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Abstract

The growing needs for electric power around the world has resulted in fossil fuel reserves to be
consumed at a much faster rate. The use of these fossil fuels such as coal, petroleum and natural
gas have led to huge consequences on the environment, prompting the need for sustainable
energy that meets the ever increasing demands for electrical power. To achieve this, there has
been a huge attempt into the utilisation of renewable energy sources for power generation. In
this context, wind energy has been identified as a promising, and environmentally friendly
renewable energy option. Wind turbine technologies have undergone tremendous
improvements in recent years for the generation of electrical power. Wind turbines based on
doubly fed induction generators have attracted particular attention because of their advantages
such as variable speed, constant frequency operation, reduced flicker, and independent control
capabilities for maximum power point tracking, active and reactive powers. For modern power
systems, wind farms are now preferably connected directly to the distribution systems because
of cost benefits associated with installing wind power in the lower voltage networks.

The integration of wind power into the distribution network creates potential technical

challenges that need to be investigated and have mitigation measures outlined. Detailed in this

study are both numerical and experimental models to investigate these potential challenges.

The focus of this research is the analytical and experimental investigations in the integration

of electrical power from wind energy into the distribution grid. Firstly, the study undertaken in

this project was to carry out an analytical investigation into the integration of wind energy in

the distribution network. Firstly, the numerical simulation was implemented in the

MATLAB/Simulink software. Secondly, the experimental work, was conducted at the High

Voltage Direct Centre at the University of KwaZulu-Natal.

The goal of this project was to simulate and conduct experiments to evaluate the level of
penetration of wind energy, predict the impact on the network, and propose how these impacts

can be mitigated. From the models analysis, the effects of these challenges intensify with the

increased integration of wind energy into the distribution network.

The control strategies concept of the doubly fed induction generator connected wind turbine
was addressed to ascertain the required control over the level of wind power penetration in the
distribution network. Based on the investigation outcomes we establish that the impact on the
voltage and power from the wind power integration in the power distribution system has a goal

to maintain quality and balance between supply and demand.
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Chapter 1

Introduction

1.1 General Background

The increasing demand for electrical power has prompted the need to explore alternative
sources of energy for generating electricity. This trend has encouraged the energy policy
planners around the world to explore these forms of alternative energy sources. These
alternative sources such as renewable energy are in the form of solar, wind or geothermal energy
that can be harnessed to meet the increasing electricity demand. The International Energy
Agency (IEA) estimated that, based on the current consumption of electricity, global energy
demand would double in the year 2030 [1]. Figure 1.1 shows how energy consumption has
increased as the world economies are constantly growing [2]. Currently, the major sources of
energy for power generation are amongst others are coal, oil, and natural gas. These energy

sources are being depleted at a faster rate and they are non-renewable energy sources.
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Figure 1.1: World Energy Consumption and Economic Growth (1991-2017) [2]

In addition, the world electricity generation capacity has been increasing in line with energy
consumption, and the generation growth versus economic growth is shown in Figure 1.2. It can

be observed, when comparing Figure 1.1 with Figure 1.2 that the world electricity generation



capacity has gradually been increasing at a slightly higher rate than the energy consumption
growth rate. This trend shows the importance of electricity generation towards the growth of an
economy. As such, there is a need to ensure the continued growth in the electricity generation
capacity without destroying the environment. It is a known fact based on research that non-
renewable sources contribute towards climate change and global warming and, as such, there is
a general shift towards using more renewable energy resources to generate electricity.
Renewable energy resources include wind, solar, geothermal, and tidal/wave energy, amongst

others.

World Electricity Generation and Economic Growth
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Figure 1.2: World Electricity Generation and Economic Growth (1991-2017) [2]

The global trends of economic growth coupled with the energy needed to sustain this demand
are generally mirrored in South Africa. The economic growth combined with increasing
population, industrialization, and bulk rural electrification, have resulted in a high demand for
energy in the country. South Africa’s energy supply presently, is a combination of renewable

and non-renewable energy sources, of which the proportion of energy supply is about 59 % is



from coal which is in abundance and economical, and the remainder is from crude oil 16%,

natural gas 3%, nuclear 2%, renewable and wastes 20% [3] as shown in Figure 1.3.
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Figure 1.4: WASA Wind Source Map [3]

In line with the global trend, South Africa is gradually shifting from the use of non-renewable
energy sources to renewable energy sources. Among these renewable or alternate energy sources,
wind energy has gained much prominence. The mesoscale modelling dataset by Wind Atlas for
South Africa (WASA), shown in Figure 1.4, revealed a huge potential for wind energy which

can be harness for electrical power generation [3].

1.2 Distribution Systems: Role of South African Municipalities

The South Africa government has committed to the international community effort of reducing

environmental pollution due to the high emission of Green House Gases (GHG). Part of the



plan to honour this commitment is contained in the “Integrated Resource Plan (IRP)” which
stipulated that 56% of wind power will be required in the first phase of its renewable energy
feed-in-tariff programme. As a result, significant research has been initiated into wind energy
to determine the optimum approach for South Africa to harness of wind energy for electricity
[1]. One of the approaches is the generation and integration of wind power directly into the
distribution network.

In the South African power systems, generation and transmission of power are undertake by
South Africa’s power utility, Eskom [5]. The role of the design, operation, and maintenance of
the distribution network is that of the local governments or Municipalities. Thus, this section of
the grid is normally controlled and/or administered by municipalities. As such, it is important
that one highlight the plight or plans of municipalities emanating from the electricity sector
transformations. In recent times, municipalities have been tasked to reconsider their place in the
electricity supply value chain, resulting in a business model as documented in Table 1.1. Three
different “roles” were developed, one of which is the building electrical generation capacity [5].

Table 1.1: ‘The South African municipalities’ business model [5]

Roles The realm of business models

Building embedded power systems (e.g. installing rooftop solar PV systems on

municipal buildings with or without feeding into the municipal grid)

Building stand-alone power plants (e.g. building a large farm or solar park on

municipal land used for municipal grid with possibility of on-selling to Eskom)

Building
generating
capacity

Procuring electricity from embedded generators (e.g. procuring electricity from

rooftop PV systems installed by residential customers)

Procuring electricity from an independent power producer (e.g. procuring
electricity from an independent solar park / wind farm in the vicinity of the

municipality)

Procuring energy

Playing a trading/aggregating role (e.g. buying electricity from local producers

for on-selling to willing customers at a premium)

Operating a storage facility (e.g. store electricity in time of excess and sell it in

time of high demand)

Providing electricity services (e.g. installing power systems, providing

maintenance)

Playing facilitation role




To comply with constitutional and statutory duties, the South African municipalities have to
supply basic services including “the best possible energy solution and service” to its inhabitants.
The municipalities consideration in building the generation and supply of electricity can be
achieved by purchasing renewable energy (RE) from independent power producers (IPPs), and
by building their generation capabilities. This will enable municipalities to reduce their over-
dependence on Eskom while widening the domain of the activities the municipalities can deliver
on. The model whereby municipalities purchase or generate renewable energies and then feed
this into their networks comes with huge technical challenges. These challenges are in the form
of power quality problems such as voltage sag/dip, voltage swell/rise, reactive power control,

synchronization, harmonics, cost, and reliability of the control system [5].

1.3 Motivation

Introducing REs into the distribution systems has the advantage of proving massive
electrification in South Africa. This will enhance the liberalization of the energy sector
including the transformation of the electricity distribution sector into a regional electricity
distribution. This comes with huge benefits as renewable energy sources can then be used for
the electrification of rural communities and commercial applications far from the national
electricity grid. Large-scale utilization of renewable energy will also reduce the emissions of
carbon dioxide, thus contributing to an improved environment both locally and worldwide.

As mentioned in the last section, the generation and integration of renewable energies (REs)
into the distribution networks come with huge challenges as the distribution networks are being
managed by municipalities in South Africa. Because of its intermittent nature, the supply of
wind-generated electricity into the distribution network, wind power will not be able to
adequately cater for the loads. Thus, for variable conditions or where no power is available, the
grid will supply the deficit in synchronization. The block diagram of this process is shown in
Figure 1.5.

The focus of this research is the analytical and experimental investigation into the integration
of electrical power from wind energy into the distribution grid. Therefore, the focus of this
project will be to carry out an analytical and experimental investigation into the integration of
wind energy in the distribution network. This will include both numerical simulation and
experimental work that will be conducted at the High Voltage Direct Centre (HVDC) at the
University of KwaZulu-Natal. The goal of this project was to simulate the introduction of wind
power, to evaluate the penetration of wind energy introduced, to predict the impact on the

network, and then to propose how these impacts can be mitigated. The research investigated the



power integration impacts on voltage and power quality in a distribution system and how to use

the control strategies to maintain the balance between supply and demand.

Distribution grid Point of Power Wind Generator
coupling Electronics

Load

Figure 1.5: Block diagram used to illustrate the integration of wind power into the distribution
network

1.4 Problem Statement

Recently, the use of small wind turbines has gained popularity and they are being installed in
rural areas and urban centres to generate electricity. This has the advantage of eliminating power
line losses in the grid. Due to the intermittent nature of wind, the integration of wind power into
the grid presents technical challenges such as reactive power control for voltage provision,
starting and synchronising of wind farms onto the grid, short-circuit protection, and the
efficiency of the grid. These are also power quality problems such as voltage sag/dip, voltage
swell/rise, flicker, harmonics, short interruptions, design and optimization of power electronics,
and cost and reliability of the control system. Of all these challenges, power quality has gained
attention in research because it is directly linked to other challenges such as load dispatch, sub-
synchronous resonance as a result of the electric network and wind turbine interaction and
system fault levels.

This research project was formulated to investigate how to curtail the impacts associated with
the integration of wind power into the distribution network, as the wind power producers prefer
to disconnect the wind turbines from the grid during faults which lead directly to low voltage
conditions and an imbalance of inactive power at the point of common coupling. This is
normally done to prevent damages to the wind turbine control system components, which can
consequently cause a partial or total blackout. Hence, this work will investigate how this

problem can be mitigated as outlined in the next section.



