in the flow gain, closed center valves are not
appropriate. Dead band characteristics introduce a steady state inaccuracy and could result
in backlash, which could cause stability issues in the control loop. Applications requiring an
uninterrupted flow to maintain a reasonable fluid temperature and/or an increase in the

hydraulic dampening are where open-center valves are used.
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Figure 2.9 Different valve lapping when the spool is in a neutral position (Karlborg &
Sten, 2021)

2.6.2 Types of Fluid Used in Hydraulic Systems

The type of fluid used to drive the hydraulic system must be specified because the various
types of fluids used by hydraulic systems vary depending on the system's intended usage.
The following section shows some of the fluid types used in hydraulic systems and their

properties.
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Petroleum-based hydraulic fluids: These fluids are often utilized in any situation where
there is a low risk of fire. This type of fluid provides many beneficial attributes, including
excellent lubricity and cooling capacity, higher demulsibility, good oxidation resistance,
higher viscosity index, good sealing characteristics, and ease of filtration cleaning. This sort
of fluid has a flammability issue that makes it unsuitable for use in higher temperature
conditions if there is a risk of fire.

Emulsions: The capacity of oil to combine with water to produce an emulsion is defined as
emulsibility. This fluid is classed as Water-in-oil and Oil-in-water.

Water-in-oil (inverse emulsion): This emulsion contains more oil than water, and it is the
most often used fire-resistant hydraulic fluid. It is made up of 40% water and 60% oil. It is
combustible, lubricious, and has a high viscosity. The disadvantage of this type of fluid is
that it has a low viscosity index due to the property of water and requires regular inspection
since water may be removed from the system due to environmental effects. This sort of fluid
application is in the mining industry.

Oil-in-water: This emulsion includes water as the major phase and small oil droplets
scattered in it, i.e. 5 percent oil and 95 percent water; as a result, it exhibits water properties.
It falls under the category of flammable liquid. It also has low viscosity, which, due to the
property of water, causes leakage, a loss in volumetric efficiency, and poor lubricating
capabilities.

Synthetic hydraulic fluids: This fluid type is made up of phosphate ester and fire-resistant
fluid and is only suitable for high-temperature applications; it is not suitable for low-
temperature applications. These types of fluids are man-made, they have certain hazardous
qualities for the seal and surrounding materials. Its primary qualities include flammability,
a high viscosity index, good viscosity, and lubrication. The problems associated with this
sort of fluid are not natural and are not compatible with various environments.

Vegetable oil: This sort of fluid is environmentally friendly, has good lubrication, has a
moderate viscosity, and is less expensive. The issue is that it is less fire-resistant, has acidic

properties, and oxidizes easily.

2.7 Previous work on pitch angle control

In a wind energy conversion system the power has cubic relation with wind speed, as wind
speed fluctuates the output power also changes accordingly therefore different control

techniques are used to get the desired output power to improve the performance of the
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system. Especially megawatt wind turbines blade have large rotational inertia due to this
difficulty and challenge to control power fluctuations when wind speed is above the rated
value. The pitch angle control is the technique used to regulate the output power when wind
speed is above the rated value. Improving the performance of the system under the above-
rated wind speed pitch angle control becomes one of the research focus areas (Tan & Wang,
2013).

Different control techniques are used to adjust the Pitch angle of the wind turbine and
regulate the output power when it operates above rated wind speed. To control the blade
pitch angle different techniques are considered (Sahoo et al., 2019)(Rashid & Halihal, 2019)
the intelligent control techniques are used to control the pitch angle of the wind turbine. The
hydraulic servo system driving mechanism which used to turn the turbine blade along its
longitudinal axis. During the analysis of the hydraulic pitch actuator considered as a first-
order system, this model doesn’t show the exact dynamic property of the overall driving
system. Most of the studies during modelling and simplification of the hydraulic driving
systems considered first-order inertia. The input and the output variables are pitch angle and
the time constant difference between the input variable and output variable this mathematical
consideration neglects the actual characteristics of the driving system.

(Civelek et al., 2015) electrical servo actuator is used to drive the pitch angle of the wind
turbine blade during modelling the motor 1% order and the position control of the system
consider a type 1 and 2" order system, lastly, all the parameters of the motor equals 1 for
the simplicity of the computation. The dynamic behaviours of the blades both in pitch angle
and pitch rate point are non-linear. In this study, these states are not considered, and pitch
angle and blade dynamic behaviours are accepted as linear. The proper system modelling
and parameter has a great effect on the performance measurement. In actuator operation
consider the ideal operation of the system and Electric motor driven pitching systems have
larger bandwidth, which is more desirable for faster actions such as individual pitching,
however, suffering from smaller stiffness, quicker wear in transmission, and larger backlash.
For large to extreme aerodynamic loading situations, hydraulic systems are considered more

fail-safe.

(Cho.s 2020) Consider numerical modelling of hydraulic wind turbine blade pitch angle
actuator for spar type floating wind turbine and its effect on the dynamic response of the

turbine under the fault condition. During the investigation, the performance of the pitch angle
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actuator improves by using the proportional-integral (PI) controller and Ziegler-Nichols and
Routh's methods used to get the value of the controller gain. During performance analysis
consider square wave reference signal with maximum amplitude equals 15°. From the result,
the actuator introduces an overshoot and undershoot on the system output due to the change
of reference signal, which highly affects the safe operation of the mechanical part of the
system. In the study, the parameters of the controller tuned manually applying optimization
techniques are used to improve the transient performance of the system and also reduce the
computation time. In the study, the Performance analysis doesn’t consider the effect of the

random variation of wind on the hydraulic pitch actuator.

(Wang & Chiang, 2016) consider two degrees of freedom hydraulic servo pitch angle control
systems based on feedback linearization techniques. Two differential cylinders and an AC
servo motor are the main components used to adjust the pitch of the wind turbine blade. The
servo actuator most of the time considers the accuracy of the controlled parameter, it has a
problem with the robustness of the system when the system is affected by disturbance. The
number of hydraulic cylinder increase the complexity of the system and the hydraulic pump

draws a high amount of power to drive the system.

(Meenu, 2019) consider fault-tolerant adaptive control technique for wind turbine blade
pitch actuators and the performance of the controller measured based on the capability to
regulate the output power for the system when the turbine operates under variable wind
speed. The system analysis considers the effect of dynamic change in the pitch angle on the
overall performance of the system. The result shows excessive overshoot in power output
almost around two times the rated power, introducing High oscillation of output power and
also high settling time. Due to this the control system introduces high mechanical overload
and affects the overall performance of the system component.

From the above works of literature can be understood different studies consider different
control techniques and different turbine blade pitch actuators. Each of them has its
advantages and drawbacks to solve their drawbacks this study considers optimal fractional-
order proportional-integral-derivative-based control mechanism to control the hydraulic
blade pitch angle actuator. The performance of the overall system analyses is based on the
tracking performance of different signals and also shows the dynamic effect of the hydraulic
system on the overall operation of the wind turbine by considering variable wind speed.
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CHAPTER THREE

METHODOLOGY AND SYSTEM DESCRIPTION

3.1 Introduction

The chapter considers detailed materials used during the study, the workflow block diagram
of the study, the proposed system block diagram and its description, aerodynamic and pitch

actuator modelling, and other elements of the system that contribute to achieving the goal.
3.2 Materials Used During the Study

To complete the entire analysis of the suggested control system for the thesis,
MATLAB/SIMULINK is one of the working environments used. Math type and Microsoft

Word 2016 are also used to complete the overall documentation.

3.3 Methods Used for the Study

To meet the result of the study with the above-mentioned objectives formal procedures will

be followed.
Define the Do backgrounds Data Mathematical
problem research collection modelling
A
Brainstorm,
evaluate, and
Based on the result & choose the solution
data, make design
changes and review new
Conclusion and data Develop simulation
recommendation A on MATLAB

A

. Yes
Communicate Is the simulation Result Test S|mulat|on result ]
the result meet the requirement?

Figure 3.1 Workflow of the study
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3.4 Description of the System Block Diagram

External
load torque

Pret P N ey Hydraulic Crank
controller J system connecting
+ - T rod
Optimization
technique
Converted to Displacement
pitch angle transducer

Figure 3.2 System block diagram

From figure 3.2 understand the basic component and working principle of the hydraulic wind
turbine blade pitch angle actuator, the variable hydraulic pitch angle actuator controlled
using GA-based fractional order proportional integral derivative controller. The error signal
from the deviation of the actual pitch angle from its reference value is used to adjust the
position and direction of the proportional directional control valve spool. The output of the
proportional control valve is used to adjust the position and direction of the hydraulic
cylinder piston and align the angle of the wind turbine blade to the reference angle because
of the proportional relation between the change of displacement of the hydraulic piston and
blade pitch angle. The change of the displacement of the piston is measured by the
displacement transducer i.e. linear variable displacement transformer and feedback to the
variable pitch actuator control system. Then the feedback pitch angle value is compared with
a reference value and the deviation supply to the controller to adjust the control signal of a

proportional control valve.

The external load considers the effect of the mass of external mechanical elements connected
to the hydraulic cylinder piston and the force produced due to working with the surrounding
environment like the turbulence nature of wind. External load torque cause to move the blade
of the wind turbine without any changes in the command signal from the actuator system.
To offset the load torque input an actuator control output signal is needed in the opposite

direction.

