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Abstract

Most variable speed wind turbines have pitch angle control mechanisms and one of their
objectives is to extract maximum power from available wind speed. By adjusting pitch
angles of wind turbine. In this research the use of pitch angle control for wind turbine
equipped with self-exited induction generators (SEIGs) and power electronic converters
is presented. To extract the maximum available power from the wind, the wind turbine is
controlled using pitch angle control based on power signal feedback (PSF) method. The
Maximum Power Point Tracking is achieved using two different approaches: The pitch
angle control with PI-controller and the pitch angle control with PID-controller. In order
to evaluate their performances, both control approaches were tested. The proposed wind

generation system has been developed and tested using MATLAB/SIMULINK.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

In regulated Due to climate changes such as temperature rise due to increase in
greenhouse gases (GHG) emission, increase in sea level, high oil price, depletion of fossil
fuel reserves and growing in power demand, the world is obliged to search for new
sources of energy on which the emission of (GHG) would be reduced to 5% from their
1990 level. These problems lead scientists towards new clean power conversion systems.
The replenished energy resources are suitable to meet the clean power restrictions [1].

Renewable energy resources are promising generation sources for power provider due
to advance technology, low production cost, and environmental friendly. Furthermore,
cost of fossil fuel is driving force for choosing energy production from renewable energy
resources such as wind, solar, biomass etc. Among them wind power has been considered
as a strong alternative for traditional power system [2].

Nowadays, the extraction of power from wind at a large scale became a well
recognized industry. This fast development of the wind power industry was possible due
to several reasons, like: the increasing resistance regarding the use of coal, oil or
uranium, the high price of oil and the climate change problem. By the end of 2008, the
world total installed capacity of wind turbines reached 122 GW and it is predicted that
will exceed 300 GW by the year 2013 [3].

The Major factors that have accelerated the wind-power technology developments are
as follows: [4].

* High-strength fiber composites for constructing large low-cost blades.

* Falling prices of the power electronics.

* Variable-speed operation of electrical generators to capture maximum energy.
 Improved plant operation, pushing the availability up to 95 percent.

* Economy of scale, as the turbines and plants are getting larger in size.

» Accumulated field experience (the learning curve effect) improving the capacity factor

[4].



The induction machine are presents a well-established technology. The primary
advantage of the induction machine is the rugged brushless construction and no need for
separate DC field power. The disadvantages of both the DC machine and the synchronous
machine are eliminated in the induction machine, resulting in low capital cost, low
maintenance, and better transient performance. For these reasons, the induction generator
is extensively used in small and large wind farms and small hydroelectric power plants.
The machine is available in numerous power ratings up to several megawatts capacity,
and even larger [4].

An externally driven induction machine with inappropriate value of capacitor bank can be

used as generator. This system is called self-excited induction generator (SEIG). The

SEIG has many advantages over the synchronous generator: brushless (squirrel cage

rotor), reduced size, rugged and low cost. But the induction generator offers poor voltage

regulation and its value depends on the prime mover speed, capacitor bank and load [5].

Distributed power generation has received greater attention in recent years for use in

remote and rural communities. Self-excited induction generators have been widely used

during the last decades in renewable electric generation especially in wind energy
conversion systems (WECS) and hydraulic energy applications in remote isolated areas.

Squirrel-cage rotor induction machines are preferred for its reduced cost, robustness,

absence of separate source for excitation, and ease of maintenance compared with dc and

wound-rotor synchronous machines. Despite these favorable features, induction
generators have unsatisfactory voltage and frequency regulation with variation in load

(magnitude and power factor) and speed [6].

1.2 Problem statement:

e Problems of wind speed as a variable, this makes electric power generator is variable
between high and low depending on wind speed, available where each winds speed
available maximum power point, to get to this point is the work of control system of
wind energy conversation system, in this project will work a control system is called
the maximum point tracking system for wind speed available and will verify the

effectiveness of the system to the point of maximum power.



The change in wind speed makes the voltage generated from energy conversion
system is also variable, and this voltage is not suitable for feeding to electrical load,
therefore must be make a constant voltage at the electrical load to do so is using
control system in power electronic converters.

Basic problems of wind energy they are not available at all times, and this causes loss
of electric generation that supports them, and this lead to the interruption of electrical
load, for this reason it is necessary to use emergency power supply units (batteries)

with electric power generation from wind energy.

1.3 Objectives:

The main objective of the thesis is to track and extract maximum power to the loads
connected wind energy conversion system using pitch angle control based on power
signal feedback (PSF) method by using PI-controller and PID-controller.

In this project will work to generate electricity from wind energy, where the
generating system that has Uninterrupted nutrition (batteries), as well as verify the
success of the batteries feeding the electrical load in the event of loss of electric
generation from wind energy.

In this project will work a control system to make the voltage in the electrical load is

constant and is not affected by the change of wind speed.

1.4 Methodology:

In this research the mathematical model of wind turbine based on self-excited induction

generator 1s built, and power electronic converters. This complete system is modeled and

simulated using Mat lab/ Simulink to extracting maximum power from the wind energy

conversation systems (WECS) using power signal feedback (PSF) method by two

controllers PI-controller and PID-controller

1.5 Thesis Outline:

This thesis consists of five chapters,

Chapter one: introduction, Problem and objective of research.



Chapter two: presents the Literature review of wind energy, wind turbine, electrical
generators, power electronic converter, wind energy conversion system and control of
variable speed wind turbine connected to self -exited induction generator (SEIG).
Chapter three: presents the mathematical models of variable speed wind turbine based
on self-exertion induction generator.

Chapter four: Applied the pitch angle control based on power signal feedback method to
extract maximum power from available wind speed and simulated performance
characteristics with the both controllers (PI and PID).

The major Conclusion and the scope of future work are presented in Chapter five.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction
Wind energy is widely available throughout the world and can contribute to reduced

energy import dependence. As it entails no fuel price risk or constraints, it also improves

security of supply. Wind power enhances energy diversity and hedges against price
volatility of fossil fuels, thus stabilizing costs of electricity generation in the long term

[7].

A typical modern wind turbine has one of two basic operating modes: constant or

variable speed. The rotor of a constant speed turbine turns at a constant angular speed,

often selected so that the generator has the same frequency as the power grid to which it
is connected, regardless of wind speed fluctuations. This approach can eliminate the need
for expensive power electronics, but it constrains the rotor speed so that the turbine
cannot operate at its peak aerodynamic efficiency in all wind speeds. Thus, a constant
speed turbine usually produces less power at low wind speeds than does a variable speed
turbine, which is designed to operate at a rotor speed proportional to the wind speed

(below its rated wind speed) [8].

2.2 Classification of energy resources:

Energy resources can be classified into:

a) Conventional energy resources, which have been traditionally used for many decades,
and were in common use around oil crisis of 1973, are called conventional energy
resources, e.g. fossil fuels, nuclear, and hydro resources.

b) Non —conventional energy resources, which are considered for large-scale used after
the oil crisis of 1973, are called non-conventional energy sources, e.g., solar, wind,
biomass, etc [9].

2.3 Importance of non-conventional energy sources:

The concern for environment due to the ever increasing use of fossil fuels and rapid

depletion of these resources have led to the development of alternative sources of energy,



which are renewable and environment friendly. Following points may be mentioned in

this connection:

1. The demand of energy is increasing by leaps and bounds due to rapid industrialization
and population growth, the conventional sources of energy will not be sufficient to
meet the growing demand.

2. Conventional sources (except hydro) are non-renewable and bound to finish one day.

3. Conventional sources (fossil fuels, nuclear) also cause pollution thereby their use
degrade the environment.

4. Large hydro-resources affect wildlife, cause deforestation and pose various social
problems, due to construction of big dams.