1.5 Research Aims and Objectives

The project was carried out to analytically and experimentally analyse the wind energy

integration into the distribution network. To achieve this, the following were done:

>
>

Carried out an analysis of energy conversion processes in wind farms.

Carried out the power flow analysis from wind input to its integration into the distribution
network.

Carried out an analysis on the problems associated with power quality associated with the
direct integration of wind power into the distribution network.

Carry out analytical simulations in a MATLAB environment to analyse the performance of
the network when wind power is integrated.

Carried out experimental work at the HVDC laboratory to validate the analytical

simulations.

The objective of this research will be

To investigate an efficient framework to optimize the distribution network operation with
the introduction of wind power and to address the issues to be addressed before wind
turbines can be connected.

To investigate the voltage change, power quality and undesirable voltage increase in periods
with high wind speed and the possible solutions to maintain a stable network, under various
wind conditions.

To develop a model to evaluate the performance of the distribution network when injecting

a significant level of wind power, into the distribution network.

1.6 Research Questions

The following investigative questions would be answered when this research study is

completed:

>

How will the existing distribution network parameters (voltage, current, losses, plant
loading, fault levels, etc.) be affected by the possible ways of integration of wind energy

supply and the possible solutions to maintain a stable network?

e Wind turbine connected Doubly Fed Induction Generator (DFIG) and its control
strategies are generally based on detailed voltage source back to back (BB) converters.
Therefore, such a model has been developed and implemented using a PI algorithm

controller as demonstrated via simulation results in the design of the controller of the



machine side converter to enhance the operation of the system by mitigating the effect
of wind speed disturbances and satisfying maximum power extraction from the wind.
e Development and demonstration of the control scheme using a P/ logic controller for
both the machine side and grid side converters reduces the overshooting of the
generator rotor speed, and maintains the output voltage and frequency within the rated

values in cases of wind speed disturbances.

1.7 Brief Chapter Overview

This document consists of six chapters. These are summarized as follows:

>

Chapter One — This chapter, introduces the study, outlining the background of wind as a
form of renewable energy. The motivation for the study is discussed, highlighted the
problems of wind turbine integration into the distribution networks. Also included in this
chapter are the aims and objectives of this study followed by the investigation questions to
be answered after the research study.

Chapter Two — This chapter outlines the technical literature review carried out to determine
scholarly concepts of this research. It provides an overview of wind characteristics, wind
turbine aerodynamics, its impact on power, as well as the wind turbine generator coupled
with electronic controllers, and distribution network. The integration with wind generator
challenges, control strategy, standard, and policies are discussed.

Chapter Three - This chapter details the analytical modelling of wind turbine with respect
to both the mechanical and electrical models of subsystems of a wind turbine. These include
the analysis of analytical models for the aerodynamic phenomenon at the wind rotor
interface and the mechanical model for the gearbox. An overview of the DFIG based wind
turbine and its dynamic modelling in stationary and rotating reference frames for the
development of machine control and control system aspects are presented. The power
converters, distribution grid, and control system models are discussed.

Chapter Four - This chapter details the work of simulation tools to analyse the steady-state
and dynamic impact of the interconnection of wind turbine generators (WTG) to the
distribution grid. The explanation of the various MATLAB simulation model was presented
as well as the simulation results.

Chapter Five - This chapter describes the laboratory work and the operation procedure of
the DFIG based wind energy conversion system simulator. The description of the

experimental set-up that was provided outlines how the test set-up was used to simulate and



evaluate the amount of wind energy introduced and the impact of integration on the network
was discussed.
» Chapter Six —This chapter outlines the conclusions of the investigation, the achieved goals

and the recommendations of the prospects of possible areas of future study were discussed.



Chapter 2

Literature Review

2.1Introduction

This chapter introduces a comprehensive assessment done on published and unpublished
research works, journal articles, thesis works, electronic and internet documents, e-books and
government publications related to the numerical and experimental investigations of the impacts
of the integration of wind energy in to the distribution network that will serve as the basis of
accomplishing the research goal. Electrical power generation from renewable energy sources
has been increasing in the past few years. Wind power is one of the renewable energy sources
currently being explored. Consequently, there is an increase in the quantity and size of wind
farms installed globally, creating a rapid expansion of the wind energy industry.

The source of wind can be explained as the horizontal movement of air in response to the change
in atmospheric pressure [6]. This aerodynamic phenomenon can be converted into electrical
power using the wind turbine. The wind turbine aerodynamics are based on the basic principles
of fluid-solid interaction with regards to lift and drag, and angle of attack, resulting from the
pressure variations. Thus, the resultant thrust on the wind turbine blades causes the rotation of
the blades due to differential pressure resulting in lift and drag forces. For blade rotation to
occur, the component of the lift force must be greater than the component of the drag force Fp.
Wind is erratic and uncertain, and to compensate for the wind’s intermittent behaviour on wind
turbine operation and control, a wind turbine generator’s output forecast planning should be put
in place. This valuable tool operates by calculating the standard deviation of the wind turbine
generator load compared to the standard deviation of the combined load and wind signal,
thereby determining the expected power from the wind turbine. This will help network
management schedulers and distributors curb any imbalance in the active power which can
consequently cause a partial or total blackout [7]. The natural characteristics of wind have
significant challenges with regards to power system stability, economics and load dispatch on
the wind turbine power integration into the distribution network. Due to the continuous growth
of grid-connected wind farms, it has become necessary to study the behaviour of the wind farms
in relation to other power plants and the network in general [8].

Integrating wind power into the distribution network comes with its challenges. To introduce
wind power, the grid-connected wind energy system needs to meet certain standards or

requirements before being integrated into the grid, these standards are presented later in this
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chapter. Wind turbine manufacturers and grid operators have developed Wind Turbine
Generators Control System (WTGCS) for connecting Wind turbine generators, through the
frequency converters, into the grid while simultaneously disconnecting the wind turbines from
the grid during faults which can result in low voltage conditions at the point of common
coupling. This is done to prevent damage to the WTGCS components, especially the power
electronic converters. The function of this power electronic converter is to regulate the generator
speed, consequently adjusting the generator frequency, the voltage at the grid connection, as
well as active and reactive power flow. The challenges associated with the penetration level of
wind power into the grid were reviewed, and a mitigation plan as documented in literature was
studied.

To achieve the goal of this chapter, the following section outlines the characteristic of wind,
this was followed by the explanation of wind power and wind turbine. This was followed by
the description of the wind energy conversion theory and power impacted on the wind turbine.
The chapter concludes with a discussion on the impact of the integration of wind power into the

distribution network and the analysis of the control strategies to curb the impact.

2.2 Characteristics of Air Flow

This section describes the characteristic of airflow as a function of altitude. It is well known
that air pressure decreases with elevation, and air molecules become more widely spaced with
an increase in altitude. As shown in Figure 2.1, the increased intermolecular space results in
lower air density and lower air pressure. Changes in air pressure are not solely related to altitude
but to the intensity of insolation, the general movement of global circulation, local humidity,
and precipitation [6]. The causes of the horizontal variation in air pressure are grouped into two
categories: the thermal (caused by temperature change) and the dynamic (related to the rotation
of the earth and the broad patterns of air circulation). In an area with cold air such as the poles,
the air is denser with a resultant decrease in volume. This causes the air to sink and pressure
increases, this indicates the poles are areas where high pressures occur. Conversely, the opposite
occurs in the equatorial region.

Thus, the constant low pressure in the equatorial zone and the high pressure at the poles is
thermally induced due to uneven heating of the atmosphere by the sun and the irregularities of
the earth’s surface [6]. The hot air rises from the equator and expands, and the cold air from the
poles moves towards the equator resulting in wind. The wind blowing towards the equator from
the north and south poles gets deflected due to the earth’s self-rotation, known as the Coriolis

Effect [6], which is an important factor that affects the wind direction and speed.
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Figure 2.1: The plot of altitude against air pressure and air density [6]

Frictional drag and obstructions near the earth’s surface generally retard wind speed and induce
a phenomenon known as wind shear. The rate at which wind speed increases with height varies
based on local conditions of the topography, terrain, and climate with the greatest rates of
increase observed over the roughest terrain. In [6], wind characteristics such as velocity,
duration, and direction are defined as varying in nature. Much of their strength depends on the
size or strength of the rate of change of atmospheric pressure between two points. The greater
this change, the steeper the pressure gradient, hence the faster and stronger will be the wind's

speed as shown in Figure 2.2.

¢> Strong winds

1 A |

Figure 2.2: The illustration of wind due to the pressure gradient [6]
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2.2.1 Erratic nature of Wind Energy

The fluid movement over a plane surface exerts a horizontal force on the surface in the direction
of the fluid motion known as the drag force, and this force exerts shearing stress on the surface.
The vertical shearing stress parameter is important in analysing wind energy as it flows across
a region. As wind flow in the lowest part of the atmosphere, turbulence in the wind is caused
by the dissipation of the wind’s kinetic energy into thermal energy through the creation of
progressive small eddies [9]. This turbulent fluctuation always has a three-dimensional spatial
distribution, and visualization of turbulent flow reveals a rotational flow pattern. The problem
with the turbulent flow is that small changes can lead to large differences in flow patterns within
a short amount of time, hence the turbulence is chaotic and hard to predict. The instantaneous

wind speed in three dimensions, u, v, and w can be defined as [9]:

u=U+u (2.1)
v=V+v (2.2)
w=W+w (2.3)

Where, U , V, and W are the short term wind mean speed for the longitudinal, lateral, and

vertical directions respectively and u’,v’, w' are the respective superimposed fluctuating wind

[9].