22



3.5 Mathematical Modelling of Wind Turbine

The mathematical model of a wind turbine is critical to understand how it operates in its
working environment and to improving its performance.
Let us consider the body with mass, m, and move under constant acceleration, a, the kinetic

energy k. by considering constant velocity, v, the same as the work done, w in moving that

body starts from at rest and moves some distance, s, under the effect of the applied force F
JI.e.

ke =w=Fs (3.1)

According to Newton’s second law of motion, F =ma
Thus, the kinetic energy becomes

ke =mas (3.2)

Based on the kinematics of the motion of the solid body, the velocity of solid body motion
can be represented as:

V2 =u®+2as (3.3)
Where - U - Initial velocity of the body (m/sec) and V- Final velocity of the body (m/sec)
Based on the kinematic of the rigid body can drive the acceleration of an object

_vi-u?

— (3. 4)

Assuming the body starts to move from at rest, the initial velocity equals zero i.e. u=0,

=— 3.5
= (3.5)
Hence from equation (3.5), we have that
V2
ke = m(z—s)s (3.5a)
Ke = % mv? (3.6)

Assume that the density of air does not vary with variation in altitude or temperature, Hence
the kinetic energy (in joules) in the air of mass m moving with velocity V,, (wind) can be

calculated from equation (3.6) above.
The power P of wind can be represented based on the rate of change of kinetic energyj, i.e.
dk. _1dm .

3.7
dt  2dt " 37
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But mass flow rateC:j—T can be represented as, Z—T: P Av,?where A is the area through
which the wind is flowing and p,;, is the density of air, and equation (3.7) becomes

P= % (pair AVW)VW2 (3 8)

P :%pairAsz (3 9)

The actual mechanical power P, which is extracted from the rotor blades (watts) can be

obtained based on the difference between the upstream v, and the downstreamv, wind

powers.

PW = %pairp‘vw(vu2 _de) (3 10)

Where v, - Upstream wind velocity at the entrance of the rotor blades (m/sec), v,-

Downstream wind velocity at the exit of the rotor blades (m/sec)
Let

LV, Yy

3.11
Vi == (3.11)

v,,- Average wind velocities between the entry and exit of the rotor blades of the turbine.
The equation of mass flow rate become:
pu A, = Lol 1Y) (3.12)

Substitute the above two equations in the equation of actual mechanical power then

I:>w leairA(Vuz _VdZ)M (3 13)
2 2
1 Y/ Vv
I:)w - E(pairA(Eu (Vuz _de) +?d(vu2 _de))) (3 13a)
1 v vv? vv? v}
P ==(p A~ _Yu'a Yo% Vg 3.13b
\Y) \Y) \Y
1 (e () - (o
Pw = _(pairAVu3( - - - )) (3 130)
2 2
1 3
P, = EpairAVu C, (3.14)

The power P, can be defined as:
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P - %ERZ pVC (3. 15)

p

The relation between the captured wind power by the wind turbine and the available wind

power around the rotor of the turbine is defined by the aerodynamic power coefficientC .

This coefficient measures how effectively change wind energy into mechanical energy. It is
also referred to as wind turbine rotor efficiency. The power coefficient is also known as the
Betz limit after German physicist Albert Betz discovered it in 1919. The power coefficient
is not a fixed value; it is related to the turbine tip speed ratio and turbine blade pitch angle in
a nonlinear fashion (Azevedo, 2013). It can be defined as

_ power captured by the rotor (3. 16)
power avaliable around the turbine rotor

Then based on the above relation the power coefficient is defined as:

1—(&)%(3’)—(&)3
C =t — (3.164)

(- ()4 o)
_ \Y V

u . (3. 17)

C, 5

Let A, represent the ratio of wind speed vq downstream to wind speed vy upstream of the

turbine (Zhang et al., 2008), i.e.
Ay = (3.18)

The alternative representation of the tip speed ratio become

_ speed at tip the blade
wind speed

A

W

(3. 19)

The tip speed ratio of the wind turbine is highly dependent on the rotational speed of the
turbine and the length of the blades. The following represents the tip speed ratio of the wind
turbine (Zhang et al., 2008), i.e.

/1W - rotor (3 ) 20)

Where R - is the radius of the turbine (m), @ - is rotor speed (rad/sec)

rotor

By combining the two-equation the power coefficient become
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c, -1 2J0-4)

p (3.21)

The power coefficient is the main performance measuring quantity of the turbine system. It

helps to get the maximum power extracted from wind energy. Differentiate Cp concerns A4,

and equate to zero to find the value A, that makes Cp a maximum

aC, d (@+4)0-4,)

0 = dﬂw( ) ) (3.21a)

dC, 1(-4,)+(-24,)1+4,)

i > (3.21b)
A} +§/1W—3= 0 (3.21c)

A, =0or ﬂw=%, the highest value A, used to get the maximum value of the power

coefficient become AW:%
Substitute the selected value of the tip speed ratio in equation (3.21)

1 1.,
L RN
P 2 27

The maximum value of the power coefficient is equal to gthe Betz limit says that no wind

turbine can convert more than % (59.3%) of the kinetic energy of the wind into mechanical

energy turning a rotor, i.e. C ., =0.590r359%. In real-world applications of the best-

designed wind turbines, the Betz limit of 0.35 - 0.45 is common i.e. Wind turbines cannot
operate at this maximum limit throughout their operational life.

The power coefficient is a non-linear function whose value is specific to each turbine type
and is determined by the wind speed in which the turbine operates (Manyonge & Ochieng,

2014).
According to (Feng et al., 2021)(Melicio et al., 2010) C is defined as a function of the tip

speed ratio and the blade pitch angle £ in degrees as
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C, (4 f) = 0.73(%1 058400022 ~13.2)¢ % 3.22)

L. 1 0003
' 4,-0.028 A+l

The wind has a random variation in flow direction and speed. One of the key technologies

(3. 23)

considered in wind power generation systems to improve the stability of the generated power
Is power regulation. Mainly Three factors influence wind turbine output power: wind speed,
pitch angle, and tip speed ratio. The aerodynamic power is directly proportional to the power
coefficient of the wind turbine, which is affected by the blade tip speed and pitch angle. The
graph below shows how the tip speed ratio affects power efficiency at various values of

blade pitch angle.

0.6 Beta=0

—— Beta=4
Beta=8

0.4 |—Beta=12

Beta=16

Cp

0.2 -

tip speed ratio

Figure 3.3 power coefficient vs. tip speed ratio graph

A variable-speed turbine can maintain the constant tip speed ratio required for the maximum
power coefficient to be developed regardless of wind speed. To achieve the highest possible

power coefficient, blade geometry is required. (Dong et al., 2022)(Rommel et al., 2020)
From the speed triangle the angle of relative wind for the rotor plane (¢) can be determined
as;

1-a) 1
(1+a') o4,

a Axial interference factor and a' tangential interference factor are defined according to

tan(p) = (3. 24)

the blade aerodynamics.
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o0 - Non-dimensional blade radius defined by the different blade sections' from local

(arbitrary) blade radius r and the maximum blade radius R, 6 €[0,1]

.
S=— 3.25
2 (3. 25)

a - Axial interference factor

a' - Tangential interference factor
r - Section radius

a - Angle of attack

@ - In flow angle

rQ(1+a")

6 - twist angle

®,0r =2 - Angular velocity of the

Rotor axis dFy |

Ul-a) rotor

U, - Free stream wind velocity
U, - Relative wind velocity
F, - Drag force

F_ - Lift force

F, - Normal force

F. - Tangential force

Plane of blade rotation

Figure 3.4 Aerodynamic forces in wind turbine blade aerofoil and Wind speed triangle
(Yang, 2020)

Based on the blade geometry the optimum operation to get an optimal amount of the tip

speed ratio to improve the power coefficient for the rotor plane ¢ can be determined as:

11

tangp = 32 (3. 26)
2,00+ ——
W (+gﬂw2§2)

Substitute the equation of 4,and & solve the equation then we can get:

tan(p:;—iw (3.27)
Q= tanlﬁ—jw (3.28)
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6 The wind turbine blade twist angle at the tip of the wind turbine blade has a value range
from 5 to 10° In this study, the twist angle around the blade of the horizontal axis wind
turbine is around 7°. (Johnson et al., 2016)(Burton et al., 2011)

From the relation between the blade's pitch angle and the angle of relative wind for the rotor

plane the pitch angle can be represented as:

B=p—0 (3. 29)
2R
=tant ——— 3.29a
p 3ra, (3.29)
p=tan’— " g (3.29b)

3r ( Drotor )
\

w

p=tan-2u__g (3. 30)

3 r a)I‘OIOI’

When r approches to R the rotor angular speed can be defined as:

2
Drgror = ! _11 (3.31)
3R tan" (S +6)

The mechanical torque developed by the wind turbine rotor that can drive an electric
generator is formulated from equations (3.15) and (3.20).