5. Fossil fuels are also used as raw materials in the chemical industry (for chemicals,
medicines, etc.) [9].

2.4 Worldwide Wind Capacity close to 300 Gig watts in 2013:

The worldwide wind capacity reached 296.255 GW by the end of June 2013, out of
which 13980 MW were added in the first six months of 2013. This increase is Signicantly
less than in the first half of 2012 and 2011, when 16.5 GW respectively 18.4 GW were
added. All wind turbines installed worldwide by mid-2013 can generate around 3.5 % of
the world’s electricity demand. The global wind capacity grew by 5% within six months
(after 7 % in the same period in 2012 and 9 % in 2011) and by 16.6 % on an annual basis
(mid-2013 compared with mid-2012). In comparison, the annual growth rate in 2012 was
signicantly higher (19 %) [7].
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2.5 Types of Wind turbines:

Wind turbines can be separated into two types based by the axis in which the
turbine rotates. Turbines that rotate around a horizontal axis are more common. Vertical-
axis turbines are less frequently used [2].

2.5.1 Horizontal axis wind turbine:

Horizontal-axis wind turbines (HAWT) have the main rotor shaft and electrical
generator at the top of a tower, and must be pointed into the wind. Most have a gearbox,
which turns the slow rotation of the blades into a quicker rotation that is more suitable to
drive an electrical generator [2] [19].

2.5.2 Vertical axis wind turbine (VAWTSs):

Vertical-axis wind turbines (or VAWTs) have the main rotor shaft arranged
vertically. Key advantages of this arrangement are that the turbine does not need to be
pointed into the wind to be effective. This is an advantage on sites where the wind
direction is highly variable. VAWTs can utilize winds from varying directions. With a
vertical axis, the generator and gearbox can be placed near the ground, so the tower
doesn't need to support it, and it is more accessible for maintenance [2] [19].

2.6 Power speed characteristics of wind turbine:

The wind turbine power curves shown in figure (2.2) illustrate how the mechanical
power that can be extracted from the wind depends on the rotor speed. For each wind
speed there is an optimum turbine speed at which the extracted wind power at the shaft
reaches its maximum. The mechanical power transmitted to the shaft is

P,, = 0.5mpR?*V,; C, (B, 1) (2.1)
Where:
p = air density .
R = rotor radius of wind turbine .
V., = wind speed .
Cp = power coefficient .
B = pitch angle .
A = ratio of blade tip speed to wind speed (TSR) .



Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Figure (2.2): Power Speed Characteristics of Wind Turbine

Where is the function of A (T.S.R) and the pitch angle (B)

For a given wind speed, the power extracted from the wind is maximized if C,

1s maximized. The optimum value of C,say C, oncalways occurs at a definite value of A,

say AoptThis means that for varying wind speed, the rotor speed should be adjusted

proportionally to adhere always to this value of A=A, for the maximum power output

from the turbine. Using the relation

oR
M=o (2.2)

The maximum value of the shaft mechanical power for any wind speed can be expressed
as

Prnax = 0.5 Cp,optﬂp(Rs/ﬂ?(;pt)w3 (2.3)
Thus the maximum mechanical power that can be extracted from the wind is proportional

to the cube of the rotor speed, i.e. Pyais proportional to w* [2][ 19]

2.7 Energy captured by wind power conversion system:

A normal wind turbine power curve (power transfer curve) is shown in figure (2.3)
with respect to the wind speed. Below the cut in speed (Veuein), the wind turbine is
incapable of meeting fixed losses and so is not operated. As wind speed increases beyond
yin, electrical power output rises rapidly. When the wind reaches the speed (V,), the
generator output reaches the rated value. For wind speeds beyond the rated speed, turbine
controls act to limit the output power to a constant value either by mechanical control

(turbine pitch angle control and/or stall regulation) or by electrical reaction torque



control. Thus the power curve is flat up to wind speed (Veutout) Where the turbine blades
are furled, rotation stops, and the power output drops to zero. It is necessary to furl the

machine at very high wind speed to avoid potential irreversible structural damage [3].
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Figure (2.3): (a) Machine power transfer curve and (b) region of wind turbine
The turbine starts to produce energy when the wind speed is above Vyt-in
And stops when the wind speed is below V yiof
The control of a wind turbine consist three areas:
I. [Veutin -.- Va] Area where the turbine operate at "variable-speed" with an optimal rotor
speed giving maximal energy.
IL. [V, ... V] Operation around rated rotor speed, but below rated power.

III. [V, ... Veuofr | Turbine operate at full power and rated speed, pitch control active.[10]

2.8 Regions of Control according the wind power curve:

Variable speed wind turbines have three main regions of operation. Figure (2.4) plots
the power curves for the wind, an ideal (lossless) turbine, and an example variable speed
wind turbine with a 43.3 m rotor diameter. The three major control regions are labeled on
the turbine’s power curve. In this example, the turbine produces maximum power

(800kW) at a rated wind speed of about 14 m/s, and it has a maximum power coefficient

Comax = 0.4 [A].
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Region 1, the section of the solid curve located to the left of 5 m/s wind speed, includes
the times when the turbine is not operating and when it is starting up. In general, the
region 1 control strategy involves monitoring the wind speed to determine whether it lies
within the specifications for turbine operation and, if so, performing the necessary
routines used in starting up the turbine. The use of modern control strategies is not
usually critical in region 1.

Region 2, shown by the cubic section of the solid curve (approximately 5 to 14 m/s wind
speeds), is an operational mode in which it is desirable to capture as much power as
possible from the wind. Aerodynamic losses prevent the turbine from achieving its
maximum theoretical power extraction from the wind, called the Betz Limit, but the goal
is to approach the Betz Limit curve as closely as possible. All three control strategies
(yaw drive, generator torque, and blade pitch) may be used in this region; however, it is
common to use only generator torque and yaw control for most of the time in region 2,
keeping the blade pitch constant at an optimal value for peak energy extraction.

Region 3 operation occurs above rated wind speed, i.e., the wind speed above which
maximum peak power is produced. The turbine must limit the fraction of the wind power
captured so as not to exceed electrical and mechanical design loads. Thus, the solid curve
flattens to the turbine’s rated power, 800 kW, above the rated wind speed (approximately
14 m/s). In region 3, a variable speed turbine often maintains a constant speed and
constant, rated power, pitching its blades in order to shed additional power. The industry
standard control method is proportional- integral-derivative (PID) control on the blade

pitch, a simple but effective means for limiting speed and power. Yaw control, generator



torque, and blade pitch strategies can all be used to shed excess power and limit the

turbine’s energy capture as well as to achieve other control objectives.

2.9 Types of control mechanisms of wind turbine:
Wind turbines have four different types of control mechanisms.
2.9.1 Pitch Angle Control:

In this method there is a mechanism to physically turn the blades around their
longitudinal axis. At low wind speed a control system will use this feature to maximize
energy extracted from the wind. During the higher wind speed the torque or power can
easily be limited to its rated value by adjusting the pitch angle. In addition the axial
aerodynamics forces are reduced. This method is almost always used with variable speed
turbines in order to make operation at high wind speed possible and safety. On a pitch
controlled wind turbine the electronic controller checks the power output of the turbine
constantly. When the power output becomes too high, it requested the blade pitch
mechanism to immediately turn the blades slightly out of the wind. When the wind speed

is less strong the blades are turned back, into the most effective position.[12]

2.9.2 Stall Control:

e Passive stall control:
Generally, stall control to limit the power output at high winds is applied to constant-
pitch turbines driving induction generators connected to the network. The rotor speed is
fixed by the network, allowing only 1-4% variation. As the wind speed increases, the
angle of attack also increases for a blade running at a near constant speed. Beyond a
particular angle of attack, the lift force decreases, causing the rotor efficiency to drop.
This lift force can be further reduced to restrict the power output at high winds by
properly shaping the rotor blade profile to create turbulence on the rotor blade side not
facing the wind [12].

e Active stall control:
In this method of control, at high wind speeds, the blade is rotated by a few degrees in the

direction opposite to that in a pitch controlled machine. This increases the angle of attack,



which can be controlled to keep the output power at its rated value at all high wind
speeds below the furling speed [12].
2.9.3 Power Electronic Control:

In a system incorporating a power electronic interface between the generator and load
(or the grid), the electrical power delivered by the generated to the load can be
dynamically controlled. The instantaneous difference between mechanical power and
electrical power changes the rotor speed following the equation

[<2= P, — P, (2.4)
Where J is the polar moment of inertia of the rotor, ® is the angular speed of the rotor, is
the P, mechanical power produced by the turbine, and P. is the electrical power delivered
to the load [12].
2.9.4 Yaw Control

Turbine is continuously oriented along the direction of the wind flow. This is achieved
with a tail-vane in small turbines, using motorized control systems activated either by
fan-tail, in case of wind farms, by a centralized instrument for the detection of the wind
direction. It is also possible to achieve yaw control without any additional mechanism,
simply by mounting the turbine downwind so that the thrust force automatically pushes
the turbine in the direction of the wind.