2.2.2 Determination of Wind Speed Probability

The wind conditions close to the ground area, known as the boundary layer, are influenced by
the energy transferred from the undisturbed high-energy stream of the geostrophic wind to the
layers below as well as by regional conditions. Owing to the roughness of the ground, the local
wind stream near the ground is turbulent. The wind speed varies continuously as a function of
time and height. The daytime peak depends on daily wind speed variations and the synoptic
peak depends on changing weather patterns, which typically vary daily, weekly and also
includes the seasonal cycles. Statistically, the wind speed distribution determines the wind
density which directly determines the amount of wind power impacted on structures like the
rotor blades. Using the Weibull probability function, the wind speed distribution can be

determined as [10]:

f(V):@@“exp{_ﬂ 24

Where, f(V) is the probability of observing wind speed (meter/sec), k is dimensionless

constant, and ¢ (meter/sec) as a function of Weibull shape and scale parameters [10]. The most
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probable wind speed V), in (meter/sec) using the k and ¢ parameters, the maximum wind energy

can be evaluated by:

Vip = c((%)jk (2.5)

Hence, the wind turbine operating range can be estimated asV, <V S(Z...to...4) V. and

probable assessment of power density can be obtained using [10]:
P:% PA[VA £ (V)dV (2.6)
0

Where A is the swept area in m?, p is the air density in Kg/m? and P is the power in watts [10].

2.3 Concept of Wind Power

When the wind flows over an object of various shapes and sizes, it generates forces. Considering
a rectangular-shaped plate, placed at an angle to the path of wind flow, as shown in Figure 2.3,
the wind creates a differential pressure across the plate, causing the plate to rotate due to the

resultant force, and hence torque is produced [11].

Force normal to wind direction

Torque
Lower au
pressure
Force parallel to wind direction
Wind \
> Higher
pressure
C I —
Force component parallel
to wind
(a) General case: All three (b) Blade parallel to wind ~ (c) Blade normal to wind
components exist direction: No normal direction: No normal
component, no torque, small component and torque; only
parallel component parallel component exists

Figure 2.3: Aerodynamic phenomenon of wind on a plate [11]

14



The angle of inclination of the plate concerning wind direction is called the angle of attack. The
force component which is parallel to the wind direction is referred to as aerodynamic Fp which
opposes the motion of the blade and this must be minimized. The force component
perpendicular to the wind direction is referred to as aerodynamic lift and must be maximized
because it is responsible for the rotation of the plate as shown in Figure 2.4. The drag and lift
forces are always perpendicular to each other and have an inverse relationship. The magnitudes
of lift F; and drag Fj, forces are dependent on the angle of attack and also on the shape of the
blade design. When the angle of attack is small, the lift force is larger than the drag force, so as
the angle increases the lift decreases, and drag increases. When the angle of attack is at 90

degrees, the lift is zero and the Fj, is maximum [11].
Lift
Torque

Drag

Wind direction
> Angle of attack

Smaller lift
T Torque
Larger drag
Smaller angle

Angle of atta%

Drag

Lift

Larger angle

Figure 2.4: Lift and drag forces at a various angle of attack [11]

A Dbetter blade design such as the aerofoil can reduce this drag force by bending or twisting the
blade and also tapering it along its length which can be used to produce an efficient wind turbine
blade. Based on the analysis of the plate, the aerodynamic force F, in Newton, exerted on the
plate can be calculated as [10]:
F=PxA4 =l><p><(Vw)2 x A

2 (2.7)
Where A is the surface area in m?, P is the wind pressure in N/m?, p is the air density in Kg/m?,
and V;, is the wind speed in m/s. Hence, an aerofoil section with a high lift to drag ratio must

be chosen for the design of the rotor blade and this is discussed in the next section.
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2.3.1 Aerodynamics of Aerofoil

Aerodynamic performance is very important for determining the efficient rotor blade design.
The aerofoil profile is formed with a rear side that is much more curved than the front side
facing the wind. As shown in Figure 2.5, the two portions of air molecules move side by side
in the airflow moving towards the aerofoil profile. At point A the air molecules separate and
pass around the profile, once again combine side by side at point B after passing the profile’s
trailing edge. Air molecules flowing over the rear side have to travel a longer distance from

point A to B than the air flowing over the front side [12].

Figure 2.5: Air Flow over the curved aerofoil blade [12]

The air moving over the curved top of the profile travels faster than under the flat side of the
profile. This makes a lower pressure area on top and a high-pressure area below the aerofoil,
and as a result, the aerofoil blade is subjected to aerodynamic lifting force. Hence, it is essential
to maximize this force using an appropriate design of the aerofoil blade which is dependent on
the lift and drag coefficients.

Normally, the lift C; and drag Cp coefficients are the same for similarly shaped objects.
However, for unsymmetrical objects with an angle of attack @ the values of C; and drag Cp, are
different. The aerodynamic forces F as defined using equation (2.7), as a function of the lift and

drag coefficients components are givens as [10]:

FL:CL(¢) o (2.8)
E,=C,(#)xF (2.9)
Lift to drag ratio = GGy (2.10)

As shown in Figure 2.6, assuming a symmetrical blade profile and a wind velocity V,,r in

(m/sec) with an angle of attack @ . The F; and Fj developed by an airflow [10]:
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2.11)

(2.12)

D'
Rotorplane

Figure 2.6: A symmetrical blade profile with a wind velocity [13]

The lift coefficient increases linearly with the angle of attack (range 0 < @ < 100 ), reduces in
the range of (@ > 150), and the drag coefficient increases rapidly with the angle of attack @.
The resultant of the lift and drag forces constitute the thrust force which effectively rotates the

turbine rotor blade.

2.3.2 Wind Turbine Blade: Rotor

A wind turbine rotor blade can be analysed using the fundamental theories of conservation of
mass, momentum, energy, and phenomenon of aerodynamics. Hence, the wind turbine rotor
blade is a key element in a wind turbine system in converting wind energy into mechanical
energy. Modern wind turbines catch the wind by turning into or away from airflows. The wind
moves the propellers mounted on a rotor and the movement turns a high-speed shaft via a
mechanical gearbox, coupled to an electric or induction generator [13].

As shown in Figure 2.7, at the root, the blade sections have a large width (thick profile) and

minimum thickness which is essential for the intensive loads carried by the blade.
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Figure 2.7: Rotor blade design [13]

Rotor blade design parameters such as chord, twist angle, and length are carefully selected to
achieve optimum aerodynamic performance. On dividing the rotor blade into small elements,
each element acts independently of surrounding elements and operate aerodynamically as two-
dimensional aerofoils. The high efficiency of the turbine blades can be achieved by using
twisted, tapered propeller-type rotor blades along its length to improve the angle of attack,
increasing speed and efficiency while reducing drag. Tapered blades are also stronger and
lighter than straight blades as the bending stress is reduced. At times, the stall phenomenon is
used to restrict the wind turbine power output by actively varying the stalled process by having

a fixed triangular stall strip as shown in Figure 2.8.

-~ - \\“‘\
\\ ~- ~—
~. ~ . .
\E\\\\‘\T\:‘\\_\ g i,
Stall strip

Figure 2.8: Interference in the stalled process (stall strip) [12]

2.4 Wind Turbine
A wind turbine converts the kinetic energy of the wind into mechanical power that drives an
alternating current (AC) induction generator to produce electricity [14]. A typical horizontal

axis wind turbine and its components are shown in Figure 2.9.
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Figure 2.9: Components of a horizontal axis wind turbine [14]

The major components of a wind turbine include a low-speed rotor consisting of three (or two

in some cases) light-weight blades with optimum aerofoil shapes operating, a high-speed shaft

mechanically coupled to a low-speed shaft via a gearbox assembly, a pitch motor drive

assembly, a yaw motor drive assembly, a nacelle, a wind vane indicator, an AC induction

generator operating at high speed, a speed controller unit, a tower structure, an anemometer,

and other accessories necessary to provide mechanical integrity under heavy wind gusts [14].

The wind turbine blade operation is entirely dependent on the blade design tip speed ratio and

the number of blades [13]. The tip speed ratioA, is defined as the relationship between rotor

blade velocity Q (rad/sec), radius r (meters), and relative wind velocity V,, in (meter/sec), as

[10]:
4= Qr
VW
c _27zr 8 U, 27r 8 U.,

opt x x =
on 9C, AP,

X X
n 9C, /1%/VW2+U2
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Where, C,p; is the optimum cord length of the rotor blade in (meters), n is the quantity, C, is
Lift coefficient, V. is local resultant air velocity (meter/sec), U is the wind speed in (meter/sec),
and U, 4 is designed wind speed in (meter/sec).

Turbine blade efficiency, torque, mechanical stress, aerodynamics, and noise are considered,
which is why a slender aerofoil is preferred and specially designed tip geometries used when
selecting the appropriate tip speed. The efficiency of a turbine can be increased with higher tip
speeds, which is limited by increased noise (approximately proportional to the sixth power),
aerodynamic, and centrifugal stresses [13]. As tabulated in Table 2.1, a higher tip speed requires
a reduced chord width which leads to a narrow blade profile. At the same time, an increase in
centrifugal and aerodynamic forces is associated with higher tip speeds. This indicates the

difficulties that exist with maintaining structural integrity, self-starting, and preventing blade

failure.
Table 2.1: Tip speed ratio design consideration table [13]

Tip-Speed Ratio | Low  (u——————— High m——)

Value Tip Speed one to two is considered low | Tip Speed higher than 10 is
considered high

Utilization Traditional windmills and water pumps | Mainly single or two blade
prototypes

Torque Increases Decreases

Efficiency Decrease significantly below five due to | Insignificant increase after eight

rotational wake created by high torque

Centrifugal Stress | Decrease Increases as a square of rotational
velocity

Aerodynamic Decrease Increases proportionally with the

Stress rotational velocity

Area of Solidity Increases, multiple 20+ blades required | Decrease significantly

Blade Profile Large Significantly narrow

Aerodynamics Simple Critical

Noise Increase to the sixth power approximately
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2.4.1 Wind Turbine Classification

Wind turbines are generally classified as:

Lift type turbines: This form of wind turbines is turned by aerodynamic lift force. As
shown in Figure 2.10, the lift propelled wind turbines have blades that resemble wings
similar to that of airplanes. These blades move at right angles to the wind direction, at a
higher speed than the actual wind speed. They work with the wind, like a sail, instead of
against the wind. This is why these kinds of turbines are fundamentally more suitable for
harvesting wind energy. Moreover, the blades cover only a fraction of the rotor surface.
This means much less material is needed for the rotor. Aside from these advantages, the
most important feature of the lift propelled turbine is its high efficiency. The maximum
efficiency is 59%, also called the Betz limit, this is the maximum power that can be

extracted from the wind in the open flow [15].