1 C
T ==p 7R 2?2 3.32
w 2loalr L) ( )

w

Table 3.1 Parameter for Wind Turbine (Azevedo, 2009)

Parameters Values
1.5 MW Turbine Rotor

No. of blades 3
Cut in speed (m/s) 3
Cut out speed (m/s) 25
Rated speed (m/s) 12
Optimal tip speed ratio 5.353
The maximum power conversion coefficient 0.48
Air density (kg/m?) 1.225
Rated rotor speed (rpm) 16
Rotor radius (m) 38.0
Hub height (m) 70
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3.6 Mathematical Model of Hydraulic Variable Pitch Control System

The directional control valve flow equation, the hydraulic cylinder flow equation, the
hydraulic cylinder force balance equation, and the displacement equation of the crank
connecting rod mechanism are all taken into account in the mathematical model of the

hydraulic variable blade pitch angle actuator.
3.6.1 Force balance pilot-operated electro-hydraulic proportional valve

In proper operation of the directional control valve, the electromagnetic force and the spring

force must be balanced. This relation can represent mathematically; (Olume et al., 2007)

F(s) =kii(s) (3.33)
Fi (s) =KX, (s) (3.34)
Where F — proportional valve electromagnetic force, F, — the pilot valve spring force, k;

—proportional valve electric current magnification factor, k, -electromagnetic force

magnification factor
From the above equations can get the following relation

kii(s) =k, (s) (3. 39)

X,(S) = Ii(—‘i(s) (3.35a)

f

Therefore the current that controls the electromagnetic circuit become

k
i(9) =7-%(9) (3. 36)
3.6.2 Relationship between pitch angle and displacement of the cylinder

The displacement of the effective area of a hydraulic cylinder and the pitch angle of a wind
turbine blade must be proportional, meaning that the wind turbine pitch angle varies with
every change in the position of the piston. Based on figure 2.7 the pitch angle is 90° when
the piston of the hydraulic cylinder is at the leftmost side. The pitch angle is zero degrees
when the piston of the cylinder reaches the rightmost side. The permitted maximum pitch
angle value is 90°, and the permitted lowest pitch angle is 0°. (Gu & Hui, 2008)(Olume et
al., 2007)
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To get the relation between piston position and blade pitch angle the system consists of the

piston, liver, and crank connecting rod mechanism.

Figure 3.5 Single rods double-acting cylinder and change of blade pitch angle diagram

The relation of the position of the hydraulic cylinder piston between the blade pitch angle is
obtained based on the triangle relation, completing the square and Pythagorean identity.
L* =r® + Ay?* — 2rAy cos(f) (3.37)

By rearranging the above equation the final relation can be represented as:

zw=ra—mqﬁ»+La—JL4£gmﬂ»ﬁ (3. 37a)

The linear relationship between the pitch angle and piston position become:
y(s) =K, p(s) (3.38)

Where- r — Length of the crank (m), y — Displacement of the cylinder (m), B — Pitch angle,

Ky — cylinder displacement coefficient, L — length of link liver (m)

Let's take some points to get the linear relation between the change of pitch angle and the
position of the hydraulic cylinder piston. The following table shows the relation between

pitch angle and piston position based on some angles;

Table 3.2 Relation between Pitch angle ( 5°) and Piston displacement y (m)

Pitch angle (8°) Piston displacement y
(m)

0 0

/9 0.0517

/6 0.1143

n/4 0.2457

/3 0.4243

/2 0.72
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Based on the relation between pitch angle and piston displacement the maximum and
minimum value pitch angle and piston position become S =[0,90°]and y =[0,0.72] . From
equation 3.38 the proportionality constant can be obtained:

K, = y(s)

B(s)
Ky — ymax ~ Ymin
ﬂmax _ﬂmin
~0.72-0
Y 157-0

Therefore the linear relation between pitch angle and piston displacement becomes:

y(s) =0.45854(s) (3. 39a)

=0.4585

The above data set contains dependent or target variables (piston position) along with
independent variables (pitch angle). The above models used predict the position of the
hydraulic piston based on the variation of pitch angle. In this case, to check the error
between the actual and the approximated relation between the change of pitch angle and

piston displacement analysis based on the root mean square error.

Table 3.3 Validation of the relation between the actual and approximated Pitch angle (3°)

and Piston displacement y (m)

B° | Yo (M) [ Y approximate (M) | error Squared error
0 0 0 0 0
/9 0.0517 0.16 -0.1083 | 0.01172
/6 0.1143 0.24 -0.1257 0.0158
w4 | 0.2457 0.36 01143 0.0130
w3 | 0.4243 0.48 -0.0557 0.0031
2 0.72 0.72 0 0
Total 0.04362

The mean square error becomes:

1 &
MSE = E x Z (yactual - yapproximate)2 (3 40)

i=1

MSE = %x (0.04362) (3.40a)
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MSE =0.00727 (3. 41)

From the above analysis, the mean square error between the actual and approximate value
of the piston position is around 0.00727. Based on the value of mean square error the
approximately linear relationship between pitch angle and hydraulic piston position has
approximately zero error. Therefore the renaming part of the study works based on the
approximate relation between the piston pitch angle and the hydraulic cylinder piston

position.

3.6.3 Directional control valve characteristics and flow equation

The flow of fluid through the orifices of the directional control valve is the function of spool

displacement and the output (load) pressure (Lei et al., 2010). Based on the operating

principle of the directional control valve, when spool displacement x, is taken as input and

load flow Q, is used as output, the flow equation of the directional control valve can be

represented as (Lee & Moon, 2011) (Zhu & Jin, 2016)
2
Q = f(X,p,)=C,AX(5) ;PS—Pp (3.42)

Where -C, - Discharge coefficient, A, — Cross-sectional area of the valve, o — hydraulic
Fluid density, P, —supply pressure, P, —valve output pressure (load pressure)

The flow relationship for the control orifices is remarkably nonlinear to linearize using
Taylor series expansion considering only the first part of the expansion equation high-order
minor terms are eliminated because it has a smaller contribution to the output. The flow can

be represented as (Ruderman, 2017)

0Q,

_Q R
&,

A
Q oP,

AX, +

X,=0

Ap, (3. 43)

P,=0

From the flow equation of the directional control valve

2 2
a(CdAVXV,/*Ps—Pp) d(CyAX, | =P —F,)
AQ| = £ p Ap

AX, +
OX, % oP P

p

(3.44)

2
Ko =CoA\[ >R =P, And (3.442)
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2
Cd A\/Xv R Ps - Pp
K, = P (3.44b)

° 2(P,~F,)

From equation (3.33) the linearized flow equation can be represented as:
Q =KX - KPR, (3. 45)

Where K, - flow coefficient, K, -flow pressure coefficient

3.6.4 The flow continuity equation of a hydraulic cylinder

The flow continuity principle is derived based on the concept of conservation of mass
regardless of the complexity or direction of the flow and dimension of the pipe i.e. steady
fluid flow through the conductor based on the concept of the mass of fluid flowing through
any point in the conductor being the same. The flow is steady when the velocity at any period
Is constant. To approximately fulfill the conditions of steady flow, changes concerning time
in temperature, fluid density, pressure, and flow rate must be almost zero.

Mathematically: (Li etal., 2015)

Q=Av, =AV, =Constant (3. 46)
When considering our case the volumetric flow from the directional valve to the hydraulic
cylinder can be represented as

Q| = Qs (t) + Qh (t) (3.47)

Where Q- flow between the directional control valve and the actuator cylinder [m®/s], Qs -
Flow covering the losses arising out of the liquid compressibility [m3/s], Qn- absorption of
the actuator cylinder [m®/s],

Absorption of the actuator cylinder: It means the flow of hydraulic fluid to drive the
hydraulic cylinder piston. It can be expressed as:

Q.(t)=A % (3. 48)

Where — A — active area of the hydraulic cylinder
Liquid compressibility: It expresses the volumetric flow rate covering the loss arising out of
the liquid compressibility. It can be expressed as

v, dP,

Q)= a5t (3. 49)
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Where S, - Volume elastic modulus of hydraulic oil, v,- Total volume of the cylinder

By combining the above two equations can get a volumetric flow rate between the distributor
and actuator chambers:

dy v, dP,
=A —+—2>— 3.50
A=A 44, dt (3. 50)
The Laplace equation of the above formula becomes:
Vv
Q(8)=AY(s)s+ 2 ﬂ P, (s)s (3.51)

3.6.5 Force balance equation of a hydraulic cylinder

Hydraulic components are unique in that it is often possible to offset or balance hydrostatic
forces to reduce loads on lubricated surfaces. (Phan et al., 2021)
Generally the force balance equation of the system

F,=F,+T, (3.52)

oad
Where F — Force applied based on the surface of the hydraulic piston, F, — Force applied

from the piston area of the cylinder part, T, - Load torque from blade root side

oad
In our case to get the force balance equation of the hydraulic cylinder consider the fluid as
an incompressible and frictionless rod for the pitch angle control. (Zhu et al., 2021)

d 2
P (t)A =M Fyﬂ.oad (t) (3.53)

The Laplace transform of the above equation become:

AP, (8) = My(S)s” + T4 (5) (3.54)
3.6.6 The transfer function of the system

The transfer function shows the relation between the input signal of the proportional control

valve and the pitch angle of the wind turbine blade.