Speed of the rotor can also be controlled using the yaw control mechanism. The rotor is
made to face away from the wind direction at high wind speeds, thereby reducing the
mechanical power. Yawing often produces loud noise, and it is restriction of the yawing
rate in large machines to reduce noise is required [12].

2.10 Maximum Power Point Tracking Control Methods

Three common MPPT methods namely, perturbation and observation (P&O), wind
speed measurement (WSM), and power signal feedback (PSF). In the following, these
three methods are briefly explained [12].

2.10.1 Perturbation and Observation Method
The Perturbation and Observation (P&O) or Hill-Climb Searching (HCS) method is

based on perturbing the turbine shaft speed in small steps and observing the resulting



changes in turbine mechanical power. The concept and schematic diagram of the P&O
method is shown in Figure (2.5). If the shaft speed increment (Awr) results in a turbine
power increment (APr), the operating region is in the up-hill curve, and increasing shaft
speed must be continued toward maximum power point; otherwise, the turbine operating
region is in the down-hill curve, so the shaft speed should be decreased by the P&O
method to reach the maximum power point. To implement the P&O method, one can
check the signs of (Awr) and (AP/Awr). The shaft speed is incremented (Awr>0) in small
steps as long as (AP1/Awr)>0 or decremented (Awr<0) in small steps as long as
(AP1/Am7)<0. This is continued till maximum power point is reached, i.e., (AP1/Aw1)=0.
If incrementing shaft speed results in (AP1/Awt)<0 or decrementing shaft speed results in
(AP1/Awr)>0, the direction of shaft speed change must be reversed
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Figure (2.5): P&O method: (a) turbine power versus shaft speed and principle of the P&O
method (b) block diagram of the P&O control in wind turbine
2.10.2 Wind Speed Measurement Method
The aim of the turbine speed control is to maintain turbine shaft speed at optimal value,
1.6., Wpax , Pmax 80 that maximum mechanical power can be captured at any given wind
velocity (V) In the wind speed measurement (WSM) method, both wind velocity and
shaft speed (wr) should be measured. Also, optimal tip-speed ratio (A,,) must be

determined for the controller. The block diagram of this method is shown in Figure (2.6).
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Figure (2.6): Block diagram of a wind energy system with shaft speed control using wind

WSM method



Although this method is a simple method for implementing the MPPT, there are two
drawbacks to implementing the WSM method. First, obtaining accurate value of the wind
velocity is complicated and increases the cost of the system. Second, the optimal tip-
speed-ratio is dependent on the wind energy system characteristics. Therefore, the
controller will require adjustment before installation in a new wind energy system.
2.10.3 Power Signal Feedback (PSF) Control

The block diagram of a wind energy system with PSF control is shown in Figure
(2.7). In this method, the maximum power curve of the wind turbine, Figure (2.7), should
be obtained first from experimental results. Then, the data points for maximum output
power and the corresponding wind turbine speed must be recorded in a lookup table.
The concept of the PSF method is illustrated in Figure (2.8). Tracking of the maximum
power curve, the dashed-curve, is the aim of the PSF method. Suppose the system is
initially stable at point A with wind velocity V;, shaft speed wr; and maximum output
power P;. If the wind velocity increases to V), the new optimum power targeted by the
controller should be Py. In the moment following the wind velocity change, the shaft
speed is still at w7;, due to inertia of the shaft. But, the turbine output power is increased
to P’;, while the power reference based on the lockup table is still P;. The shaft will
accelerate under additional turbine torque and the operating point is moved by the
controller on the Pr.wr curve corresponding to V) toward point B. eventually, the system
will stabilize at point B with the new output power P, Similar to this scenario, if the
system is settled down initially at point C and the wind velocity decrease to the V), the

shaft decelerates toward w .

Lookup Table
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Figure (2.7): Block diagram of a wind energy system with Power Signal Feedback

control
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Figure (2.8): wind turbine power versus turbine speed
2.11 Electrical Generator used in wind generation system
The conversion of the mechanical power of the wind turbine into the electrical power
can be accomplished by any one of the following types of the electrical machines:
* The direct current (DC) machine.
* The synchronous machine.
* The induction machine [4].
2.11.1 Induction Machine
Traditionally, synchronous generators have been used for power generation but
induction generators are increasingly being used these days because of their relative
advantageous features over conventional synchronous generators. These features are
brush less and rugged construction, low cost, maintenance and operational simplicity,
self-protection against faults, good dynamic response, and capability to generate power at
varying speed. For its simplicity, robustness, and lower cost, the induction generator is
favored for small hydro and wind power plants. The need of external reactive power to
produce a rotating flux wave limits the application of an induction generator as a stand-
alone generator. However, it is possible for an induction machine to operate as a self-
excited induction generator (SEIG) if capacitors are connected to the stator terminals to
supply sufficient reactive power.
2.11.1.1 Classification of induction generators
The induction machine offers advantages for hydro and wind power plants because of

its easy operation as either a motor or generator, it has different application in different



areas, and depending upon them it has many classifications. Induction generators can be
classified on the basis of excitement process as

» Grid connected induction generator

» Self-excited induction generator

Further induction generators are classified on the basis of rotor construction as

» Wound rotor induction generator

» Squirrel cage induction generator

Depending upon the prime movers used and their locations, generating schemes can be
broadly classified as under [4].

» Constant speed constant frequency [CSCF]
» Variable speed constant frequency [VSCEF]
» Variable speed variable frequency [VSVF]

2.11.1.2 Induction generator principle

An induction machine rotating with the speed higher than that of the magnetic field
of the stator operates as a generator, feeding electrical power back to the supply system.
When the speed of the rotor is above the speed of the magnetic field (synchronous speed),
the slip goes to a negative value which makes the developed torque to become negative.
Thus the machine absorbs real power from the shaft and develops electric power yielding
to generator operation. This property is utilized in, for example, induction generators
driven by a wind turbine and connected to the grid [13].
2.11.1.3 Phenomena of self-excitation

When the induction machine is driven by a prime mover, the residual magnetism in

the iron core of the magnetic circuit of the machine induces EMF in the stator windings at
a frequency proportional to the rotor speed. This EMF is applied to the capacitors
connected to the stator terminals and causes leading current to flow in the stator winding,
and hence a magnetizing flux in the machine is established. Thus the self-excitation
process is initiated and the final value of the stator voltage is limited by the magnetic
saturation in the machine. The machine is then called SEIG and is capable to operate as a

generator in isolation [13].



2.11.1.4 Operation problem of the SEIG system

The main operational problem of the SEIG system is its poor voltage and frequency
regulation under varying load conditions. A change in the load impedance directly affects
the machine excitation. This is because the reactive power of the excitation capacitors is
shared by both the induction machine and the load impedance. Therefore, the generator’s
voltage drops when the load impedance is increased resulting in poor voltage regulation.
On the other hand, the slip of the induction generator increases with increasing load,
resulting in a load dependent frequency, even if the speed of the prime mover remains
constant.
Many studies have been conducted in the past to regulate the voltage and frequency of a
SEIG system operating with variable loads. A high cost speed govern is generally used as

a conventional SEIG controller [12].