Retuming
Returnin 2
Rotation blade 9 Rotation / il
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Figure 2.10: Lift type wind turbine VAWT [11]

Drag type turbines: In drag-based wind turbines, the force of the wind pushes against a
surface, like an open sail. Figure 2.11 shows a drag-type device, consisting of two scoops.
Looking down on the rotor from above, a two-scoop machine would look like an "S" shape
in cross-section. Because of the curvature, the scoops experience less drag when moving
against the wind than when moving with the wind. The differential drag causes the turbine
to spin. Because they are drag-type turbines, they extract much less of the wind’s power than
other similarly-sized lift-type turbines. Much of the swept area of a drag type turbine rotor
may be near the ground, it has a small mount without an extended post, making the overall

energy extraction less effective due to the lower wind speed found at lower heights [15].
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Axis type turbines: These are based on their axis, whether it is horizontal or vertical. The
axis here refers to the turbine’s main shaft about which the rotating parts revolve. Certain
turbine types can work only with a horizontal axis, while others can work with a horizontal
or a vertical axis, and can be installed with their axis at an angle. In this sense, a wind turbine
can be classified as a horizontal-axis wind turbine (HAWT) or a vertical-axis wind turbine
(VAWT) [11]. Since in most cases wind blows horizontally, a horizontal-axis wind turbine
is sensitive to the wind direction and changes. However, this is not factual for a vertical axis
wind turbine, because, such a turbine can catch the wind in any direction. Another advantage
of a vertical-axis turbine is the fact that not all the accessories such as the generator and
gearbox need to be on the top of the tower, as is usually the case for a horizontal axis wind
turbine. Therefore, they are easier to access when necessary.

Propeller Wind turbine: A propeller wind turbine is the most popular wind turbine in use
with a configuration for the three rotor blades installed on top of a tower. A propeller wind
turbine works based on lift force as the wind flows perpendicular to the blade. The propeller
wind turbines can be installed either downwind or upwind direction as shown in Figure

2.12.

\Ariaes = -

Downwind S e ction Upwind
~————

turbine turbine

Figure 2.12: Two differently installed propeller horizontal axis Wind Turbines [11]

22



e Vertical axis H rotor wind turbine: As shown in Figure 2.13, a vertical axis turbine has
an active vertical blade segment in an “H” shape connected to the moving turbine shaft. The
two lift forces on the blades of an H-rotor generate a torque around the turbine shaft which
rotates the turbine. During operation, one blade is upwind and the other blade is downwind.
The aerodynamic angle of attack varies constantly for each blade during rotation. The
downwind blade moves 180 degrees to 360 degrees wake of the upwind blade, and thus,
captures less energy than the other blade due to the reduced wind speed caused by the
upwind blade energy extraction. It’s recommended to have three or more blades for an H-

rotor as compared to two blades of this kind of wind turbine, to avoid pulsation.

Figure 2.13: Schematic of H rotor vertical axis turbine [11]

2.5 Wind Energy Conversion Theory

The wind energy conversion system (WECS) includes wind turbine rotor blades, gearbox,
generators, control systems, and interconnection apparatus in different sizes and types,
depending on the power generating capacity and the rotor design deployed. Wind power is
captured by the blades of the turbine and converted to mechanical power. The mechanical power
is transferred through the gearbox to the generator where it is converted to electrical power. The
gearbox synchronizes the low speed of the turbine rotor into a high speed that is coupled with
the generator. The generators used for the wind energy conversion system are generally either
the DFIG or permanent magnet synchronous generator (PMSG) types. The wind turbine
electrical and mechanical parts are mostly linear, however, the blade aerodynamics of the wind

turbine are nonlinear, and hence the overall system model becomes nonlinear.

2.5.1 Maximum Power Conversion

Albert Betz [16] developed the theory of wind machines at the Gottingen Institute in Germany.
In the late 1920s. A. Betz was able to evaluate the maximum power extractable by an ideal
turbine rotor from wind. The Betz equation deals with the wind turbine’s limitations in term of

efficiency and this can instigated by decelerating the upstream wind speed V; to its downstream
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wind speed V, due to the viscous and pressure drag on the rotor blades. The ideal wind rotor is

taken at rest and is placed in a moving fluid atmosphere, as shown in Figure 2.14.

CE L L L

Figure 2.14: Pressure and speed variation in an ideal model of a wind machine [17]

As per the ideal model shown in Figure 2.14, the cross-sectional area swept by the turbine blade
is designated as S with the air cross-section upwind from the rotor designated as S;, and
downwind as S,. The wind speed passing through the turbine rotor is considered uniform as V,
with its value as I/; upwind, and as V, downwind at a distance from the rotor. Extraction of
mechanical energy by the rotor occurs by reducing the kinetic energy of the air stream from
upwind to downwind, or simply applying a braking action on the wind [16]. Using the proper
units for measuring mass, M of the air that flows in one second, at a speed V (m/s), the

relationship to determine the energy, E in (joules/s), of a moving object [10]:
E:%xMx(V)z (2.15)
M =pxSxV (2.16)

Hence, the amount of energy P (watts) in one sec for the area is given by a pipe cross-section

of the size of an object in the stream of an open flow with no boundary [10].

P:%xpxSxV3 (2.17)

Betz Limit and Power Coefficient C,, is the ratio of power extracted by the turbine kinetic power

P; to the total contained in the wind resource P,, [10].
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C,="=—2=059259=59Y% (2.18)

Bachie’
Sk

The 59 % efficiency is the best a conventional wind turbine can do in extracting power from

the wind power [17].

2.5.2 Power Impacted on Wind Turbine

The wind speed passing through the turbine rotor is considered uniform as V' (m/s), where the
downwind velocity V, < its upwind value V;, and downwind air cross-sectional area S, > its
upwind air cross-sectional area S; [16]. The air pressure in front of the turbine increases and
perceives a sudden drop at the fluid-turbine interface, which can be interpreted as responsible
for the creation of suction on the other side. The suction effect in turn creates a vortex of the
train, which in turn enhances the energy extraction process by further reducing the pressure
behind the turbine.

Hence, the conservation of mass can be written as [16]:

m=pxS xV = pxSxV =pxS,xV, =K where K is a constant (2.19)
As per the Euler’s theorem, the force exerted by the wind on the rotor [16]:

v
F:mxa:mxzszSxV(Vl—Vz) (2.20)
Hence, the incremental work is done by air stream [16]:
dE = Fdx (2.21)
Power content of the wind stream in watts [16]:
P:%:F%:FXV:/)SVZ(VI—VZ) (2.22)

Power extraction of the ideal turbine requirement, considering V, = 1/3V; [16]:

P =P  —P

upwind 4 downwind (223)

As suggested by Betz equation that a wind turbine can extract at most 59.25% of the energy in
an undistributed wind stream. Including this into equation (2.23) will result to [16]:

1 1 16 1 1
P = 5 A - pSV;) = 7755 PSSV =0.59x Pl pSV;? (2.24)
By considering the additional losses such as friction, blade surface roughness, and mechanical
imperfections, the wind power extraction is further lowered to 35-40%. Power in watts for the

rotor diameter [16]:
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Hence, P;jeq1 max inNCreases as the square of the rotor diameter and more significantly as the

(2.25)

cube of the wind speed [16].
The air density is a function of air pressure and air temperature, above sea level [18]:

p(z) :&exp(gj (2.26)

Where p(z) is air density as a function of altitude in kg/m>, p,, is standard sea-level atmospheric
density in Kg/m®, R is the specific gas constant for air 287.05]//Kg — K, g is the gravity
constant 9.81 m/s?, T is temperature Kelvin, z is the altitude above sea level in meters [18].
The coefficient of performance is the fraction of the wind power extracted by a wind turbine
[18]:

C, =+ b,
—pSV?
2 (2.27)

2.5.3 Wind Turbine Power Output

Py Wind Turbine P Gearbox Py

(O 7

Electrical

Transmission 1 Generatorng >

Figure 2.15: Wind Turbine efficiencies block [18]

The wind turbine efficiency block diagram as shown in Figure 2.15 is used to illustrate the
power flow from the rotor blades to the power out from the generator.

Thus, the actual mechanical power in the rotation of the rotor blades in watts is [18]:

P,=C, ><l,oSV3 =C,xP,
2 (2.28)

The mechanical power in the rotor blade rotation is coupled to the gearbox introducing a

transmission or gearbox efficiency, so the gearbox transmission power in watts is given by [18]:

1
P =C,xn,xpSV’ =C,x1,x B, (2.29)
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The power from the electrical generator can be evaluated as [18]:

1
%=C,,><77[><77g><§pSVf=Cp><f7,><f7g><PW (2.30)

The actual electrical production will be further affected by the plant capacity factor (PCF), so

the actual electrical power generation of the wind turbine in watts at its rated speed [18]:

Pe:CFxCpxntxngx%pSVf:CFxCpxntxngxPW (2.31)

The power production of a wind power plant is related to the wind speed. The available energy
in the wind varies with the cube of the wind speed. Hence, a 10 % increase in wind speed will
result in a 30 % increase in available energy from the generator. The power curve of a wind
turbine as shown in figure 2.16, illustrate the relationship between cut-in wind speed (the speed
at which the wind turbine starts to operate) and the rated capacity. The wind turbine usually
reaches rated capacity at a wind speed of between 12 m/s -16 m/s, depending on the design of
the individual wind turbine [18].