Based on equation (3. 54)

From the equation find Py

My(s)s® +T,
A

Substitute the value of P, with the value of Q, from equation (3. 45)

P.(s) = oad (3.55)
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My(3)52 + Tload (S) )

=k,X,(5) —k,( (3. 56)
! A
Replace x, (s) by equation (3. 35)
k /.
(A T8 K MY(S)S KTy
Q= A (3.97)
Replace P, (s) equation (3. 51)
3 V
; 2 Tioa (8)S
4 4 load
Q(s)= P P (3. 58)
A
Equate the equations (3.57) and (3. 58) and can get the following equation
A 1) T (05 54k
y(s) = y & (3 59)
—0Ms® +k_Ms® + A’s
4.5,
K, ABA" ) oy 1. 45
kq A:kf( VOM jl(s) Tload (S)(M S+V0M kc)
y(s) = v A (3. 60)
s3+—ekcsz+7e'% S
A v,M
To get the simplified form take A‘ b as a common y(s) become
ks i(s) - *( L)
4'% ,8 A&k A& 4,3 load
y(s) = v 2 (3.61)
Yo s(s® +k, Ves+ A&ﬁe)

The transfer function between the change of cylinder displacement and the control current

becomes:
4A’B,
y(s) _ K K v,M
3.62
6 AR oy R 7, 562
o) _ 5k @ (3.62a)

i(s) Ak, s(s’+2fws+w?)
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To get the relation between pitch angle and current use the relationship between pitch angle
and change of cylinder displacement;

4A°P,
B(s) _ kk v,M 1 (3. 63)
|(5) '%kf S(S +k ﬂe 4A: ﬂe ky
v, v,M
p) Kk o, 1 (3.63a)
i(s) Ak, s(s*+2m,s+w,°) K,

From the above equation, the natural frequency and damping coefficient can be defined as

ALY

n

the natural frequency becomes:

0

o, =2A % (3. 64)

The damping coefficient of the system:

k. [BM
— o [T 3.65
5 A\ v (3. 65)
The transfer function between the pitch angle and the load torque becomes:
4A°B,
TLS()S) (4} o o 4& P (3.60)
load A% S(Sz-l-k e S+ e)
2
Bt o W TU SN W (3.662)
Toaa () A 4ﬂ (s + 28w, s+ w,)

The relation with pitch angle can be represented as:

4A°P,
ﬂ(S) ___( o C) Vol\/I > i (3 67)
Tload (S) A; 4ﬁ S(52 + kc % S+ 4\'/6\7Mﬂe) ky

Substituting values in Table 3.4 into (3. 63) and (3. 67), the overall open transfer functions
of the system become:
1. between blade pitch angle and controls current is

B(s) 23533.416
i(s) s*®+8.6875s*+1077.8s

(3. 68)
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2. between blades pitch angle and load torgue is:

B(s)  —4.362x10™*s—0.0037
T..(S)  s(s*+8.687s+1078)

(3. 69)

Table 3.4 The parameters of the actuator of wind turbine (Olume et al., 2007)

Parameters Value Units
Length of crank (r) 0.48 m
Length of link lever (L) 0.6 m
Equivalent mass of the cylinder and load (M) 5000 Kg
Area of the rod-less chamber of a cylinder (Ac) 12.7*10* m?

The total volume of a cylinder (v,) 8.38*10™* m?
Effective bulk modulus ( 3.) 7000*10° N/m?
Gain of a linear differential transformer (k; ) 0.4 mA/mm
Magnification factor of electromagnetic force (k) 8.4 Nm/rad
Magnification factor of proportional valve current (k;) | 0.3 N/mA
Flow pressure amplification gain of a proportional | 0.026*10° | m%N.s
valve (Kc)

Flow amplification gain of the proportional valve (k,) | 0.356 m?/s

The load torque depends on the effect of wind at the root of the wind turbine blade. It depends
on the wind speed around the blade of the wind turbine and the value of the pitch angle of
the blade. To get the aerodynamic torque effect at the hydraulic cylinder terminal use

experiment based on the experimental data obtained from (Wang & Chiang, 2016)
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CHAPTER FOUR

CONTROLLER DESIGN

4.1 Introduction

This chapter explains the proposed control techniques and stability analysis of the PID and
FOPID controllers for wind turbine pitch angle actuator then discuss how to obtain the

optimal controller parameters using the genetic algorithm optimization method.

4.2 PID Controller Design and Stability Analysis

Linear PID controllers are the most popular and widely used in different industries. PID
controller can be interpreted as 'P' depends on 'present error," 'I' depends on ‘accumulated
past error," and 'D' depends on 'Future error'. The control signal applied to plant control input
is the weighted sum of these three elements. The popularity and widespread use of PID or
three-term controllers can be attributed primarily to their simplicity and performance
characteristics, where the 'I' term ensures robust steady-state command tracking while the 'P'
and 'D' terms provide stability and desirable transient behavior.

Proportional Integral Derivative control action is expressed as:

de(t)

u(t) =K, et)+K, j e(t)dt + K, (4.1)

Taking Laplace transforms

U(s)z{Kp+Ki%+ de}E(s) 4.2)

Table 4.1 Transient Property of PID Controller (Syed Hussien et al., 2015)

Performance Effects

Rise Time | Settling Time Overshoot | Steady-State Error
Proportional | Decrease Small Change Increase Decrease
Integral Decrease Increase Increase Eliminate
Derivative Small Decrease Decrease Small Change
Change

39



The closed-loop transfer function could be written as follows:

Y(s)  G.(5)G,(9)
U(s) 1+G,(s)G,(s)

(4. 3)

The GA optimization technique can be used in this project to select the PID controller
parameters. Using fractional order controllers with non-integer derivation and integration

parts is one method for improving PID controllers.

The Routh-Hurwitz criterion is an algebraic method for determining the absolute stability of
a linear time-invariant system that is based on a control system characteristic equation with
constant coefficients. The criterion evaluates whether or not any of the roots of the
characteristic equation are located on the right-half s-plane. It also shows the number of roots

on the jw-axis and in the right half of the s-plane.

In this study, the Routh Hurwitz stability criteria were used to get the stability ranges of the
PID controller parameters (Teixeira et al., 2007) (Yadav & Appan, 2016). To get the stability
ranges of the parameters based on the statement of Routh criterion i.e. "Any system can be
stable if and only if all the roots of the first column have the same sign, and if they do not
have the same sign or if there is a significant change, then the number of sign changes in the
first column equals the number of roots of the characteristic equation in the right half of the

s-plane.”

After substituting parameters in Table 3.4 into equation (3.69), the characteristic equation of

the closed system from equation (4.3) becomes:

s* +8.6875s° + (1078 +23533.416K , )s” +23533.416 K,s+23533.416K; =0 4. 4)

Table 4.2 Routh table for PID controller

s! 1 1078+23533.416K, | 23533.416K 0
s? 8.6875 23533.416K 0 0
s? a1 a 0 0
st b1 0 0 0
s0 C1 0 0 0
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From the system characteristic equation, the lower bound of the parameters can be

determined, K >0, K; >0 and K, >-0.0458

In the third row of Table 4.2, for system stability the value a is

The value of the Routh table become

(8.687 x (1077.8+ 23533.416K,)) - 23533.416K
a1 = ° (4' 5)
8.687
a, =1077.8+23533.416K, — 2708.88K , (4. 53)

Based on equation (4.5) the value of & must have a positive value, therefore, considering
the minimum value & =0, the relation between K, and K is

K, <0.3978+8.687K, (4. 6)

From the 2" column of table (4.2)

Qo 23533.416K, x8.687
2 8.687

a, = 23533.416K, (4. 7a)

(4.7)

The fourth row of Table 4.2, b, must have a positive value for system stability and depends
on the value of K; and K

b (8, x23533.416K ) —(a, x8.687)

(4. 8)
&
Substitute (4. 5) and (4. 7) into (4. 8) and after simplification can get
K, < —311.8Kp2 +2708.88K K, +124.07K 4.9)

The last row of Table 4.2, C; must have always a positive value, to get a stable controller,

therefore,
a -0
¢ =& =0 (4. 10)
b,
¢, =a, = 23533.416K, (4.10a)

For system stability,c, =a, >0 hence Kj > 0 is the lower limit. According to the above
criteria, the lower bound of the controller parameters becomes K >0, K; >0 and

K4 >-0.0458, and the upper bound is free.
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4.3 FOPID Controller Design and Stability Analysis

Podlubny proposed a general form of the PID controller, which is called the fractional order
P1“D* controller, orders of integral (1) and derivative () actions have any real number
values not only integer ones (Hui et al., 2019; Shutnan, 2018). The excess terms (A and )
provide flexibility to the control system, which is lacking in traditional PID controllers.
Compared with the PID controller, the FOPID controller has additional two adjustable
parameters, which makes the parameter tuning more flexible, it is the very important
significance for improving the control accuracy, therefore, the fractional order P1*D*
controller is applied in the hydraulic pitch angle drive system to improve the performance of
the actuator.

The differential equation of the fractional order P1*D* controller is shown as an equation

u(t) = K ce(t) + K, Dt "e(t) + K, Dt“e(t) (4. 11)

Applying the Laplace transform the transfer function of the controller can be expressed as:

U(s Ki
GC(S)=£=KM+S—;+K&S” (4. 12)

The orders of integral and differentiation are can be represented based on the relation
between two axes. It can be seen that the conventional PID-type controllers are just a few
specific points on the order planes. However, the orders of the controllers in fractional-order
PID controllers can be relatively arbitrarily chosen. Normally, with stability considerations,
0<A, u<2(Frpetal., 2019; Iru et al., 2018).
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a. Control space of FOPID
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Output
G,($)— 71—

b. System block diagram
Figure 4.1 FOPID plane representation and block diagram (Chipipop & Calculus, 2019)

To get the stability ranges of fractional order controller parameters most of the time use an
analytical method. During analysis Real Root Boundary (RRB), Complex Root Boundary
(CRB), and Infinite Root Boundary (IRB) are the basic consideration used to get the global
stability ranges of the fractional order dynamic system (Xu, 2018) (Hamamci,
2008)(Rhouma et al., 2021).