2.12 Power Electronics used in wind power generation system
power electronic converters are family electrical circuits which convert electrical

energy from one level of voltage ,current ,or frequency to anther using power switching
components .in all power converter families, energy conversion is function of different
switching states. The process of switching the power devices in power converter
topologies from one state to another is called modulation. Regarding different
applications, various families of power converters with optimum modulation technique
should be used to deliver the desired electrical energy to tale load with maximum
efficiency and minimum cost. Three main families of power converters which are usually
used in renewable energy system are [13].

e AC-DC converters

e DC-DC converters

e DC-AC converters

wind turbine AC-DC DC-DC DC-AC Filter Load
+SEIG converter converter converter

power electronic converters

Figure (2.9): Families of power converters categorized according to their energy

conversion in renewable energy system



2.12.1 AC-DC converters

A three phase low frequency rectifier is depicted in figure (2.10). Is converter
operates at line frequency, so that the switching happens at 50Hz or 60Hz.Low frequency
rectifiers are made up by diode or thyristor to change the AC voltage to DC voltage.
However, rectifiers based on thyristors have freedom to change the firing angle to switch
the thyristors , so that the amount of output DC voltage is controlled compared with diode

rectifier. Using capacitor at output can increase the quality of the output voltage.

Low frequency

7 High frequency
rectifier -

rectifier

Tou
W i Full Wave . l | -
— Rectifier | BT, L R 1
0 * T‘P
b i . | _ ve i | )
) —
AC side DC side AC side DC side

(a) (b)
Figure (2.10): AC-DC converter (a) low frequency (b) high frequency

A three-phase controlled high frequency converter based on IGBT is show in figure
(2.10) (b). This circuit can be change the input AC voltage into DC voltage. By
controlling the duty cycle of the switches based on different modulation technique, the
amount of output DC voltage can be controlled. Since the switches drive in high
frequency the amount of harmonic content in current waveform is decreased. In addition,
this configuration can provide bidirectional power flow between load and source [13].
2.12.2 DC-DC converter

DC-DC converters are a kind of high frequency converters which convert variable
DC voltage to fixed DC voltage. Since the output voltage of renewable energy systems or
rectifier convert is basically unregulated DC voltage, DC-DC converters are necessary to
adjust the Dc voltage for different applications. Three basic in a buck converter the
output voltage is normally less than input voltage. However, a boost converter has the
ability to increase the input voltage base on duty cycle of the switch. A buck-boost
converter can either buck or boost the input voltage. A boost converter is usually applied
in renewable energy systems as the output voltage of these systems is low and

unregulated [13].



2.12.3 DC-AC converter

This converter chop’s the input DC voltage and generates an Ac voltage with desired
magnitude and frequency with respect to the pulse patterns and modulation techniques
[13].
2.13 Pitch control system design

Pitch control means that the blades can pivot upon their own longitudinal axis. The
pitch control used for speed control, optimization of power production and to start and
step the turbine, the control system structure used to generate the pitch angle reference is
given in Figure (2.11). The pitch controller consists of two paths a nonlinear feed forward

path, which generates By and a linear feedback path, which generates AP [11].

BO "’:P;-\ Bref
Pl
| S —'/il—rT:\‘ P-I P
Pe

Figure (2.11) Pitch angle reference generator
The feed forward path uses the information about the desire power output, wind velocity
and the turbine speed to determine the pitch angle required. Equation (2.5) gives the pitch

angle as a function of the measured variables.

Bo = \/L [y - 5.6 - =] (2.5)

0.022 P,

However, the feed forward term assumes that all the components are ideal and does not
account for the losses in the system. The feedback path compensates for the losses by
decreasing the pitch angle, if the output power is less than the desired power; to increase

the power captured [11].

Figure (2.12) Plant and controller definition



» Tuning Methods of PI and PID controllers:

The PID controller tuning methods are classified into two main categories

1. Closed loop methods

2. Open loop methods

Closed loop tuning techniques refer to methods that tune the controller during
automatic state in which the plant is operating in closed loop. The open loop
techniques refer to methods that tune the controller when it is in manual state and
the plant operates in open loop.

¢ The closed loop methods considered for simulation are:
> Ziegler-Nichols method

» Modified Ziegler-Nichols method

> Tyreus-Luyben method

X Open loop methods are:

> Open loop Ziegler-Nichols method

» C-H-R method

» Cohen and Coon method
Before proceeding with a brief discussion of these methods it is important to note that the
non-interacting PID controller transfer function is:

Ge(s) = Ke(1+ 2 +t1.5) (2.6)
Where:
k.= proportional gain ,t= Integral time , Tp= derivative time
» Closed Loop Zeigler - Nicholas
This method is a trial and error tuning method based on sustained oscillations that was
first proposed by Ziegler and Nichols (1942) This method that is probably the most
known and the most widely used method for tuning of PID controllers is also known as
online or continuous cycling or ultimate gain tuning method.

Having the ultimate gain and frequency (K, and P,) and using Table (2.1).



Table (2.1) Controller parameters for closed loop Ziegler-Nichols method

Controller Kp K; Kp

P 0.5Kcu - -

PI 0.45Kcy 1.2Kp/ Ty -

PID 0.6Kcu 2Kyp/ Ty KpTu/8

» The disadvantages of this technique are:
-It is time consuming because a trial and error procedure must be performed
-It forces the process into a condition of marginal stability that may lead to unstable

operation or a hazardous situation due to set point changes or external disturbances.
-This method is not applicable for processes that are open loop unstable.

-Some simple processes do not have ultimate gain such as first order and second order
processes without dead time.

Step 1: Determine the sign of process gain (e.g. open loop test as in Cohen-Coon).
Step 2: Implement a proportional control and introducing a new set-point.

Step 3: Increase proportional gain until sustained periodic oscillation.

Step 4: Record ultimate gain and ultimate period: (Ky and Ty).

Step 5: Evaluate control parameters as prescribed by Ziegler and Nichols



CHAPTER THREE
MATHEMATICAL MODEL

3.1 Introduction

There are two common types of interfaces between SEIG and the load. The first
configuration is designed as back-to-back PWM converter, the second configuration is a
single switch mode rectifier and an inverter; the former is commonly considered as the
technical ultimate operation but may be more expensive and complex, it has a lot of
switches which cause more losses and voltage stress in addition to presence of
Electromagnetic Interface (EMI), is usually used in the stand-alone or small scale wind
farms for its simple topology and control, and most importantly, low cost [2].
There are many remote communities throughout the world where the electricity grid is
not available. These communities are supplied with conventional energy sources. As it is
well known, these conventional sources are very expensive and go to depletion. If these
communities are affluent in wind energy, in this case, stand-alone wind energy systems
can be considered as an effective way to supply power to the loads in these communities.
It is one of the practicalities for self-sufficient power generation which involves using a
wind turbine with battery storage system to create a stand-alone system for isolated
communities located far from a utility grid. Load side voltage source inverter is
responsible to supply controlled output load voltage in terms of amplitude and frequency
to the load Wind energy supply systems are among the most interesting, low cost, and
environmental friendly for supply power to remote communities which are affluent in

wind energy resource.
3.2 Stand-Alone Wind Energy Supply System
The power circuit topology of the proposed variable speed stand-alone wind

energy supply system is shown in Figure (3.1). The system consists of the following

components:
e Variable speed Wind turbine.
e Self-exited induction generator (SEIG), driven by the wind turbine with using a

gearbox.



e A single switch three phase mode rectifier which consists of a three phase diode
bridge rectifier

e DC-DC boost converter.

e Batteries bank is connected to the DC-link voltage.

e A three phase voltage source inverter connected to the load through LC filter. The
proposed model has been modeled and simulated using MATLAB/SIMULINK

software program.

DC to DC converter
Load 1 LC-Filter [— Inverter Boost Rectifier H MainCB [yt SEIG  frjwind turbine
DC to AC{converter AC to DC converter
N
F
Batter bank
ontrol syste : >
L
)
L

Figure (3.1): Power circuit topology of a variable speed stand-alone wind energy
supply system.