If the wind speed exceeds the cut-out wind speed (i.e. 25 meters/sec for the wind turbine as in
Figure 2.16) the turbine shuts down and stops producing energy. When the wind drops below
cut-out wind speed, the turbines will not immediately start operating again. There may be a
substantial delay, depending on the individual wind turbine technology (pitch, stall, and variable

speed) and the wind regime in which the turbine operates.
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Figure 2.16: Power output of wind turbine vs wind speed [ 18]

The restart of a wind turbine also referred to as the hysteresis loop (shown as the broken line in

Figure 2.16), usually requires a drop in wind speed of 3 to 4 (meter/sec).
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2.6 Type of Wind Turbine-Generator Systems

Various types of wind turbine—generator systems can be employed to generate electrical power
and they can be broadly classified as either fixed-speed (Type-1 and Type-2) or variable-speed
systems (Type-3 and Type-4). Figure 2.17, shows a simplified schematic of a Type-1 wind
power system. It is composed of a wind turbine coupled with an asynchronous generator via a
gearbox to interface the slowly rotating turbine shaft and generator with higher rotor speed N,
[14]. In this type, the asynchronous generator is a squirrel cage induction machine that produces
power when operated above the synchronous speed. In this type of wind power system, the
machine is directly connected to the grid without any power electronic interface. Since the
asynchronous machine consumes reactive power, it is equipped with shunt capacitors, as seen
in Figure 2.17. For a constant wind speed under steady-state, the turbine speed is almost linearly
related to the torque. With a sudden change of wind speed, the inertia of the rotating mass
including the turbine, drive train, and generator rotor results in a slow change in rotor speed and

power output.
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Figure 2.17: Schematic of a constant speed wind power system [14]

Figure 2.18, shows the schematic of a Type-2 wind turbine. It is very similar to the Type-1
system as it also uses an asynchronous machine, in this case, a variable resistor wound-rotor
induction generator, directly connected to the grid and requires shunt capacitors for supplying
reactive power. The variable resistors can be introduced by using the power electronic switches.
These switches and their controller module can be separately connected to the rotor winding
using slip rings or they can be mounted on the rotor, eliminating the slip ring. These variable
resistors can control the rotor currents very fast and help maintain constant power output in the
presence of wind gusts. They can also improve the dynamic response of the machine during
system disturbances. Similar to Type-1 turbines, the asynchronous machines provide power

output when operated above the synchronous speed [14].
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Figure 2.18: Schematic of variable speed wind power system based on a synchronous

generator and converter [14]

Figure 2.19, shows a Type-3 wind generator, which is based on the (DFIG) topology. In this
case, the asynchronous machine is a wound-rotor induction generator. A power electronic
converter system consisting of two AC—-DC and DC-AC, voltage source converters (VSCs) in
the back-to-back configuration is used, which allows bidirectional power exchange between the
generator rotor and the grid. The VSCs connected to the rotor is called the rotor-side converter
(RSC), and the VSC connected to the stator terminals is called the grid-side converter (GSC).
Each of RSC and GSC typically has a rating of 25%—-30% of the rating of the generator. As can
be seen from Figure 2.19, the stator of DFIG is directly connected to the grid and hence the
stator frequency is determined by the grid frequency [14].
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Figure 2.19: Schematic of variable speed wind power system based on DFIG [14]

Both the RSC and GSC can provide the reactive power demanded by the asynchronous
machine. When the wind speed changes, the RSC can regulate the speed of the rotor to extract
maximum power from the turbine, as seen in the turbine characteristics in Figure 2.20, which
leads to a variable rotor frequency. This operation is known as maximum power point tracking

(MPPT).
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Figure 2.20: Torque — Speed characteristics of wind turbine across different speeds [14]

Type-3 wind turbines can generate power at sub-synchronous and super synchronous speeds of

the generator, and are therefore called “variable-speed” turbines.

A Type-4 wind energy system is illustrated in Figure 2.21, based on a full converter (FC)
topology. Here, the stator is connected to the grid via two (BB) AC-DC and DC-AC VSCs.
Each of these has the same rating as the generator. The generator can be an asynchronous
generator (squirrel-cage induction machine) or an asynchronous generator (with rotor exciter or
with permanent magnet rotor). The turbine—generator mechanical interface may or may not
include a gearbox. The latter option is known as the “direct drive” option, which becomes
realistic when a synchronous machine with a high number of poles is used because such a
generator can operate at a low speed. The converter system adjusts the frequency of stator circuit
excitation to allow a variable rotor speed demanded by the MPPT operation. Most modern wind

farms are based on Type 3 and Type 4 wind turbines [14].
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Figure 2.21: Schematic of variable speed wind power system based on PMSG and converter

[14]
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2.7Type of Wind Turbine Generators

The rotating electrical machines are commonly used in wind energy systems and most of these
electrical machines can function as either a motor or a generator, depending upon their
particular application. The growing popularity in the use of an induction machine operating as
a generator for low-cost electric power generation from renewable energy sources such as wind.
Figure 2.22 shows the variable speed wind energy converter topologies [5].

For economy and reliability, many wind power turbines use induction motors as generators
which are driven by a mechanical gearbox, designed to increase their speed of rotation. WTGs
can be divided into the following categories either the synchronous or asynchronous generator,

the fixed-speed wind turbines, or the variable-speed wind turbine generator.
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Figure 2.22: Variable speed wind energy converter topologies [19]

2.7.1 Synchronous Generators

The synchronous generator does not require a reactive magnetizing current; the magnetic field
of the synchronous generator can be generated using a permanent magnet or field windings. It
is suitable for total power control because it uses the power electronic converter to transfer
power to the grid but its cost implication and mechanical complexity make induction generators

preferable [20]. The synchronous generator used in a wind turbine can be a wound-rotor
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synchronous generator (WRSG) or PMSG, as shown in Figure 2.23. The WRSG consists of a
stator directly connected to the grid and a rotor excited by direct current from slip rings and
brushes. In the rotor winding, the flow of direct current generates an excitation field that rotates

at synchronous speed [5].

The synchronous speed is determined by the frequency of the rotating field and the number of
poles [19]. The PMSG employs full power conversion from the converters to modify the voltage
and frequency generated to match the voltage and frequency of the grid or load. The stator of
the PMSG is wound and the rotor has a permanent magnet pole system. The excitation needed

is provided without energy dissipation as compared to induction generators.

AC Network

[qEaplss®
Full-capacity
Power converters

Figure 2.23: Wound Rotor or Permanent Magnet Synchronous Generator [21]

2.7.2 Induction Generators

Induction machines are sometimes used as a generator, which is known as induction generators
or asynchronous generators. An induction machine will behave as an induction generator when:
e Slip becomes negative due to this the rotor current and rotor electromagnetic force
attains a negative value.
e The prime mover torque becomes the opposite of electric torque.
It is the most widely used generator in wind turbines because it is mechanically simple, cheap,
low maintenance, longer life span (over 50 years), and reduced power to weight ratio than
conventional synchronous generators. The induction generator produces power by
mechanically rotating the rotor above the synchronous speed. It does not use a permanent
magnet and therefore needs excitation from an external source thereby consuming reactive
power [22].
The induction generator is not a self-excited machine. Therefore, when running as a generator,

the machine takes reactive power from the AC power line and supplies active power back into
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the line. Reactive power is needed for producing a rotating magnetic field. The active power
supplied back in the line is proportional to slip above the synchronous speed. Self-excited
induction generators produce useful power even at varying rotor speeds. Hence, they are
suitable for wind turbines.

An example of a generator rotating due to a prime mover is observed in Figure 2.24. Advantages
of induction or asynchronous generators are being more rugged, relatively cheaper, small size
per kW output power, no synchronization with the supply line is required, and no commutator
and brush arrangement like a synchronous generator. The major disadvantages of induction

generators are that they take a large amount of reactive power [22].
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Figure 2.24: Induction Generator with Wind Turbine as Prime Mover [23]

2.7.3 Squirrel Cage Induction Generator (SCIG)

The SCIG which found its application in the early technology in wind turbine system, is coupled
to the turbine by a gearbox. The stator is connected directly to the grid with a transformer in
between as shown in Figure 2.25. The rotor of the SCIG rotates at a speed directly proportional
to the grid frequency and generates a real power (P) when the turbine shaft rotates faster than
the electrical grid frequency, creating a negative slip. Normal operating slips for this induction
generator is between 0 % and -1 %.

At high wind speed, active power generation increases leading to uncontrolled and increased
reactive power absorption from the grid, this could cause grid instability. This generator has a
very low full load power factor due to the absorption of magnetizing current from the grid
during start-up. The pitch angle is controlled using active-stall control to permit soft-starting
without power electronic converters [24]. SCIG application in FSWT implies that the

fluctuations in wind speed will result in varying output power transferred to the grid.
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Figure 2.25: Grid-connected SCIG [18]

2.7.4 Wound Rotor Induction Generator (WRIG)

As shown in Figure 2.26, the configuration of the WRIG finds application in variable-speed
wind turbines. The WRIG differs from the SCIG because the rotor and the stator can be excited
independently but it is expensive compared to the SCIG. The rotor can be excited from an
external source using the power electronic converter [20][19].

The WRIG can be a variable resistance induction generator also known as OptiSlip induction
generator (OSIG) or DFIG [19]. For these generator, the slip is varied by adjusting the resistance
of the rotor and the stator is directly connected to the grid. The OSIG is simple, has less
mechanical stress, reduced power fluctuations when compared with the SCIG. Its drawbacks
are that the speed range is proportional to the size of the variable rotor resistance making it less
cost-ineffective, with ineffective control of reactive power, and power losses as a result of slip

power in the variable resistor.
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Figure 2.26: Wound Rotor Induction Generator [20]

2.7.5 Doubly Fed Induction Generator (DFIG)

In the DFIG, the stator is connected directly to the grid and the rotor is connected via power

electronic converters to the grid as shown in Figure 2.27. The power electronic converter is
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mostly a voltage-source converter (VSC) that uses an insulated gate bipolar transistor (IGBT)
scheme. The grid supplies the stator voltage and the converter supplies the rotor voltage. The
converter supplies the rotor with the current of variable frequency to compensate for the
difference in the frequency of the turbine and frequency of the grid. Because of this, double-fed
induction generators can be directly connected to the AC power network and remain
synchronized at all times with the AC power network. The DFIG can control active and reactive
power by controlling the excitation current in the rotor independently, generate reactive power

to be transmitted to the stator by the GSC [25].
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Back-to-back
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Figure 2.27: Grid-connected DFIG [25]

1 < ): Grid

Theoretically, there is the absence of reactive power flow at the stator because the GSC operates
at unity power factor. A major benefit of the DFIG which has made it widely used is the fact
that power electronic converters in the rotor circuit handle about one-quarter of the rated power.
This implies reduced losses and cost in comparison to wind turbines that uses full-power

converters.