Let the system transfer function of the closed-loop system

G,(5)G.(5)

1+G, (5)G,(5) ©) @2

y(s) =

Where -G, (s) - Transfer function of the controller and Gp(s) - Transfer function of plant

Let the general representation of the transfer function of the plant represented as:

S
% 91a 5 2.bs
_N(s) _bs™+b, 5™ +...+Bs® T (4. 14)

T D(s) as™+a, 5% +....+a,5% S as
i

G, (8)

Where b, and &, are the coefficient of numerators and denominators of the plant transfer

function and & & ¢; are the orders of the numerator and denominator of the plant transfer
function.
The general transfer function of the fractional order controller

U(s Ki
GC(S)=%=KN+S—;+ K, s" (4. 15)
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From the closed loop equation in equation (4.13) the closed-loop characteristic equation of
the overall system can be represented as:

P(5)=1+G, (5)G,(9) (4. 16)
3, Y1 % K.

:1+ bnsa + bnilsa + ..... + bos a (Kpf +_ﬂl,f+ de Slu) (4.16a)
a,s™+a, S +....+3,8™ S

=s"(a,5" +a, 8" +...+a,s™) + (b,s* +b, s
) ) (4.16b)
+on B P)(K G + K 8™ 4+ K 577)

= [as"" + Kybs™ ) 4 K s + K bs*] (4. 17)

i=0
Both the RRB, IRB, and CRB were obtained Based on the characteristic polynomial of the
closed loop system.
To get the real root boundary substitute 0 in place of s term in the system characteristics
equation. The closed loop characteristics equation has the RRB only if it holds the s° term,
based on equation (4.16) generally the RRB of the system can be represented as:

K,=0 for s*=194=0
RRB line: (4.18)
None for s* =14 #0

The IRB of the characteristic polynomial obtains by substituting s = oo in the equation (4.16).
The IRB also depends on the order of the system. To determine the IRB of the system must
consider three cases

Case |

If the system has equal order of pole and zero or the order of the derivative term of the

controller is greater than the difference between the order of the pole and zero order of the

system k, =0is the value of IRB mathematically;
Ky =0 for (¢, =8)or (¢,>8 and u>a,—9) (4. 19a)
Case Il

If the order of the pole of the system is greater than the order of zero of the system and the
order of the derivative term of the controller equals the difference value of the pole and zero

of the system K, = _% :

Mathematically:
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K, = ‘% for (@, > 9 and u=a —9) (4. 19b)

n

Case 111
Both the above cases are not satisfied the control system «, > &, and u <, -, the system
has no IRR.
To get the CRB of the system substitute s = jw the characteristic equation of the closed loop
of the system and find the boundary of the controller coefficient. Substitute s = jw in the
above characteristic equation (4.16),

P(w) = Z[ai (j0) ™ + Kb (o)t + Kb (jo)*™ + Kb (jw)*] (4. 20)

i=0

To solve the above equation, consider the following basic law for non-integer complex roots,
0+ jw)”

Pp

(6+ )" = (62 +0%) ? (cos(g, tan‘l(g)) + jsin(g, tan‘l(g))) (4. 21)
i =COS¢p%+jSin¢p% (4.22)

Using (4. 21) and (4. 22), (4.20) is rewritten as

P(w) = Zn:[(ai ()“ P [cos((a; + A) %) + jsin((e;, +4) %))]) + (Kb ()

i=0

[c0S((, + A+ 1) §)+ jsin((9 + A+ ) §)>])+ (K b, (@) ?[cos((, + 2) g) (4.23)
+ jsin((9 +4) %»]) + (Kb ()" [cos((sﬁ)%) + jsin«si)%»])]

When substituting s = je in the characteristic equation of the system holds both the imagery

and real part.

From equation (4.23) the real part can be represented as:

i a (0)“* cos((a, + A) Z) + Kb (@)@ cos((3 + A+ ) =) +
=0 2 2 (4. 24)
K by (@) cos((, + 1) §> + Ky by ()" cos((sa)g) =0

From equation (4.23) the imaginary part can be represented as:
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iai (@) 2 sin((a, + 4) Z) + K b (@)@ sin(($ + A+ 1) Z) +
= 2 2 (4. 25)
K by (@) sin((, + 2) %) + Kby () sin((9) §> =0

Based on equations (4.24) and (4.25), the controller parameter can be computed where the
value w varies from 0 to . (Hamamci, 2008)(Choudhary, 2015)

Take the value of K ; and find the relation between K andK, based on equations (4.24) and

(4.25)

K, = 1 az(w)dl(w)_%(w)dz(az))"‘ Kot [ZCZ (w)d, (@) -, (w)d,(®)] (4. 26)
" sin((u+ A) ’Zf) b* () +b," (@)

K, = 1 a,(0)b, (w) —a,(w)b, (02)) +Ky [sz ()¢, (@) —b (w)c, (w)] 4. 27)
wwsin((yM)’zf) b () +b," (@)

Take the value of K, and find the relation between K and K, based on equations (4.24)

and (4.25)
K. = 1 a (v)b,(w) —a, (w)bl(i)) + Ky [Ez (w)d, (@) — by (@)d, ()] (4. 28)
"W sin(2 %) b, (@) +b,"(w)
2
K, - 1 a,(w)c, () —a,(w)c, (6;)) + Ky [Sl(a))dz () —¢,(w)d,(®)] (4. 29)
@ sin(A %) by () +b," ()
2

Take the value of K, and find the relation between K andK, based on equations (4.25) and

(4.24)
(o1 @) -a(@d@) K by(@)d(@-b@d@)] g 5
a),u+21 Sin(/.l %) bl (a)) + bz (a))
PO S © A QR AQ QR QLA QR ACTAC) S )
a),u+21 Sln(,u%) bl (a))+b2 (a))

Where frequency-dependent variables a, (), a,(®),b,(®),b,(®),c,(®),c,(w),d,(®),d, (o)
are as defined:

a (o) = Zn: a (@) cos((e, + 1) %) , &, () = Zn: a, (@) sin((e; + A) g) (4. 32a)

(@) = 0 (@) cos((9) ) (4. 32b)
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b, () = 3 (0)" sin((9) 2) (4. 320)

& (@) = Zb (@)% cos((9+ 1)) (4. 324)
c\(@) = Zb (@)% sin( +2)%) (4. 320)
d,(@) = Zb (@)% cos(9 + 2+ ) ) (4. 32)
(@) = Y 0/(@) P sin((8 + 4+ 1) D) (4. 320)

i=0

The general steps to find the stability range of the controller parameters are first to obtain
the global stability ranges of the parameters of fractional order PID based on the RRB and
IRB curve of the control system. The next step is to get the global stability range select order

A & pthat gives the biggest stability regions by plotting the CRB curves in (K ;,K,) the

pf
plane for some constant value of K (or in-plane for some constant value for K, ) by varying
the value of A and y separately. The third step finds the stability range of the parameter of
the controller by varying K ;,K, and K, based on CRB curves.

To get the global stability region of the closed loop characteristic of the transfer function of
the hydraulic actuator to become:

23533.416
s® +8.6875s% +1077.8s

K.
14+G,(5)G, (s) =1+ (K, +—+ Ky s*)x( )
S

The system characteristic equation (4.16) becomes

§%*% 1.8.687552" +1077.85™* + 23533.416(K,, + K, 8" + K, 5*"*) =0

Based on equation (4.16) and system characteristic equation components can be related as

as“ =" 18,68755" +1077.8s*"
K, bs®*™ =23533.416K s
K ¢ bs*"** = 23533.416K  s*
K,bs* =23533.416K,
The RRB of the hydraulic actuator system, 4 =0,
Kb =23533.416K,
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23533.416K, =0, K, =0
For the hydraulic actuator system, there is no IRB, because the denominator order is greater

than the order of the numerator i.e. &, =3 and 4, =0, «, >4, the order of derivative term

of the controller found betweeno< <2, therefore u<ea,—9,, i.e. 2<3. Based on the

above definition hydraulic actuator has no IRB curve.
The CRB of the hydraulic system:

(jo)* ™ +8.6875( jw)* ™ +1077.8(jw) " +23533.416K , (jew)"™* +
23533.416K ; (jw)”" +23533.416K; =0

Based on equation (4.23) the real and imaginary parts of the equation become:

> cos((3+ 1) %) +8.6875(w)*" cos((2+ 1) %) +1077.8(w)* cos((1+ 1) %) +23533.416

K, ()" cos((u+ A) %) +23533.416K , ()" cos((4) g) +23533.416K,, =0

@™ sin((3+ A) %) 1 8.6875(w)?" sin((2 + A) g) +1077.8(w)"* sin((L+ A) %)
+23533.416K , ()" sin((u + A) %) +23533.416K , ()" sin((1) %) =0
The coefficients in equations (4.26) to (4.31) defined as

Let a, () = 0¥ cos((3+ A) %) 18.868750%" cos((2+ A) %) +1077.80™ cos((L+ 1) %)
b, = 23533.416

¢, () = 23533.4160" cos((1) g)
d, () = 23533.4160"** cos((u + ) %)

a, (@) = 0 sin((3+ A) %) +8.8687502 ) sin((2+ A) %) +1077.80% sin((L+ A) %)
b, =0

¢, () = 23533.4160" sin((1) %)

d, (o) = 23533.4160" " sin((u + A) %)
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Find the CRB of the system based on the relation between (K ;,K,) some fixed values of
K, which greater than 0, based on equations (4.30) and (4.31), and plot the graph of

(K, K,) for K. =0 and K, =150 as shown in figure (4.2)
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Figure 4.3 Stability region for K =5 and A= u=1
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The fractional order controller parameter's upper stability ranges are decided based on the

order of the derivative controller, from the IRB <3, i.e. the x < (0,2) from the property
K, and K, have no maximum boundary which means the proportional and derivative

parameters of the controller have the maximum stability range at infinity. From the RRB

obtainK, =0, it is the minimum stability range of the integral component of the controller
I.e. K, >0. The minimum ranges of the derivative and proportional and the upper bounds of

an integral part of the controller are obtained based on the relation between the RRB, CRB,

and IRB curve of the system.