3.3 Wind Turbine Model

Many wind turbines are equipped with fixed frequency induction generators. Thus
the power generated is not optimized for all wind conditions. To operate a wind turbine at
its optimum at different wind speeds, the wind turbine should be operated at its maximum
power coefficient (Cp-optimum = 0.3-0.5). To operate around its maximum power
coefficient, the wind turbine should be operated at a constant tip-speed ratio, which is
proportional to ratio of the rotor speed to the wind speed. As the wind speed increases,
the rotor speed should follow the variation of the wind speed. In general, the load to the
wind turbine is regulated as a cube function of the rotor rpm to operate the wind turbine
at the optimum efficiency. The aerodynamic power generated by wind turbine can be
written as: [ 14].

Pm = 0.51pR?V3,Co (B, M) (3.1)



Where the aerodynamic power is expressed as a function of the specific density (p) of the
air, the swept area of the blades (A) and the wind speed (Vy), to operate the wind turbine
at its optimum efficiency (Cp-optimum), the rotor speed must be varied in the same
proportion as the wind-speed variation. If we can track the wind speed precisely, the
power can also be expressed in terms of the rotor speed [14].
P, = KpW3 (3.2)

Where:
Kp = constant, equal 0'5%31{5%
w = angler speed
The power described by equation [3.2] will be called P;gey.

The power coefficient C, as a function of Tip-Speed Ratio (TSR) 4, where, 4 is

given in terms of rotor speed, w(rad/sec), wind speed, V,,(m/s), and rotor radius, R (m) as

Ro
A= (3.3)

Wind turbine power coefficient, C, is dependent upon A. If pitch angle, f,is incorporated,

C, becomes a function of 4 and

Co(B,A) = 0.5176 [% —04xp- 5] e M +0.0068 X A (3.4)
Where:

1 1 0.035

Mo [[x—o.oss]] B [[33+1] (3.5)

When the wind speed is increased the maximum power extracted from the wind is

increased for the same turbine speed. The equations of the torque of the wind turbine are.

T = -2 (3.6)
Tm_Tshaft _ d_W
2H  dt (3.7

Where: T,,- mechanical torque, Ty, =shaft torque, H=Inertia constant, p,,= mechanical
power and ‘z_w is the differential of Turbine rotor speed.
t

» Maximum Power Tracking Concept:



The equations of the wind turbine mechanical power and mechanical torque were
given in equations (3.1) and (3.6)). The wind turbine mechanical output power, P, is
affected by the ratio of the turbine shaft speed and the wind velocity, i.e., tip-speed-ratio
(A=R w/V,). As a result of variations in wind velocity, the turbine shaft speed ® (or
generator shaft speed w,), and wind turbine power P, will change. Figure (3.2) shows a
family of typical P, versus o curves for different wind velocities for system. As seen in
this figure, different power curves have different maximum power, P, (or optimal

power, P,,) [15].
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Figure (3.2): Wind turbine mechanical output power versus shaft speed

From mechanical design point of view, wind turbines are designed to operate at
maximum power for an average wind speed. However, it is clear that wind speed dose
not stay at an average level all the time. At lower wind speeds, tip speed ratio (A) is
increased (with constant rotor speed), and accordingly, the power coefficient C,
decreases (equation (3.4)). As a consequence, the wind turbine is not operating under
optimal conditions (where C, is low) most of the time. Optimal operating conditions can
be achieved by employing a MPPT method. Implementing a

MPPT method depends on wind turbine structure [15].
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Figure (3.3) represent the wind turbine model.

3.4 Modeling of gear:



The mechanical system of the wind turbines plays a big role in the energy transformation.
Most of the simple wind turbine gear box consists of two main shafts, the low speed shaft
which is basically connected with the wind turbine blades, and the second one which is

called the high speed shaft connected directly to the generator as shown in figure (3.4)

Figure (3.4): Typical gear of wind turbine

By applying Newton’s second law for rotation system or using energy principles on the
rotor, the mathematical model will be:

JeWe + B-We — T — Tis 3.8)
Where: ], = rotor moment of inertia, W, = rotor angular speed, B, = rotor damping effect,
T,=applied torque on the rotor, Tjs =low speed shaft torque.
Whereas the same technique is applied for the driving gear, which basically its moment
of inertia is cancelled, this will yield:

Tis = isWe + Bis(Wy — Wis) + K5 (6 — 855) (3.9)
Where:
Jis =driver moment of inertia (cancelled), W) =angular speed of the low speed shaft,
K|s=stiffness of low speed shaft, 6; = rotor angular displacement, 6,;= low speed angular
displacement.
Since the moment of inertia of gear one is considered, and then the mathematical model
of it is calculated as

Te1 = JeaWis + BisWis + Kis (615 — 8¢) (3.10)

Whereas for gear 2, the dynamic equation is written as:

Tsh = J2Whs + BeWis + Ky (ehs - eG) (3.11)

3.5 Induction machine Model
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Figure (3.5): Three phase induction machine

The voltages equations of three phase induction machine are:
dly
[V]=[R} {1+ )

d
w]=[L]-{1]

(3.12)

(3.13)

V]=[V, V, Vo V, V, V.| - are the voltages applied to each stator and rotor phases.
[]=[1, I, I. I, I, I.] — are the currents in each stator and rotor phases.

v]=[es 05 ¢c 0. , @.] — are the fluxes linked with each stator and rotor.

is the resistance matrix and [L]is the inductance matrix.

The inductance and resistance matrix are defind as:

L, —05Mg —05M; M, M, Mf |
-05M, L, -05M; M_f, M. f, M,f
- -05M; -05Mg L, M, M/ M (3.14)
Mf M, Mf, L -05M, -0.5M,
MJf, M, M,f, -05M, L —0.5M,
| Mf, M, M -05M, -05M, L




R, 0 0 0 0 O
0 R, 0 0 0 O
IR]- 0 0 R, 0 0 O (3.15)
0 0 0O R, 0 O
0 0 0 0 R, O
10 0 0 0 0 R,
where:
L,=L_ +M, — statorself-inductance
L, =L, +1.5M, — rotor self-inductance
L_.,L_ — stator and rotor leakage indactance
M ,M, — stator and rotor mutual indactance
M, — stator-rotor mutual inductance
The coefficients f,, f,, f;
f, =cos0, .f, = cos(ﬂr +2?nj,f3 =cos (Gr —2%) (3.16)

All these in inductances can easily be measured a wound rotor induction machine. For
squirrel-cage induction machines, these inductances can normally be estimated from no-
load and locked rotor tests. Referring the rotor parameters to stator the inductances

become equals:

M, =M, =M, (3.17)
The impudence matrix is defined as:

[ R+LP -0.5PMy -0.5PMy M_Pf, M_Pf, M_Pf, |
-0.5PMy R +LP -05PM, M_Pf, M_Pf  M_Pf,
(7] -0.5PMy -0.5PM, R +LP M_Pf, M_Pf, M_Pf,
M Pf,  M_Pf, M_Pf, R +LP -0.5PM, -0.5PM,
M _Pf, M_Pf,  M_Pf, -0.5PM, R +LP -0.5PM,
| M Pf, MPf, M,Pf, -05PM, -0.5PM, R +LP |

(3.18)

The transformation of the 3-phase induction machine to two phase machine is done by

using the phase transformation matrix C; and commutater transformation C, as follows:



1
— 0
V2
S | I E} (3.19)
3)2 20 2
R ]
V202 2
sin@  cos6
C, = _ (3.20)
cosf —sinf
v' The stator is not requires a transformation by C,
The new impedance matrix after applied C,
R,+L.P 0 M Pcos@ M Psin0
' 0 R, +LP MPsin6 -M Pcosb
[z] = . (3.21)
M PcosO M Psin@ R _+LP 0
M Psin® -M Pcos0 0 R +LP
The new impedance matrix after applied C, to the rotor only
R,+LP MP 0 0
v | MP R, +LP oM o, L,
[z] = (3.22)
0 0 R,+LP  MP
o.M -0 L MP R, +LP

m m T

The voltages and currents equations after transformation when applied C;, to the

rotor voltage and applied C; to the stator

VD
4 Vd
[V] = v, (3.23)
Vq
ID
[ = . (3.24)
I

lal

The new voltage equation of the induction machine in dq-model:



Vy,] [R,+LP MP 0 0 I,
\2 MP R, +LP oM oL, ||
_ (3.25)
vV, 0 0 R,+LP MP ||,
v, ‘oM -o,L, MP R, +LP||I

q

3.6 Modeling of Self-Excited Induction Generator

Figure (3.6) (a) & (b) depict the d-q axis equivalent circuit of SEIG with capacitor

connected across the stator windings of the generator. Using Kirchoff’s voltage the loop
equations (3.26)-(3.29) of the SEIG equivalent circuit are written as [16].
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Figure (3.6) D-Q Equivalent circuit of self-excited induction generator with load

di di 1 di
Rsiqs+Lls 4L —L4+——L=

Vv 3.26
dt C dt “ (3.26)
: di, di,, 1 di,
Ri, +L, —+L —+——"=0k, (327)
d dt C dt
di di di
R, +L, =2 +L, ol Se oy (328)
4 d C dt
di di di
Ri 4+, Soyp Yo 18y (329)
d dt C dt d
[Cl=[Z]x[1]+[V] (3.30)
Where:
[C]=[0 0 0 0] ..[V]=[Ve Va K, K| .[1]=[in in iy ie]
Where:



« [VI=[ V.,

o [1]=[1, 1, 1,1

o [Kq K d] direct and quadrature axis constant.