2.7.6 Variable-Speed Generators

During the last few years, the variable speed wind turbines with a self-excited Induction
generator (SEIG) has dominated the WECS. There are several reasons for using variable-speed
SEIG based wind turbines [26]; including:

(1) Possibilities to reduce stresses on the mechanical structure,
(i1) Acoustic noise reduction
(i11) The possibility to control active and reactive power.

The fixed-speed generator has a low efficiency of wind power conversion and cannot provide
reactive power support. The most widely used variable speed generator DFIG in the wind

turbine system is shown in Figure 2.28.

35



Power system
grid

4|4

|» ider l ideu 4 [i:}
o £

RSC GSC

labeu

Figure 2.28: DFIG Configuration [26]

The stator is connected, either directly or through a transformer depending on the level of its

output voltage concerning the grid voltage, to the grid bus. It also has a wound rotor which is

brought out through slip rings and carbon brushes connect to a power electronic converter (PEC)

and then either directly or through a transformer, to the stator terminals [26].

As indicated in Figure 2.28, is the DC link. The prime purpose of the dc-link is to maintain the

constant voltage.

Advantage of variable speed generators are:

l.
2.
3.

Complete control of the reactive power using the RSC and the GSC.

Rotor speed can vary £33% from the synchronous speed of the machine.

The converters for this topology needs to be rated, at most, around 25% to 30% for
supplying slip power to the machine. This reduces the size of power electronic switches
as well as the losses in the converter; and

Four quadrant active and reactive power flow capabilities with constant frequency [26].
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2.8 Control Strategy

Power electronics have found a very useful application in the wind power system because they
are used to synchronise the characteristics of the wind turbine with the grid connection
requirements such as voltage, frequency, harmonics, as well as active and reactive power to
achieve high efficiency [32]. A basic power electronic converter consists of a rectifier, a
capacitor, and an inverter. The rectifier is a diode and the inverter is majorly an IGBT. The
difference in power output characteristics of the fixed speed wind turbine (FSWT) generating
system and variable speed wind turbine (VSWT) generating system is due to the power
electronic converters present in the latter.

This section presents the prevailing situation of generators and power electronics in wind
turbine generation systems in terms of the control strategies of the output power from the wind

turbine.

2.8.1 Power Electronics for Wind Turbine

The wind turbines can operate either with a fixed or variable speed. In the early 1990s, the wind
turbines were operated at a fixed speed, determined by the frequency of the supply grid. In
recent years, the variable-speed wind turbine has become the dominant type used in wind
turbines. These turbines are designed to achieve maximum aerodynamic efficiency, equipped
with a synchronous generator, and connected to the grid through a power converter [27]. The
power fluctuations caused by a wide range of wind speed 1}, variations are absorbed mainly by
changes in the rotor generator speed and consequently accelerate or decelerate the rotational
speed over a wide range of wind, keeping the generator torque constant. In this way, the tip
speed ratio is kept constant at a predefined value that corresponds to the maximum power
coefficient.

The advantages of variable-speed wind turbines are an increase of the energy captured,
improved power quality, and reduced mechanical stress on the wind turbine. The disadvantages
are losses in power electronics, the use of more components, and the increased cost of

equipment because of power electronics [27].

2.8.2 Wind Turbine Power Control Concepts

Wind turbine power control concepts classification is documented in Table 2.2. Generally, this

type of control are good for active power control, assisted start-up, and emergency stop.
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Table 2.2: Wind Turbine control concepts [18]

Speed Control Power control

Fixed speed Type A Type A0 Type Al Type A2

Variable speed Type B Type BO Type B1 Type B2
Type C Type CO Type C1 Type C2
Type D Type DO Type D1 Type D2

The wind turbine control concepts are explained as follows:

Fixed Speed-Type A: A fixed speed type control is shown in Figure 2.29. Regardless of

the power control principle in a fixed-speed wind turbine, the wind fluctuations are

converted into mechanical fluctuations and consequently into electrical power fluctuations.

The three versions of this control concept (Type A0, Type Al, and Type A2) are

characterised as follows [18]:

o Type A0- Stall control: The simplest, most robust, and cheapest control method, is the
stall control (passive control) method. In this method, the blades are bolted onto the hub
at a fixed angle. The design of rotor aerodynamics causes the rotor to stall (lose power)
when the wind speed exceeds a certain level. The drawback of stall-controlled wind
turbines is that it cannot carry out assisted start-ups, during the connection sequence.

o Type Al- Pitch control: This type of control strategy is used when the blades can be
turned out or into the wind as the power output becomes too high or too low,
respectively. From the electrical point of view, good power control means that at high
wind speeds the mean value of the power output is kept close to the rated power of the
generator. Its major drawback is that, at high wind speeds, the pitch mechanism is not
fast enough to prevent power fluctuations.

o Type A2- Active stall control: As the name indicates, the stall of the blade is actively
controlled by the pitching of the blades. At low wind speeds, the blades are pitched
similar to a pitch-controlled wind turbine, to achieve maximum efficiency. At high wind
speeds, the blades go into a deeper stall by being pitched slightly into the direction
opposite to that of a pitch-controlled turbine. This control type has the advantage of
being able to compensate for variations in air density, without high power fluctuations

and carries out smoother emergency stops and start-ups of the wind turbine [18].
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Figure 2.29: Wind turbine control concepts Type-A [18]

Variable Speed Type B: This configuration as shown in Figure 2.30, corresponds to the
limited variable speed wind turbine with a wound rotor induction generator’s variable rotor
resistance which is directly connected to the grid through a soft starter. The optically
coupled rotor resistance controller controls the slip and eliminates the need for costly slip
rings that need brushes and maintenance. A capacitor bank performs the reactive power
compensation. Typically, the range of the dynamic speed control is 0 —10 % above

synchronous speed.
Type B

Variable resistance

| A~
\.—E

v Grid ;

Soft-starter Sl dl dL

Capacitor bank
Figure 2.30: Wind turbine control concepts Type-B [18]

Variable speed with partial scale frequency Converter Type C: This configuration as
shown in Figure 2.31, corresponds to the limited variable speed wind turbine with a wound
rotor induction generator with the stator windings directly connected to the constant-
frequency three-phase grid. The rotor windings are connected to a bidirectional back-to-
back IGBT voltage source converter (rated at approximately 30% of nominal generator
power) to perform the reactive power compensation. Typically, the speed range comprises
of a synchronous speed of between -40 % to +30 %. Its main drawbacks are the use of slip

rings which require constant maintenance and grid fault protections.
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Figure 2.31: Wind turbine control concepts Type-C [18]

e Variable speed with full-scale frequency Converter Type D: This configuration as
shown in Figure 2.32, corresponds to the full variable speed wind turbine, with the generator
connected to the grid through a full-scale frequency converter. The frequency converter
performs reactive power compensation and a smoother grid connection. The generator can
be electrically excited using a wound rotor synchronous generator or by an induction
generator. Some full variable-speed wind turbines are directly connected to large multipole

generators with power converters, without using the gearbox [18].

Type D

Full-scale
frequency converter

n—/\‘7~~ (\QI\ // Grid ;

PMSG/WRSG/WRIG

Figure 2.32: Wind turbine control concepts Type- D [18]

2.8.3 Wind Turbine Power Electronic Systems
The variable-speed wind turbine concept requires a power electronic system that is capable of
adjusting the generator frequency and voltage to the grid. Power electronics have two strong
features [18]:
e Controllable frequency: This results in the following direct benefits to the wind turbines:
(1) Optimal energy operation
(2) Reduced loads on the gear train, as wind speed variations are absorbed by the rotor
(3) Load control, as life-consuming loads, can be avoided
(4) Gearless wind turbines, as the power converter acts as an electrical gearbox; and

(5) Reduced noise emission at low wind speeds.
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e Power plant characteristics: The power electronics provide the possibility for wind
turbine generators to become active elements in the power system, which results in several
advantages, including:

(1) The active or reactive power flow of a wind farm is controllable

(2) The power converter can be used as a local reactive power source (e.g. in the case of
weak grids);

(3) The wind farm has a positive influence on network stability; and

(4) Power converters improve the wind farm’s power quality by reducing the flicker level
as they filter out the low harmonics and limit the short-circuit power.

Power electronics include devices such as soft-starters, capacitor banks, rectifiers, inverters,

and frequency converters, which have the disadvantage of generating high harmonic currents

on the grid, and power losses. In recent years’ different converter topologies have been
developed such as back-to-back converters, multilevel converters, tandem converters, matrix
converters and resonant converters amongst others. This section focuses on the most widely

used three-phase, back-to-back frequency converter as shown in Figure 2.33.
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Figure 2.33: Structure of the back-to-back frequency converter [18]

The back-to-back converter is a bidirectional power converter consisting of two conventional
pulse-width-modulated converters. The DC link voltage is boosted to a level higher than the
amplitude of the grid line-to-line voltage to achieve full control of the grid current. The
capacitor between the inverter and rectifier makes it possible to de-couple control of the two
inverters and allows the compensation of asymmetry on both the generator and the grid side,
without affecting the other side of the converter. The power flow at the grid-side converter is
controlled to keep the DC link voltage constant, and the control of the generator-side converter
is set to suit the magnetization demand and the desired rotor speed [18]. Figure 2.34 is used to
illustrate how the wind turbine generator system should have the capability to work in two main

modes of operation; grid-connected mode and stand-alone mode [28].
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Figure 2.34: Wind turbine System Mode of operations [28§]

When the power is shut off from the utility grid, the system goes into the islanding mode and
when the power is available from the utility grid the system will synchronise and connect to the
utility grid. Ideally, the injected wind-generated power to the grid should have a constant value.
A wind power generating station has the disadvantage of unstable power output, leading to
power fluctuations fed into the grid. This can be addressed by integrating the wind power
generating station with a battery storage system. The power output reference tracking is

achieved by coordinating the active power generated by the wind turbine and the batteries [29].

2.9Standards and Grid Policies

The fluctuating nature of wind power poses a huge challenge when introducing a wind energy
into the grid and has necessitated the formation of interconnection standards and grid codes to
maintain the power quality of the grid. In the past, wind turbines were usually disconnected
from the grid in the case of grid faults to prevent damage to the wind turbines.