The CRB curve depends on the boundary values of the parameters of the controller. In our

case, the system has no IRB therefore the boundary K, is at infinity but the system has
RRB atK; =0. Figure (4.2) shows the relation of (K, K )when the value of K, =0, any
value of K, found in the shaded region of the graph for example we can check the CRB
curve when the value of K, =150 and also any value of K shifts the value of K and K

value to the positive direction. Based on the CRB graph in figure 4.2 the minimum interval

of K, and K, become zero.

If the sum of the value A and equals zero the equation (4.26) and (4.27) denominator
equals zero and the equation becomes undefined, therefore obtain the CRB curve relation

(K, Ky )based on(K K, )a curve by taking any two values of K, and getting two CRB

pf *

curves. Consider some fixed value K, from the relation planes (K, K, )and obtain two

pf
intersection points. Then based on the intersection points get the line equation i.e.

K4 =0.000866K; +0.5365, it helps to get the relation between (K, , K, ) planes. Figure 4.3
shows the relation between (K, K, ) for fixed value of K  , letK ; =5, by changing the value
of K, can obtain the stability range of the controller parameters.

The value A andu has a great effect on the width of stability regions of the controller
parameters. To get the stability regions of the controller parameters change the value
A and i between 0 and 2 separately. If x greater than A i.e. x> A based on the relation

between (K ,,K,), K, =0 the system approaches infinity rapidly, which means that the

pf

system has greater stability region when u > 4.
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Based on the graphical approach the stability range of the fractional order PID controller

parameters is found in K €[0,00], K €[-0,0] and Ky e[-0,0] orK; €[0,0], K [0, 0]

, and K €[0,00].

4.4 Genetic Algorithm Optimization

The Genetic Algorithm (GA) is a search-based optimization technique, it works based on
the principles of Genetics and Natural Selection to produce the best results. GA solves the
problem based on the process of generating a population of potential solutions. These
solutions then go through recombination and mutation, giving birth to new children, and the
process is repeated over and over. Each individual is assigned a fitness value based on the
value of an objective function, and the fitter individuals have a better chance of mating and
producing more "fitter" individuals. This is in line with the Darwinian Theory of “Survival
of the Fittest” (West et al., 2016) (George & Ganesan, 2020).

This study considers GA to get the optimal parameter values of both PID and FOPID
controllers. The genetic algorithm can search parallel population points, Due to this, it can
obtain large and wide solution space search which helps to discover global optimum and

avoid trapping to local optima.

4.4.1 Performance Indices

A performance index is a numerical evaluation of a system's performance that emphasizes
key system variables. Different performance indices can be used to evaluate the overall
performance of the control system. This proved the effectiveness of the controlled response
by reducing the integral error until the process achieved the required set point. There are four
common types of integral performance indices; Integral Absolute Error (IAE), Integral
Square Error (ISE), Integral of Time Absolute Error (ITAE), and Integral of Time square
Error (ITSE) (J.Jebakumar et al., 2014)
Integral Absolute Error (IAE)

IAE = j:|e(t)|dt (4.33)

Different control systems use different integral performance indices based on the behavior
of the control system. In this study consider IAE performance indices used to get the optimal
value of both PID and FOPID controllers, because this performance measuring technique
works on the absolute value of error without considering additional weighting, this helps to
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reduce the effect of the current value of error continuously and also able to reduce or
eliminate the effect of the small error on the performance of the system. Additionally, IAE

has the closest relationship to economic considerations.

Genetic
Algorithm

Performance
Index

Output

Plant

Set Point_ + PID/ FOPID
- Controller

Figure 4.4 Block diagram of GA implementation

According to the system stability range of the parameters of the controllers discussed in the
above section the optimal values of the gains of PID and FOPID controllers were obtained
using a genetic algorithm. The response is gathered based on the minimization of the IAE
performance index shown in equation (4.33). The range of parameters used during
optimization is shown in the table below.

Table 4.3 Controller’s parameter for GA optimization

Parameter For GA-PID For GA-FOPID
Maximum generation 50 50
Population size 20 20
No. of parameters 3 5
Lower bound [Kp Ki K] [Kot Kit Kot A p]
[0.001 0.001 -0.0458] | [0.00001 0.00001 0.00001 0.01 0.01]
Upper bound [Kp Ki Kd] [Ket Kit Kaf A p]
[10 10 5] [25 10 10 2 2]
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Figure 4.5 GA generation vs. fitness value graph for FOPID
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Figure 4.6 GA generation vs. fitness value graph for PID

The genetic algorithm is used to select the optimal controller gain between the upper and

lower bounds. The optimum value of the controller’s parameters is shown in the table below.

Table 4.4 Optimal parameters for PID and FOPID

Controller Kp K, K, A H
parameters
GA-PID 0.2928 | 1.7688 | 0.0013 -- --

GA-FOPID | 12.8401 | 3.4142 | 0.5672 | 0.0680 | 1.6776
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The graphical result from GA optimization with the best fitness value and mean value are
shown below. From the optimization result graph, the best fitness value for GA-PID equals
0.2174 and the best fitness value for GA-FOPID equals 0.01035.
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CHAPTER FIVE

RESULT AND DISCUSSION

5.1 Introduction

This chapter considers simulation and performance analysis of hydraulic pitch angle
actuators for wind turbines and their performance effect on turbine mechanical dynamics.
The simulation result and discussion consider the performance comparison between the
proposed control systems with different control mechanisms based on the transient response
to fulfill the objective of the study. The overall simulation is performed using
MATLAB/SIMULINK. The complete system diagram is presented in Figure 5.1. It is a
logically connected model of the rotor output power of the wind turbine, (3.15), the tip speed
ratio of the wind turbine, (3.20), the power conversion coefficient of the wind turbine, (3.22),
rotor speed of the wind turbine, (3.31), rotor output torque of wind turbine, (3.32), model of
the actuator of the wind turbine blade, (3.68) and (3. 69), and the controller which is designed
in chapter four.

Wind Turbine rotor speed

oo
blade angle of attack deg to rad ‘ wind turbine rotor speed

Figure 5.1 Complete System Diagram
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5.2 Controller Performance for Different Reference Signals
5.2.1 Step Reference Input Tracking

When the wind speed is above rated the mechanical power and torque increase above rated
value and the change of pitch angle limit excessive output power and torque turbine blade.
Let's consider steady wind speed around the turbine blade and the system operates above
rated wind speed. In this case, the mechanical power and torque are set at a rated value due
to steady wind speed the power and torque have a constant value, and the turbine blade pitch
angle sets at some degree to regulate the turbine output power and also reduce excessive
torque around the blade. To measure the performance of the controllers in this study consider
setting the pitch angle of the wind turbine blade at some constant degree, in this case, the
pitch angle actuator control mechanism performances can be measured. To drive the blade
pitch angle the directional control valve flow and spool position must be controlled to set
the hydraulic cylinder piston at the desired position and it is proportional to the change of
the pitch angle of the wind turbine blade. For this study the FOPID, GA-based PID, and GA-
based FOPID are used, based on the performance measurement GA-FOPID has better
performance than PID and FOPID, it provides a quick response for set point change of pitch
angle with acceptable overshoot than PID controller. Generally, the quantitative
comparisons between the control methods are summarized in the following table. From
Table 5.1, one can observe that GA-FOPID gives shorter rise time, settling time, and smaller
IAE than those of the PID and FOPID controller.

1.4
‘ ' Reference

——GA-PID
pie ——FOPID
----- GA-FOPID

-
N

pitch angle (degree)
o g e
E ) [=2] © -
1 1 |

e
N
!