And :

V., d] instantaneous direct and quadrature axis voltage( V).

t . . .
r] instantaneous stator and rotor direct and quadrature axis current(A).

R, +PL + L 0 PL 0
PC
1
[Z]= 0 R, +PL,, +E PL (3.31)
PL_ -o L _ R, +PL, -oL_
| oL PL -oL R +PL, |

Where, p is equal to d/dt in the matrix [Z]

The equation (3.31) describes the dynamic characteristics behavior of SEIG in matrix
form. Owing to the magnetic saturation of SEIG stator core, its behavior is non-linear.
The magnetizing current is to be updated in each step of integration. Therefore, the new

magnitude of the magnetizing current i,, is obtained using the equation (3.32),

i, |—\/(1 +i ) +(i s+idr)2

Hence, the magnitude of the generated air gap voltage of SEIG in the steady state is given

(3.32)

by
E =oL |1

™ m

(333)

It is noted that L,, is not a constant but a function of the magnetizing current i, and can
be expressed as

L =f |i (3.34)

This dependency is determined by a synchronous impedance test. The developed

electromagnetic torque and the torque balance equations are [3.35] & [3.36]:

(et

2
Ty =T, +J (Ej Po,

~igig,) (3.35)

(3.36)

The torque balance equation can be expressed in speed derivative form as

P
P(,Or [2]) = ’T‘e - Tshaft (3.3 7)



The generated phase voltage and stator currents are derived from d-q axes values using
the equations (3.38) & (3.39)

[V, = Vicos0, +V,siné,

V, =V cos(0,-»,)+V,sin(6,-m,) (3.38)
| V., = Vicos(0,+o, )+V,sin(0, +w,)
[i, =1,cos0,+1,sind,

1, =I,cos(0,-,)+1,s1in(0,-0,) (3.39)
| 1, =IL,cos(0,tw, )+1,sin(6, +o,)

Where:

R =V,c080+V,sinb
(3.40)

V,=-V,sinb+V, cosb
[1,=1 ,cos0+,sind :I

. (3.41)
| I, =1 sinB+I cosd

0=w,t (3.42)
0,=0

3.7 Mathematical Model of DC/DC Converter

The standard unidirectional topology of the DC/DC boost converter (also known as
step-up converter or chopper) consist of a switching-mode power device containing
basically two semiconductor switches (a rectifier diode and a power transistor with its
corresponding anti-parallel diode) and two energy storage devices (an inductor and a
smoothing capacitor) for producing an output DC voltage at a level greater than its input
dc voltage. This converter acts as an interface between the full-wave rectifier bridge and
the VSI, by employing pulse-width modulation (PWM) control techniques. Operation of
the DC/DC converter in the continuous (current) conduction mode (CCM), i.e. the
current flowing continuously in the inductor during the entire switching cycle, makes
simple the development of the state-space model because only two switch states are
possible during a switching cycle, namely, (i) the power switch Ty, is on and the diode D,

is off; or (i1) Ty i1s off and Dy is on. In steady-state CCM operation and neglecting



parasitic components, the state space equation that describes the dynamics of the DC/DC

boost converter is given by equation (3.43)

-5 1
0 i ~ 0
S I v
L= Loty £ s (3.43)
s | 1=se o T, 1
C C

Where:

IL: chopper input current (inductor current).

V,: chopper input voltage, the same as the three-phase rectifier output voltage.

V4: chopper output voltage, coinciding with the inverter DC bus voltage.

14: chopper output current.

Sqc: switching function of the boost DC/DC converter. The switching function Sg. of the
power converter is a two-leveled waveform characterizing the signal that drives the

power switch Tb of the DC/DC boost converter, defined as follows:

(3.44)

de ™

~ {O,for the switch T, off}

1, for the switch T, on

If the switching frequency of the power switches is significantly higher than the natural
frequencies of the DC/DC converter, this discontinuous model can be approximated by a
continuous state-space averaged (SSA) model, where a new variable D is introduced. In
the (0 to 1) interval, D is a continuous function and represents the modulation index of
the DC/DC converter, defined as the ratio of time during which the power switch Tb is
turned-on to the period of one complete switching cycle, Ts. This variable is used for
replacing the switching function in equation (4.44), yielding the following SSA

expression:

0 — 0
SI 1 V
FA RIS [2L e 1
sv,] | _1=p |V 1
C C
Since, in steady-state conditions the inductor current variation during both, on and off
times of T, are essentially equal, so there is not net change of the inductor current from

cycle to cycle, and assuming a constant DC output voltage of the boost converter, the

steady-state input-to-output voltage conversion relationship of the boost converter is



easily derived from equation (3.45) by setting the inductor current derivative at zero,

yielding equation (3.46) [12].

V,=—* (3.46)

In the same way, the relationship between the average inductor current I; and the DC/DC

converter output current Id in the CCM can be derived, as follows:
1,=(1-D)I, (347)

3.8 Mathematical of Voltage source inverter

The three-phase two level six pulse inverter proposed corresponds to a DC/AC
switching power inverter using IGBTs operated through sinusoidal PWM.
The mathematical equations describing and representing the operation of the voltage
source inverter can be derived .by taking into account some assumptions respect to its
operating conditions. For this purpose, a simplified equivalent VSI connected to the
electric load is considered, also referred to as an averaged model, which assumes the
inverter operation under balanced conditions as ideal, i.e. the voltage source inverter is
seen as an ideal sinusoidal voltage source operating at fundamental frequency. The high
frequency harmonics produced by the inverter as result of the sinusoidal PWM control
techniques are mostly filtered by the low pass sine wave filters and the net instantaneous
output voltages at the point of common coupling resembles three sinusoidal waveforms
phase-shifted 120° between each other. This ideal inverter is shunt-connected to the load
an equivalent inductance L;, and an equivalent series resistance Ry, and VSI
semiconductors conduction losses. In the DC side, the equivalent capacitance of the one
DC bus capacitor, C4 and where as the switching losses of the VSI and power losses in
the DC capacitor is considered by a parallel resistance R,. As a result, the dynamics
equations governing the instantaneous values of the three-phase output voltages in the
AC side of the VSI and the current exchanged with the load can be directly derived by as
follows:
inva ia

Vi [=[RsTSL]| 1, (3.48)

1

inve c

v

v



Under the assumption that the system has no zero sequence components (operation under
balanced conditions), all currents and voltages can be uniquely transformed into the
synchronous-rotating orthogonal two-axes reference frame, in which each vector is
described by means of its d and q components, instead of its three a, b, c components.
Thus, the new coordinate system is defined with the d-axis always coincident with the
instantaneous voltage vector.
Defining the d-axis to be always coincident with the instantaneous voltage vector v,
yields vq equals |v|, while vq 1s null. Consequently, the d-axis current component
contributes to the instantaneous active power and the g-axis current component represents
the instantaneous reactive power. This operation permits to develop a simpler and more
accurate dynamic model of the inverter. By applying Park’s transformation stated by
equation (3.49), equations (3.48) can be transformed into the synchronous rotating d-q
reference frame as follows (equation (3.50)):[12].