The major challenges in the growth of wind power are grid reliability and intermittency. For
good power quality to be achieved, the grid code was developed. Grid codes require wind farms
to operate like conventional power generators, that is, they must provide active power and also
inject and absorb reactive power to and from the grid during steady-state and fault conditions.
Grid codes outlined the technical requirements that must be followed during the setup and
operation of renewable energy systems that are or will be connected to the grid. The objective
of the renewable energy grid code is to improve and regulate the behaviour of wind power
systems, while decreasing the losses of wind power, and providing wind power operators with
operational characteristics close to those of the conventional power plants.

The tripping and disconnection of wind turbine systems from the grid during faults is prohibited

under the new grid codes. Grid codes are established in different countries to allow wind farm
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to provide a certain level of support to the grid during faults. The common parameters for local
and international renewable energy grid code are continuous operation parameters, low voltage
ride-through capability, high voltage ride-through capability, active power regulation, reactive

power regulation, visibility, and control of renewable power plants RPPs.

The South Africa renewable energy grid code (SAREGC) provides the minimum technical
requirements that renewable power plants (RPPs) connected to or seeking connection to the
South Africa electrical transmission system or distribution system must adhere to. Thus, it
categorizes minimum technical requirements by the size of the RPPs (biogas, wind,
photovoltaics, landfill gas, and concentrated solar power):
1) Category A: 0 — IMVA (LV connected RPPs) — this category is subdivided into three

subcategories:

a. Category Al: 0 - 13.8kVA

b. Category A2: 13.8kVA — 100kVA

c. Category A3: 100kVA — IMVA
2) Category B: IMVA —20MVA
3) Category C: 20MVA or higher
The current version (version 2.9) of the SAREGC was released in November 2016. It specifies
the requirements for industrial standardisation, network integrity, and non-discriminatory
access to the grid by RPPs. For this, the SAREGC, provides a detailed explanation, and practical
methods to test the compliance of the RPPs to the grid code, as documented in [30]. The SA
grid code [31] allows the RPPs to maintain a connection to the grid in areas A, B, and D,
withstand voltage sag up to zero at the PCC for a period of 150 ms without disconnecting as
shown in Figure 2.35.
During symmetrical faults, wind farms greater than 20MV A must provide voltage support to
the grid by supplying controlled reactive current to enhance voltage stability to the grid and the
active power production must be maintained during voltage drop but for voltage drop below 85

%, active power production can be reduced.
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Figure 2.35: Required voltage ride-through capability of category A3, B, and C RPPs [31]

The increase in active power demand causes a reduction in grid frequency and vice versa, RPPs
are required to maintain production of active power at a frequency of S0Hz and also to respond
to grid frequency changes by regulating active power production within its set-points. Ppgtq 1S
the amount of active power reserved from the wind farm’s available active power for grid
frequency stability usually not less than 3 % of Pyyqiianie as seen in Figure 2.36. The frequencies

fa f5) for fmins fmax are provided in Table 2.3 while frequencies fi,f5, f3 are the agreed

frequencies between the service operators (SO) and the RPP.
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Figure 2.36: Active power and frequency response to variation in grid frequency for category

C RPPs [31]
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Table 2.3: Frequency settings for RPPs [32]

Frequency Magnitude (Hz.)
f ; 47

mn
ﬁ_ ﬂ f~ Agreed with S0
ﬁ 50.5
ﬂ 515
ﬁ 30.2

The reactive power and voltage control functions are mutually exclusive, which means that only
one of the three functions mentioned below can be activated at a time.

1. Voltage control

2. Power Factor control

3. Reactive Power Q control

The grid code allows the accuracy of the control performed, and that the set-point does not
deviate by more than +2% of the set-point value or by £0.5% of maximum reactive power as
shown in Figure 2.37, depending on which yields the highest tolerance [32]. The RPP should

be able to receive a reactive power set point with an accuracy of at least 1kVar.
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Figure 2.37: Reactive power control functions for the RPP [32]

The South African renewable energy grid code requirements are imposed at the point of
connection of the wind farm. From the grid’s perspective, the full wind farm will look similar
to conventional synchronous generation. A wind farm will often take advantage of a variety of
reactive resources to fully meet the grid code requirements. In a three-phase system, several

problems such as reactive power imbalance, voltage control at varying load conditions, stability
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problems, varying frequencies of different systems and short-circuit power are observed. These
problems can be solved with the use of HVDC and FACTS technology, such as a STATCOM
which contains power electronic components that can continuously supply both capacitive and

inductive current up to its rating and are used to control system voltage or power factor [33].

2.10 Distribution Network

In a typical power system as shown in Figure 2.38, the distribution network serves as the link
between the distribution substations and the customers. Distribution systems usually consist of
overhead and underground circuits in a mix of branching laterals from the substation to the
customers. The network begins at the 11kV, medium-voltage three-phase circuit, and step-
downs at a secondary three-phase voltage and neutral, typically below 1000 V and 400V, at
the customer’s premise, usually at the meter. The voltage between phases is called line voltage
and the voltage between phase and neutral is called phase voltage.
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Figure 2.38: A Typical power system layout [34]

The distribution network is designed around various requirements such as peak load, voltage,
and distance to customers. Other local conditions such as for active and reactive power, voltage
regulations, and level of reliability/security that guarantees customer satisfaction. These
various branching laterals can be operated in a radial or ring main configuration.

For a radial configuration, this arrangement is made up of two or more parts of the feeder are

usually connected through a normally open distribution switch. Figure 2.39 shows a single line
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diagram of an electrical power generation, transmission, and a radial form of distribution
system [34].
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Figure 2.39: A typical radial main distribution network [34]

A ring main distribution system is one that starts at a distribution substation and runs through
or around an area serving one or more distribution transformers or load centres and returns to
the same substation [34]. This form of distribution network has the advantage of fewer voltage
fluctuations and the continuity of power supply is maintained as each distributor is fed with two
feeders. The elements of the ring main distribution system are feeders, distributors, and service
main, where the feeder connects the substation (or localized generating station) to the area
where power is to be distributed. Generally, no tapping is taken from the feeder so that the

current remains the same. The distributor is a conductor from which tapping is taken for supply

to the consumers.
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Figure 2.40: A typical ring main distribution network [34]
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As shown in Figure 2.40, AB is the distributor. The current through a distributor is not constant

because tapping of power is taken at various places along its length. While designing a
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distributor, voltage drop along its length is the main consideration since the statutory limit of
voltage variations is 10 % of the rated value at the consumer’s terminals. A service mains is

generally a small cable that connects the distributor to the consumer’s terminals [34].

2.11 Integration of Wind Power into Distribution Network

Due to the growing penetration level of wind power into the distribution networks, it is pertinent
to study the characteristics when wind power is connected to the grid as well as the interaction
with other generating systems. The integration of wind power into the grid presents technical
challenges due to the intermittent nature of wind. Some of the challenges include reactive power
requirements for voltage support, the starting and synchronizing of wind farms into the grid,
short-circuit protection, the efficiency of the grid, sub-synchronous resonance as a result of the
electric network and wind turbine interaction, power quality, design and optimization of power
electronics, cost and reliability, inadequate transmission lines to accommodate new power
systems [35].

Production, investment, maintenance, and reliability are key factors to be considered when wind
power is to be integrated into the grid. Large wind farms are expected to execute frequency,
voltage, active and reactive power control and are also required to perform rapid response
during transient and dynamic conditions. When the active power generated from the wind
turbine changes due to fluctuations in wind speed, the reactive power and the terminal voltage
of the induction generator also changes.

The integration of DFIG WECS into the grid was demonstrated in [36] using the IEEE 10-
machine 39-bus system. It was observed that the DFIG provided a better transient performance
and elimination of angular stability problem when compared to conventional synchronous
generators while the converters of the DFIG provided a faster control and better ride-through
during faults. During grid faults, most wind farms are disconnected and reconnected to the grid
after the fault is cleared to avoid the destruction of the WTG. However, during and after the
grid fault. DFIG can support the network by providing enough reactive power comparable to
conventional generators if the proportional gain of the voltage controller is increased beyond a
certain level as presented in [37]. As presented in [38], the introduction of uncontrollable
sources of power into the distribution network will make the power system more complex.
The introduction of distributed energy sources into power systems with the connection at the
low voltage distribution network has introduced substantial network management issues. This
integration of power requires more active participation of distribution energy network operators

to monitor the real-time network capacity and to manage connections of the distributed energy
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sources, as part of the active network management to export power to the network at all times

[39].
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Figure 2.41: Components of the wind energy conversion system connected to the grid [8]

Wind farm integration into the distribution network as shown in Figure 2.41 includes fixed
speed wind turbines composed of an aerodynamic rotor, a mechanical transmission system,
either squirrel cage induction or synchronous generator, a control system, limited reactive
power compensation, and a step-up transformer. The grid codes and standards set by regulating
agencies for interconnection to the grid have no dynamic control in analysing the challenges in
terms of power system quality, voltage regulation, reactive power compensation, optimum
power flow, system stability, and the load dispatch challenges for power system operators,
because of the natural characteristics of wind source [8]. The addition of the dynamic power
compensation in the system provide as reimbursement for reactive power and voltage regulation
and therefore, improves the power system stability.

The analysis as documented in reference [40] indicates that grid operators have developed grid

codes for connecting wind turbine generators. Accordingly, the wind turbine manufacturers

have developed functionality concepts in the field of wind turbine generators control design to
meet requirements as stipulated by the grid codes as discussed below:

e Frequency control: Several grid codes require the participation of wind farms in primary
and secondary frequency control, including frequency response capability and limitation of
both ramp rates and active power output. Some operators also require that wind turbine
generators stay connected and in operation at a wider frequency band to contribute to
frequency restoration and stable power systems operation.

e Voltage control: The individual wind turbine generators have to control their terminal
voltage to a constant value using an automatic voltage regulator. Modern wind farms can
control the voltage at the point of common coupling to a pre-defined set-point of grid

voltage.
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e Fault ride-through capability: Wind turbine generators must remain connected during
and after severe grid disturbances, ensuring fast restoration of active power to pre-fault
levels as soon as the fault is cleared and inject reactive current to support the grid voltage
during disturbances and to provide fast voltage recovery after fault clearing [40].