L | | | | |
2 25 3 3.5 4 4.5 5
time (second)

o

o
o
3}
-
-
3

Figure 5.2 pitch angle responses for FOPID, GA-FOPID, and GA-PID for step reference

signal
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Figure 5.3 Step reference signal tracking error for GA-PID, FOPID, and GA-FOPID

Table 5.1 Controllers Tracking Performance Evaluation

Controllers Performance measures
t (sec.) t.(sec.) M, (%) IAE
GA-PID 0.1032 1.1887 29.74 0.1921
FOPID 0.0217 0.4165 13.427 0.0351
GA-FOPID 0.0139 0.1159 1.344 0.010

5.2.2  Sinusoidal Reference Input Tracking

By nature, wind speed is changing stochastically this stochastic change in wind speed affects
the overall operation of the wind energy conversion system. When the wind speed varies
stochastically and it has a value above the rated turbine blade pitch angle must be changed
accordingly to set turbine power, torque, and rotor speed at the rated value and limit the
mechanical overload on the system. To get the desired pitch angle the actuator must have
good reference tracking ability. When the reference changes the proportional directional
control valve drives the hydraulic cylinder piston accordingly to set the turbine blade at
desired pitch angle. The performance of the controller was measured based on the IAE value.
From figure 5.4, the value of the integral absolute error of the PID controller equals 5.167
and the FOPID without optimization has an IAE value of around 4.396 and the GA-based
FOPID has an integral error of around 1.452. The FOPID has an approximately acceptable
integral error value than GA-PID and the GA-FOPID has better error reduction performance

and has an acceptable integral error than types of control techniques.
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Figure 5.4 pitch angle responses for FOPID, GA-FOPID, and GA-PID for sinusoidal

reference signal
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Figure 5.5 Sinusoidal reference signal tracking error for GA-PID, FOPID, and GA-FOPID
5.2.3 Stair Case Reference Input

Due to the effect of wind gusts, there may have a sudden change in wind speed around the
wind turbine. The effects of the sudden change in wind speed are reduced by changing the
turbine blade pitch angle. To measure the performance of the proposed control method
staircase signal is used as the reference to show the sudden change in pitch angle due to a
sudden change in wind speed above the rated value in both the opening and closing pitch.

The performance of the controller was measured based on IAE.
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Figure 5.6 pitch angle responses for FOPID, GA-FOPID, and GA-PID for staircase
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Figure 5.7 Staircase reference signal tracking error for GA-PID, FOPID, and GA-FOPID

From figure 5.6, the value of the integral absolute error of the PID controller equals 4.0 and
the FOPID without optimization has an IAE value of around 0.6031 and the GA-based
FOPID has an integral error of around 0.2506. Based on the value of IAE GA-FOPID has
an acceptable value than the PID controller. From the IAE value, GA-FOPID reduces by
93.735% from GA-PID and by 58.448% from the FOPID controller. From figure 5.6, the
PID controller introduces overshoot and undershoot during a sudden change in pitch angle
therefore The GA-FOPID has a good response as compared with the PID and FOPID

controllers.
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5.3 Controller Performance under disturbance Load Torque

The turbulent nature of the wind, wind shear, and the wake effect at the root of the wind
turbine blade all contribute to load torque in wind turbine pitching. It is unsteady and time-
varying, and it harms the tracking performance of the hydraulic pitch control system. The
effect of load torque varies depending on the pitch angle and wind speed around the turbine
blade. If the wind speed is high and the turbine pitch angle is set around zero, the effect of
load torque at the blade root increases, and if the pitch angle of the blade increases, the effect
of load torque decreases due to the reduction of the attack angle of the turbine blade. Figure
5.8 shows the load torque added in the control system to measure the disturbance rejection
performance of the controllers between 7 and 15sec by considering the maximum amplitude
around 2500 NM.

3000 |

2500

2000

Load Torque (NM)
> @
(=1 [=}
o o
I I

500

0 2 4 6 8 10 12 14 16 18 20
time (second)

Figure 5.8 Disturbance load torque

Figure 5.9 depicts the step reference tracking response of the system when the dynamic
disturbance load torque is added to it. When measuring the disturbance rejection
performance of the hydraulic actuator based on the settling time and IAE value, GA-PID has
around 1.188sec and 0.1926, FOPID has 0.4168sec and 0.04891, and GA-FOPID has
0.1160sec and 0.01099 settling time and IAE value when the system is subjected to the
disturbance load torque. Figure 5.9 shows that due to the presence of the dynamic
disturbance load torque, both control methods continue to track the given reference with
some fluctuation. Even though the GA-FOPID has less fluctuation than the other controllers,

as shown in the zoom portions of Figure 5.9.
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Figure 5.9 Step response for hydraulic actuator under the effect of load torque
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Figure 5.10 Tracking error response for step reference input under the effect of load torque

Table 5.2 shows the performance measure controllers based on the tracking performance of
step tracking response by considering rise time, settling time, overshoot, and IAE of both
controllers under the effect of the disturbance load torque. According to the comparison
table, GA-FOPID has a lower performance measurement value than FOPID and GA-PID

when the system is subjected to the disturbance load torque.
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Table 5.2 Controllers Tracking Performance Evaluation under the effect of disturbance

load torque
Controllers Performance measures
t (sec.) t.(sec.) M, (%) IAE
GA-PID 0.1032 1.1887 29.74 0.1926
FOPID 0.0217 0.4168 13.423 0.0489
GA-FOPID 0.0139 0.1159 1.344 0.0109

When comparing the performance of the controllers with and without the effect of
disturbance load torque based on settling time and IAE value. When the performance of GA-
FOPID with disturbance effect is considered, the settling time increases by 0.0862%, and
the 1AE value increases by 0.2596%. When the performance of FOPID is taken into account,
the settling time increases by 0.0719%, and the IAE value increases by 28.235%. Finally,
GA-PID has the same settling time with and without the effect of the disturbance, but the
IAE value increases by 0.2596% when the disturbance effect is considered. According to the
analysis, the effect of disturbance increases the value of settling time and IAE for both GA-
FOPID and FOPID, but there is no change in settling time for the GA-PID controller.

5.4 Performance of Controlled Wind Turbine under Variable Wind

Speed

When considering variable wind speed around the wind turbine at low wind speed, the wind
turbine blade pitch angle is set around zero due to this the tip speed and the power coefficient
have a maximum value which means the change of wind turbine blade pitch angle inversely
affects the tip speed ratio and power coefficient. When the wind speed is above the rated
value both mechanical power, mechanical torque, and rotor speed have the value above the
rated due to this the system is put under the effect of mechanical overload. To reduce the
effect of mechanical overload the turbine blade pitch must be increased and set the
mechanical power, torque, and rotor speed set around the rated value. The above figure 5.11
shows the variable wind speed which varies between 1.5m/sec and 19m/sec to show the

effect of pitch angle on the turbine dynamics.
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Figure 5.11 Continuous Variable wind speeds

If there is wind speed above the rated value of the turbine the pitch angle actuator changes
the position of the hydraulic cylinder piston to limit the effect of mechanical overload on the
system. From figure 5.12, the three control methods have different responses to changes in
pitch angle for the continuous change of wind speed varying between 1.5-19m/sec. The GA-
PID introduces overshoot and undershoots as compared with the other method which harms
the mechanical component of the system and also leads to getting unstable power output
when wind speed is above the rated value. The FOPID and GA-FOPID have more acceptable

responses than the PID control method.
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Figure 5.12 Pitch Angle Response for FOPID, GA-FOPID, and GA-PID for variable wind

speed
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Based on figure 5.12 around 2.5sec the wind speed is below the rated value of the turbine,
the hydraulic cylinder piston shifts to the right, and the blade pitch angle is reduced to around
0° to capture maximum power. When the time is around 10sec the wind speed reaches around
18.5m/sec and the turbine operates above the rated value to limit the power output the
hydraulic cylinder piston shifts to the left the pitch angle is set to around 5° and set the power
at the rated value. The change of pitch angle is around 5° and then considering the effect of

twist angle the change of pitch angle reaches around 12°.

From figure 5.13 when wind speed is below the rated value the tip speed ratio has a value of
around 5.7, For this study consider three-bladed type horizontal axis wind turbines. Below-
rated wind speed of around 2sec the tip speed has a high value because the pitch angle is set
around zero degrees. To get optimal tip speed the pitch angle must be set around zero degrees
because when the pitch angle is around zero the wind hits almost most of the turbine blade.
When the wind speed is above the rated value increase in the pitch angle of the turbine blade
reduces the value of tip speed. From figure 5.13 around 7sec, the wind speed has a higher
value due to this the pitch angle of the blade increase. The increment of pitch angle reduces
the rotor blade tip speed ratio value. It shows when wind speed is above the rated value small
change in blade pitch angle highly affects the speed of the rotor at the blade tip.
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Figure 5.13 Tip Speed Response for FOPID, GA-FOPID, and GA-PID for variable wind

speed

From figure 5.14 when the wind speed is below the rated value the turbine rotor rotates
below the rated rotor speed. When the time is at 2sec the wind speed has a value below 3

m/sec and the rotor of the turbine rotor rotates below the rated value of around 0.4 rad/sec.
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it shows when wind speed is below the rated value the change in wind speed and rotor speed
is directly related. If the wind speed is above the rate the rotor speed increase causes the
change of pitch angle of the blades and limits the rotor speed by changing the angle of attack
of wind on the blade surface. High rotor speed causes a mechanical overload on the system.
To reduce the effect of mechanical overload due to excessive wind speed around the blade
the change of pitch angle of the turbine blade has a great effect.
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Figure 5.14 Rotor Speed Response for FOPID, GA-FOPID, and GA-PID for variable wind

speed
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The power coefficient has a great role in power regulation, it has an inverse relation with
blade pitch angle. When the wind speed is above the rated value the pitch angle of the blade
increases which reduces the value of the power coefficient, it limits the output power of the
system. From figure 5.15 at lower wind speed the power coefficient has a higher value when
wind speed increases above the rated value the pitch angle of the blade increases which
reduces the power coefficient.