cos0 cos(e—z—nj cos[9+ Zi]

K;% sin0 .sin(e.“j -sin[eJr 2“] (3.49)
2 2 2

With:
6=IB o(t)dt+0(0)angle between the d-axis and the reference phase axis, and t: integration

variable ®: synchronous angular speed of the network voltage at the fundamental system

frequency
Vd Vinva 1d la
Vo 7K Vinw i, 7K | 1, (3.50)
VO Vinvc 1O 1c

Then, by neglecting the zero sequence components, equations (3.48) and (3.50) are

derived.

i

v d d
~(R,+sL,) {_” O}Lx (3.51)

invd

0 o )
i i

Vinvq q q

The relation between the DC side voltage V4 and the generated AC voltage Vi,, can be

described through the average switching function matrix in the d-q reference frame S, 4q



of the inverter, as given by equation (3.52). This relation assumes that the DC capacitors
voltages are balanced and equal to V4

v

invd

=S, v, (3.52)
av,dq
Vinvq
S
S "Ly [cose (3.53)
= =—m. .
avdg S 2 | sina

avq
Being, m;: modulation index of the voltage source inverter, m; = (0, 1) [12].
3.9 Mathematical model of three phase bridge rectifiers

The three-phase bridge rectifier is very common in high-power applications. It can
operate with or without a transformer and gives six-pulse ripples on the output voltage.
The diodes are numbered in order of conduction sequences and each one conducts for
120°. The conduction sequence for diodes is 12, 23,34,45,56, and 61. The pair of diodes
which are connected between that pair of supply lines having the highest amount of
instantaneous line-to-line voltage will conduct. The line-to-line voltage is v/3 times the

phase voltage of a three-phase Y-connected source [1V].

L.~
A D1 A D2 D3

¢
"

»
A A v 9
D4 D5 T D6
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Figure (3.7) three phase full wave rectifier
2r
6 + NG
V, =— [ 3V sin6do 3.54
de 271_ ;[ m ( )
3
V, =V, i—l 654V, (3.55)

I i — 1654 (3.56)
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V., =| 5= [ (/3V,sin0)’do (3.57)
27 s,
L 3
_ 1
2
v, = 3,943 v, =1.6554V, (3.58)
S 2 4
1
2
I, = ENELIEN /AP (3.59)
‘ 2 4r R R
The diode (r.m.s) current given by:
Ve _ Vu _ Vil
I, =1.6554 N, = 0.9667 —-=10.7804 —+ (3.60)

The rectifier line current given by:

v v 4
I.=0.9667v2--=136712--1.1036 LL (3.61)
s R R R

CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter presents performance characteristics of variable speed wind turbine
connected to self —excited induction generator (SEIG) fed current source inverter for
isolated wind energy conversion system. The induction generator, solid state power
electronic converter devices and inductor filter components are modeled by using MAT

LAB / SIMULINK. The power electronic converters and pitch control based on power



signal feedback (PSF) method are used to obtain the maximum output power from the
wind. The PID-controller results of the control pitch angle are compared with the PI-
controller results. And the results are displayed. For the other case study for wind
generation system, showing the importance of uninterrupted feeding system for electrical
load

4.2 Maximum power point tracking (TMPP)

In this part the results of using two types of controllers PID-controller and PI-
controller is presented. In order to assess the capability of the system in tracking
maximum power point at varying wind velocity, a step change in the wind velocity is
applied to the system figure (4.1). The system is first operating at the wind velocity of
Vi1=8m/s from t=0sec to t= 2.5sec. The wind velocity is increased to 9m/s from t=2.5sec

to t=5sec and the wind velocity is increased to 10 m/s from t=5sec to t=7.5sec.
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Figure (4.1) Wind speed

Figure (4.2) represent the power coefficient (Cp) with respect to the time, when using
PID-controller, It is noticed from Figure (4.2) that the controller is able to search for

maximum power and keep the power coefficient of the wind turbine is much closed.
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Figure (4.2) Power coefficient (Cp) with the PID-controller
Figure (4.3) shows the active power generated by SEIG when using PID-controller. The
active power generated by the machine at wind speed 8m/s and excitation capacitance of
2VAR is 2865Watts and maintain the load as constant. The active power reached to
steady state value at 1.8sec. If there is any increase in the wind speed than there is the
active power is increased. The active power generated by the machine at wind speed is
equal 9m/s 1s 3912W and reached to steady state value at 1seconds. The active power

generated by the machine at rated wind speed (10m/s) is 5000W and reached to steady

state value at 0.5sec.
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Figure (4.3) Active power generated by (SEIG) with the PID-controller
Figure (4. 4) represents a change in the speed of the generator when changing wind speed
according to figure (4.1) as well as when the use of PID-controller. The speed of the
generator is equal 0.81 P.u when the wind speed is equal 8 m/s. Note when increasing the
wind speed increases the speed of the generator. When the wind speed has become 9m / s

speed of the generator became 0.88pu.



rotor speed (p.u)

Figure (4.5) shows the change in the Tip speed ration (A) when used PID-controller.
The optimal value of the wind turbine is equal 8.1. From the shape it starts from the
highest value and then decline to settle at 8.1 when the wind speed 8m/s. Also note when
the wind speed increased to 9m/s. the Tip speed ration at first declined and then increased

again to settle at 7.8. And when the wind speed is equal rated value (10m/s) the Tip speed
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Figure (4.4) SEIG speed (p.u) with the PID-controller

ratio settle at 7.49.

Tip speed ratio

Figure (4.5) shows the pitch angle of the wind turbine when used PID-controller. The
optimal value of the pitch angle is equal 0. Note that the PID- controller keeps the

10.5
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Figure (4.5) Tip speed ratio (A) used PID-controller

optimum value during the period. So it is a good controller.
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Figure (4.6) pitch angle with PID-controller
Figure (4.7) represent the power coefficient (Cp) with respect to the time, when using PI-
controller, It is noticed from Figure (4.7) that the PI-controller is able to keep the power
coefficient of the wind turbine is near to optimal value(0.48) . We note that the value of
the power coefficient from the curve is begins with the small value then increases to
settle at 0.479 when the wind speed is equal 8m/s. And when the wind speed increases

the power coefficient is reduce at initially and then rise to settle at 0.476 when the wind

speed is equal 9m/s.
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Figure (4.7) Power coefficient (Cp) with PI-controller
Figure (4.8) represents the power curve of the generator when the system is controlled by
PI- controller. The basic observation is that the generated power depends on the change
in wind speed. Thus the importance of the control system to maintain the value of the
output power to the maximum value in a fixed amount, From the curve we observe that

PI- controller is keep to the value of output power is equal 2818 W when the wind speed



8m/s. Also note the increased output power with increased wind speed where output

power is equal 3906W when the wind speed is equal 9m/s.
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Figure (4.8) Active power generated by (SEIG) (W) using PI-controller
Figure (4.9) represents the change in speed of the generator when using Pl-controller in
control system for wind power generation system. from the curve note that the speed of

the generator stabilizes at a time on a certain value for the change in wind speed.
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Figure (4.9) SEIG speed (p.u) using PI-controller
Figure (4.10) represents the change of Tip speed ration when using PI-controller. It is
noted that there is little difference between the optimal value of Tip speed ratio and
values where the control system using PI-controller. Where optimal value is equal 8.1
from the figure (4.10) when the wind speed is equal 8m/s the tip speed ratio is equal 8.1.

Increasing wind speed leads to an increase in the Tip speed ration.
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Figure (4.10) Tip speed ratio (A) using PI-controller

Figure (4.11) represents the change in pitch angle of the wind turbine when using PI-

controller. Note that the value of the pitch angle it is equal small value at first and then

increased and then decline. Control system is change in the value of the pitch angle to

make wind power generation system at maximum power available.
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Figure (4.11) pitch angle with PI-controller
» Comparison between PI-controller and PID-controller:
The system is first operating at the wind velocity of 8m/s. The wind velocity is increased
to 9 m/s, then the wind velocity is increased to 10 m/s where the values of various system

variables at this speeds are shown in Tables (4.1), (4.2) and (4.3).



Table (4.1) Comparison between the PI-controller and PID-controller when the wind

speed is 8m/sec

With Pl-controller | With PID-controller
Maximum power captured(W) | 2818 2865
Power coefficient (Cp) 0.4787 0.48
Tip speed ratio (1) 8.15 8.18
Rotor speed (p.u) 0.8058 0.8086
Pitch angle (deg) 0.05 0

Table (4.2) Comparison between the PI-controller and PID-controller, when the wind

speed is 9m/sec

With Pl-controller | With PID-controller
Maximum power captured(W) | 3906 3912
Power coefficient (Cp) 0.4765 0.4779
Tip speed ratio (1) 7.796 7.799
Rotor speed (p.u) 0.8663 0.8666
Pitch angle (deg) 0.03 0

Table (4.3) Comparison between the PI-controller and PID-controller, when the wind

speed is 10m/sec

With Pl-controller | With PID-controller
Maximum power captured(W) | 5000 5000
Power coefficient (Cp) 0.4678 0.4696
Tip speed ratio (1) 7.43 7.44
Rotor speed (p.u) 09172 0.9179
Pitch angle (deg) 0.04 0

From tables (4.1), (4.2) and (4.3), the system is first operating at wind velocity of
Vi1=8m/s. At this velocity, the maximum power captured from the wind turbine is
2.818kW at t=2.3sec ,when using PI-controller, the maximum power captured is equal
2.856KW at t=2sec, when using the PID-controller, the wind velocity is increased to

9m/s, the maximum power corresponding to this velocity is 3.906kW. Again, at t=2.1sec



for the PI-controller and 3.912KW at t=1.7 sec for the PID-controller. When wind speed

increased to 10m/s the maximum power captured is equal SKW at 5.5sec in the both

controller.

e As expected the PID- controller is faster than the Pl-controller to get the optimal
operating point,

e The pitch control based on PID- controller is able to extract more power from the PI-
controller.

e The operating points get when using PID-controlled more stable then operating points
which we get using PI- controller. PID-controller is better than PI-controller in the
application of wind power generation to get the maximum power available in the
wind speed.

4.3 Voltage and power characteristics of SEIG
The output voltage of SEIG depends up on the wind velocity and excitation capacitance
values. Excitation capacitors are used to reduce the reactive power burden of self-excited
squirrel cage induction generators.

Figure (4.12) shows the generated voltage of SEIG when applied the wind speed
shown in figure (4.1) to the system. The generator produces 0.6p.u of the voltage when
the wind speed is equal 8m/s ,0.8p.u of the voltage when the wind speed 9m/s and 1p.u of
the voltage when the wind speed at rated value 10m/s. This output voltage is fed to the
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Figure (4.12) SEIG generated voltage



Figure (4.13) shows the output rectifier voltage applied to the inverter. The rectifier
output voltage is 580V at wind speed 8m/s, 610V at wind speed 9m/s and 630V at wind
speed 10m/s. A D.C link capacitor of 120uF in parallel with the diode maintains the

voltage at an optimal value.
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Figure (4.13): rectifier output voltage
Figure (4.14) shows the phase to phase output voltage waveform of the inverter. This
inverter produces a required voltage with low harmonic distortion, the inverter produces
(1p.u (380V r.m.s value)) in the output terminals. It took about 0.2sec to the settle to its
steady state voltage. The controlled output voltage of the inverter is mainly depends upon
the switching states. The output voltage of the inverter is controlled by pulse width

modulation technique.
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4.4 A case study of the loss of wind power
Wind power generation is several features but still the problem of wind power may
not be available at all times and may be insufficient to generate electric power, so wind
generation systems need to reserve units provide power for loads in case of loss of wind
power and key reserve units used with wind power generation system of batteries of
various types. This case study is to make sure that the battery system uninterrupted feeds
electrical load when it loses wind generation system, open the main circuit breaker.
Battery storage system is essential for a stand-alone wind energy supply system to
meet the required load power. As a variable speed wind energy system which has
fluctuating generated power due to the variability of wind speed. It can store the excess
energy when the generated power from the wind is more than the required load power for
a time when the generated power from the wind is less than the required load power to
maintain power balance between generated power and required load power. Also, it can
remove the fluctuating power from wind energy system and maximize the reliability of

power supplied to the load.
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Figure (4.15) Variation of wind speed
Figure (4.15) represents the change in wind speed to be applied to the wind generation
system to make sure that the backup battery system can be feed the electrical load when
the loss of wind power.
Figure.(4.16) shows a voltage generated by the SEIG according to wind speed variations
figure(4.15), at the wind speed of 8m/sec the generated voltage reaches to steady state

value (0.6p.u) at 1sec , the wind velocity is increased to 9m/s the voltage corresponding



to this velocity (0.8p.u) at 3sec, at this wind velocity the main circuit backer is opened at

Ssec,the voltage generated by SEIG is drop to zero after 1sec from open (C.B).
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Figure (4.16) SEIG generated voltage when open main C.B
Figure (4.17) represent the voltage at load when open main C.B. It is noted that the
voltage across the load was not affected by loss of generation by wind. This ensures

uninterrupted system of batteries work on feeding electrical load.
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Figure (4.17): voltage at load when open main C.B

Figure (4.18) shows the output power of wind generation system. Note that the output

power dropped to zero when the circuit barker is opened. Thus the loss of electrical

power from wind generation system, if the system does not contain a backup feed system

will stop electrical load.
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Figure (4.18): Active power generated by (SEIG) when opens main C.B

Figure (4.19) Shows the active power across the load when open (C.B). It is noted that

the power of the electrical load was not affected by the loss of wind generation for the

uninterrupted feeding system (batteries) to feed the electric load. Thus we make sure that

uninterrupted feeding system has importance for wind generation systems
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Figure (4.19): Active power in the load when open maim C.B



CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

Control strategy of a stand-alone variable speed wind energy supply system has been
presented in this thesis, along with a comprehensive analysis and simulation using
MATLAB/SIMULINK. From the simulation results, the maximum power extraction
control at the variable speed wind turbine has been implemented based on power signal
feedback method (PSF), using the relation curve between generator speed and mechanical
power to adjust the output power of wind turbine at optimum value through a pitch angle
control for extracting maximum power from the available wind power. Also, the batteries
banks have been able to store the surplus of wind energy and supply it to the load during
a wind power shortage. Finally, it has been explained how the voltage source inverter
controller uses a PWM strategy to supply controlled output voltage in terms of amplitude
and frequency to the inductive load. The simulation results proved that the performance

of the control strategy is satisfactory in spite of variation in wind speed.

5.2 Recommendations

e Use other methods to extracted maximum power tracking from available wind speed:

» Hill Climb Search (HCS) method

» Tip Speed Ratio (TSR) ratio method.

e Study and control of a variable —speed wind turbine energy system connected to the
grid.

e Use other methods of controller for example fizzy logic control or robust control.
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Appendix:

Appendix shows the data of model.

Generator data




Nominal power 4. 7KW

Line to line volt 460V rms value
Frequency 60 HZ

Stator resistance 0.01965p.u

Stator inductance 0.0397p.u

Rotor resistance 0.01909p.u

Inductance resistance 0.0397pu

Magnetizing Inductance 1.354p.u

Inertia 0.09526s

Friction factor 0.05479p.u

Pairs’ of poles 2

Excitation reactive power 2KVAR

Turbine data:

Nominal mechanical output power 4. 7KW

Base wind speed Ip.u

Maximum power at based wind Ip.u

Reference pitch angle 0 angle

Control parameter:

Gain of PID-controller K, K; Ky
Speed regulator 0.001 0.01 0.001
Pitch angle regulator 1 1 5
Current regulator 0.01 0.03 0.1
Control parameter:

Gain of PI-controller K, K;

Speed regulator 5 1




Pitch angle regulator

Current regulator