The power obtained from wind turbines highly depends on wind speed, from figure 5.16
When the wind speed is below the rated turbine power output increase with wind speed this
is because below the rated wind speed the turbine blade pitch angle is set around zero, in this
case, the power coefficient has the higher value due to direct relation between power
coefficient and blade turbine mechanical power the power coefficient has higher value
turbine operates to capture maximum power from wind energy. When the wind speed is
above the rated value the power output is regulated around the rated value due to the effect
of the change of pitch angle on the power coefficient. When wind speed is above the rated
value of the turbine From figure 5.12 the overshoot introduced due to the change of turbine
blade pitch angle in GA-PID causes oscillation on the turbine mechanical power output it
may cause stability problems in system power output, FOPID and GA-FOPID has good

performances.
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In complex wind energy conversion systems, there exists nonlinear relation between turbine
aerodynamic torque and blade pitch angle. From figure 5.17 When wind speed is below the
rated value Pitch angle changes have small effects on the force situation because below rated
wind speed blade surface is almost perpendicular to the wind flow direction to capture
maximum power. Whereas at higher wind speed the pitch angle is larger, and aerodynamic
torque becomes more sensitive to pitch angle changes, which means dramatic force behavior

could be caused by small changes in pitch angle.
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Figure 5.17 Turbine mechanical torque responses for FOPID, GA-FOPID, and GA-PID for
variable wind speed

5.5 Discussion of The Result

From the above result and discussion, the hydraulic system tracking performance is
measured based on different reference signals by considering the working environment of
the system. The performance measure value for step reference input Based on Table 5.1
generalizes the step reference performance characteristics of the three controllers, when
considering the performance of GA-FOPID reduces 95.48% overshoot from GA-PID and
89.99% from FOPID, it shows the performance of the proposed controller in reduction of
the effect of overshoot. Also, GA-FOPID reduces 86.53% rise time from GA-PID and
35.94% from FOPID, settling time reduces 90.24% from GA-PID and 72.172% from
FOPID, lastly, GA-FOPID reduces 94.794% IAE value from GA-PID and 71.50% from
FOPID. From the above analysis, GA-FOPID has a good transient performance measure and

a small IAE value than conventional PID.
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For the sinusoidal reference signal the performance of the controllers was measured based
on the IAE value, From the 1AE value, GA-FOPID reduces the IAE value by 71.898% from
GA-PID and also it reduce the IAE value by 66.96% from the FOPID controller. Also for
the staircase reference signal, the performance of the controllers was measured using the
IAE value, From the IAE value obtained GA-FOPID reduces the IAE value by 93.735%
from GA-PID and it reduce the 1AE value by 58.448% from the FOPID controller. From the
performance of the controller's analysis GA-FOPID has a small IAE than the PID.

Load torque affects the system performance measurement in this case the performance of
the controllers compares based on settling time, rise time, peak overshoot, and the IAE value.
In FOPID and GA-FOPID controllers, the load torque disturbances increase the settling time
and 1AE value by some amount but in GA-PID the settling time has no change when the
system operates with and without the effect of load torque but it has a change in the IAE
value of the controller.

Table 5.3 Summary of the effect of blade Pitch angle change on wind turbine dynamics

Wind speed (m/sec.) 2.8 13.39 18.4 6.3 1.68
Pitch angle (degree) 0 2.19 5.15 0 0
Rotor speed (rad/sec) 0.5221 1.51 1.56 1.354 0.443
Tip speed 5.7 4.29 3.242 5.7 5.7
Power coefficient 0.44 0.2214 0.086 0.44 0.44
Mechanical power (watt) | 27,000 | | 106 5% 106 315,000 | 5,054
Torque (NM) 705,90 967,700 | 950,0.00 | 662,600 | 68,000

Lastly consider the performance of the controllers and the effect of pitch angle control on
turbine tip speed, rotor speed, power coefficient, mechanical power, and mechanical torque
of the system based on different ranges of wind speed. From the summary in table 5.3 when
wind speed is below rated the pitch angle is set around zero due to this the turbine tip speed
and power coefficient have a higher value. But the rotor speed, mechanical torque, and
mechanical power increase with wind speed. When wind speed is above the rated value the
pitch angle increase to regulate the turbine power and torque around the rated value. The

pitch angle increases the power coefficient of the turbine reduce to limit the power output at
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the rated value, the pitch angle change also affects the rotor speed above the rated wind speed
the rotor speed is set around the rated value due to the effect of pitch angle.
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION

Conclusion

The wind energy conversion system is one of the methods used to get electric energy from
wind energy without the effect on the environment. The wind turbine is the system that
converts the variable wind speed to useful electrical energy based on the combination of
different components and control systems to improve its performance. The turbine system is
one of the systems that convert variable wind speed to mechanical energy. The variation in
wind speed affects the output power and the rotational speed of the wind turbine. When the
wind speed varies above the rated value correspondingly power and rotational speed increase
accordingly. To limit the variation of power and rotational speed and also to reduce
mechanical overload the turbine blade angle must vary along their longitudinal axis. From
different pitch driving mechanisms, the hydraulic actuator is one of the methods considered
in this study. GA-PID, FOPID, and GA-FOPID are the controllers used to control the
hydraulic system. The controller adjusts the position of the directional control valve spool
to control the amount of flow and the direction of flow of fluid to the hydraulic piston, which
is used to adjust the pitch angle of the turbine using a slider crank mechanism that fixes at
the root of the turbine blade. From the analysis of step response, the PID has a 29.74%
overshoot and 1.188 settling times, FOPID has a 13.42% overshoot and 0.41 settling time
and the GA-FOPID has a 1.344% and 0.115 overshoot and settling time. From the three
control mechanism, GA-FOPID has good tracking performance than the other control
mechanism. Lastly consider the effect of the actuator on the measurable output of the turbine
dynamics. During analysis consider the effect of the driving mechanism on rotor speed, tip
speed ratio, power coefficient, turbine power, and torque based on the relationship between
the turbine component and blade pitch angle change. During analysis consider the random
variation of wind speed between 1.5 m/sec to 19m/sec. From the simulation result, the
FOPID and GA-FOPID have good response than the PID controller. Based on the system
response if the wind speed is below the rated value the pitch angle of the turbine is set around
0% in this case the tip speed ratio and power coefficient have the value around 5.7 and 0.44
the mechanical power and the rotor speed have the value below the rated. When the wind

speed is set above the rated value the pitch angle of the wind turbine blade starts to increase
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to limit the mechanical power and rotor speed. In this case, the tip speed and the power
coefficient of the turbine start to decrease due to the effect of the wind turbine blade pitch
angle. The mechanical power is highly affected by the power coefficient and the mechanical
torque of the turbine depends on the mechanical power and the rotor angular speed when the
wind speed is below the rated value the pitch angle has less effect on the mechanical torque
but when the wind speed above the rated value small change of pitch angle highly affect the

mechanical torque of wind turbine.

Recommendation

This study considers improving the set point tracking performance of the hydraulic pitch
actuator based on PID and FOPID with GA optimization. The future study recommends
considering the effect of leakage on the hydraulic pitch actuator system and the techniques
used for fault detection mechanisms. And also this study can be further improved by
considering an advanced control technigue such as a sliding mode, model predictive control,

etc. to improve the performance of the hydraulic system.
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Appendix I
GA Simulink model optimization

%GA-PID for Simulink

function New_closed_loop_model 2 _GA

clear all

rng default

options= optimoptions(‘ga’,' PlotFcn’,@gaplotbestf);
options.PopulationSize= 20;

options.MaxGenerations= 50; % Increase value if needed
nvar=5; % Number of parameters

LB=[0.000093 0.00001 0 0.000001 0];
UB=[25102102];
[x,fval]=ga(@EvalObj,nvar,[],[].[1.[],LB,UB,[],options)
%%

% Measures a performance index from the Simulink model
function obj= EvalObj(x)

% Updates the values of Kp, Ki, and Kd in Simulink model workspace
simulink_model= 'wind_turbine_aerodynamics_fopid11’;
load_system(simulink_model);

gains= get_param(simulink_model,'modelworkspace");
gains.assignin(‘kpff', x(1));

gains.assignin('kiff', x(2));

gains.assignin('laff', x(3));

gains.assignin('kdff', x(4));

gains.assignin('muff', x(5));

% Simulates the Simulink model to get the outputs
simOut= sim(simulink_model,'SaveOutput','on’);

% Retrieves time t and error e

t= simOut.find('t");

e= simOut.find('e");

% Calculate a performance index

n= length(e);
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ae= abs(e);
obj=0;
fori=2:n
stepsize= t(i)-t(i-1);
obj= obj+0.5*stepsize*(ae(i-1)+ae(i)); % IAE
end

Appendix II

Power coefficient versus tip speed graph

% Wind turbine

% Definition of parameters

% beta is the pitch angle

% lambda is the tip ratio

% Input parameters: r, vw, beta, ro
vw=[10:0.001:100];

beta=[0 4 8 12 16];

ro=1,

%End Inputs

for k=1:5

wr=2*pi*n/60;

lambda= r*wr./vw;

% Calculation of lambda_k
lambda_k=1./((1./(lambda+0.08*beta(k)))-(0.03/((beta(k))"3+1)));
% Calculation of power coefficient cp
cp=0.5176*(116./lambda_k-0.8*beta(k)-5).*exp(-21./lambda_k)+0.0068*lambda;
% Calculation of power
p=0.5*pi*ro*r"2.*cp.*vw."\3;

% Result

figure (1)

plot(vw,p), grid on, hold on,

figure (2)

plot(lambda,cp), grid on, hold on,



legend('Beta=0','Beta=4','Beta=8','Beta=12','Beta=16")
xlabel('tip Speed’)

ylabel('Cp")

xlabel(‘wind speed’)

ylabel('mechanical power’)

end
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