Power flow study for a distribution network connected to a wind farm in [41] shows, the

interfaces from the wind farms to the distribution system boundaries. They are case-specific

depending on several factors such as the short-circuit ratio at the point of connection, the length
of the interface, the grid voltage level, the wind farm capacity, power flow, and frequency
responses. As the network interfaces between the wind turbine and the power systems network
the use of converters is very important. The converter is extensively used with the capability to
extract maximum power in a wide range of wind conditions. It can also control both active and

reactive powers independently [41].
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Figure 2.42: Grid-connected wind turbine [41]

Figure 2.42 shows a typical grid-connected inverter for wind energy applications through a line
inductance Ly which represents the leakage inductance of the transformer. Since the power flow
between the converter and grid is bidirectional, the relationship between the grid, converter

voltage, and the line currents are given below [41].

Vil Iy Iy Va1

e d|
Vo [= R 1y, +LfE Ly || Vo2 (2.32)
Vis lys Iy Vo3

The distribution network-connected operation of wind farms places demands on the wind
turbine's operational behaviour and its technical equipment for distribution connection. In the
situation where the penetration level of the installed wind power is small as compared to the

network capacity, the effects were considered negligible. Therefore, as long as wind turbines

50



provided only a relatively small part of the power generation capacity, they have very little
impact on the grid operation.

For large level penetration of wind power into the distribution network, the integration of wind
energy has become a technical and economical challenge because of the installed capacity as
shown in Figure 2.43. To integrate wind power into the distribution grid network, it has to
comply with the structure and technical standards of this interconnected grid. These standards
are mainly based on requirements drawn, from the structure of a distribution grid with only a

few large-scale power generation plants supplying the distributed consumers.
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Figure 2.43: Voltage levels of the interconnected grid and the suitable wind farm sizes [14]

2.12 Impact of Wind Power on a Distribution System

There are some fundamental differences between renewable energy generations and
conventional power plant generation that affect how these resources interact in an integrated
system and one of the biggest differences is the intermittency of the resource, due to the
dependency on weather and seasons [42]. As national energy strategies and international
compacts increasingly encourage investment in renewable energy generation, the interaction
between these types of generation will inherently change the way system operators plan for and
manage electricity grids. In [25], the wind renewable energy generation’s emerging challenges
and solutions arising from the integration of renewable energy into a given interconnected
electric power system were documented and the relevant impacts of wind power in the

electricity system was discussed, based on the following criteria:

51



e Level of wind power penetration

e (Grid size and demand management

e Generation mix of electricity in the system and reserves

Figure 2.44 shows the short term and long term impacts of wind power integration into the
power systems. The inclusion of distributed generation is a challenge in itself with issues
referring to the quality of supply, stability of the network, system balancing, voltage regulation,
protection, failure (isolated mode), and reliability. The connection of distributed generation in
forms of renewable energy turns the developed technology of convectional power systems in

terms of the passive unilateral fed distribution network into a double-fed active network.
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Figure 2.44: The duration effect of impacts of wind power integration [25]

The main impacts of sources of energy generation on the integrated network were studied as
[25]:
¢ Changes in the network voltage profile, the appearance of transients when turning the
sources on and off.
e An increase in short-circuit currents.
e The change of power losses depending on the production and consumption, congestion
of individual lines.
e The impact on the quality and reliability of supply, and the need for coordination of the

protection and efficiency.
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An argument presented on the impacts of wind power on the integrated power system, considers
different time scales and width of the area relevant for the studies as shown in Figure 2.45.
Changes in consumption and production of renewable energy sources are synchronised with the
production of conventional sources, because the production must always cover the demand plus

losses, including changes in the production of variable sources.
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Figure 2.45: The impacts of wind power on power systems [25]

Hence, the balanced production is a “hot reserve” which ensures the stability of the system. Due
to the inability of dispatch control, distributed sources are assumed as producers of energy that
do not contribute to other functions of the electric power system (voltage and frequency control,
network security, backup, etc.), which is why all disturbances in the system must be
compensated for by conventional energy sources.

Power quality as defined in [43] is the “characteristics of electricity at a given point on an
electrical system, evaluated against a set of reference parameters”. The performance of wind
turbine systems in terms of power quality is determined based on the standard and measurement
concerning the guidelines specified by the International Electro-technical Commission (IEC).
The IEC 61400-21 defines the process for measuring the power quality of a grid-connected
wind turbine system [43].

It specifies seven parameters that actively affect the power quality of a wind turbine namely:
flickers, harmonics, voltage sag/dip/drop, active power, reactive power, grid protection, and
reconnection time. An ideal power quality implies that the voltage is continuously sinusoidal
with a steady amplitude and frequency. Amongst the parameters specified above, the voltage
sag is a major parameter that affects the power quality of grid-connected wind turbines because
of the characteristics of the induction generator. Voltage sag/dip is a random event in power

systems majorly caused by faults in the grid, it is denoted with its amplitude and variations.
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When a short-circuit fault occurs in the area connected to the wind turbine generator, the short-
circuit current may cause a voltage dip at the wind turbine generator terminal as a result of
torque imbalance between the generator and the turbine, when the fault is cleared and the
voltage of the power system is restored, reactive power is needed from the induction generator
to recover its terminal voltage. The absorption of reactive power causes a high inrush current to
be drawn by the induction generator causing a voltage drop in the line connecting the wind
turbine generator and the grid. The resulting voltage drop can cause slow recovery of the
generator terminal voltage causing the generator to increase its acceleration which leads to
increased reactive power consumption. If the generator fails to recover, it is disconnected from
the system thereby leading to a significant impact on the stability of the system.

The IEC 61400-21 defines six voltage drops with the specification of magnitude and period of
the voltage drop [44] as shown in Table 2.4:

Table 2.4: Specifications for voltage drops for wind turbine system [44]

Voltage drop case | The magnitude of phase- | The magnitude of positive Period (s)
phase voltage (pu) sequence voltage (pu)
VD1' 0.90+0.05 0.90 +0.05 0.5+0.02
VD2! 0.5+0.05 0.5+0.05 0.5+0.02
VD3! 0.2+0.05 0.2 £0.05 0.2 £0.02
VD 4* 0.90 +£0.05 0.95+0.05 0.5+0.02
VD52 0.5+0.05 0.75+0.05 0.5+0.02
VD 6> 0.2 +£0.05 0.60 +0.05 0.2 +£0.02

Voltage sag is normally expressed as a relative percentage change in voltage of the wind turbine
system, given by [45]:
S
d=k —* 2.33
5 2:33)
Where d is a relative change in voltage as sag, k,, is a volt, S,, the age reduction factor is an
apparent power (rated), and S, is an apparent power (short circuit). Voltage rise is the increase
in voltage from 1.0 pu to about 1.8 pu in a period of 0.5 cycles to 1 minute which can be caused
by switching-off large loads, the increase in voltage along unfaulty lines during a single line-

ground fault, and excitement of capacitor banks [45].
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Another important power quality parameter worth of mentioning is “flicker” which is caused
by fluctuation. The fluctuation in voltage is a major concern when connecting the wind turbine
system to the grid, and it is caused by changes in the wind speed. Voltage fluctuations have a
direct effect on the active and reactive power in the system. The degree of the voltage fluctuation
depends on the strength of the grid, the impedance of the network, and the characteristics of the
wind turbine. Flickers are caused by fluctuations in system voltage which is visible from electric
light. The magnitude of the flicker is dependent on the degree of fluctuation. It affects the
voltage quality of the grid if not controlled by the generating station. Flickers mostly do not
affect the VSWT system because the output of active power is relatively constant. The
fluctuation in voltage and flicker emission for wind turbines connected to the grid is related to
factors such as [46]:

1. Average wind speed

2. Turbulence intensity

3. Short-circuit ratio (SCR)

The reactive power of the wind turbine can be controlled to vary the active power thereby
making the difference between the grid impedance angle and power factor angle tend to 90
degrees and as a result reducing the flicker level. The flicker meter as specified by the IEC
61000-4-15 is used to measure flicker emission. The IEC flicker meter operates on the principle
of simulation of the “transfer function” of the set “voltage-lamp-eye-brain” and gives a
corresponding output of the disturbance level known as “Instantaneous flicker sensation” (S f).
The instantaneous flicker is then analysed statistically to generate an output every 10 minutes
corresponding to the flicker severity level. Another parameter that compromises the power
quality of the grid-connected wind turbine system is harmonics, harmonics arise as a result of
the presence of power electronic converters mostly found in VSWT coupled with DFIG. The
harmonic current and voltage transferred to the grid at the PCC should be limited as specified

by the IEC 614400-36 guideline, the total harmonic distortion (THD) of voltage at the PCC is

given by [47].
40 V2

Vi = | >, =100 (2.34)
n=2 "1

Where Vryp total harmonic distortion of voltage is, V; is the voltage at the fundamental
frequency and Vj, is the nth harmonic voltage. The THD for a connection to a 132kV grid should
be less than 3%.
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Although wind generation is a random nature, large penetration will increase the overall system
reliability of supply. Some capacity credits are expected, depending on the three dimensional
and chronological distribution of wind energy, but still difficult to quantify; probabilistic
methods should be used for such estimation. Generally, the dispersion of wind farms all over a
control area will lead to increased capacity credits. Nevertheless, it is doubtful if capacity credits

lead to reduced thermal installed capacity.

2.13 Conclusion

Characteristics of air flow fundamentals, concept of wind energy conversion theory and wind
turbine principles and control applications of WECS have been discussed in this chapter. The
wind turbine system configurations, types of converters that used in the control systems and the
types of controllers of these equipment were introduced and discussed in this chapter. The Grid
policies and distribution network standards, integration of wind power into distribution network

and its impact on a distribution system were also argued.
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Chapter 3
Analytical and Numerical Modelling

3.1 Introduction

Wind power integration into the power systems has several technical challenges concerning
security of supply. This include reliability, availability, and power quality. This has created the
need to model the wind turbine systems in order to analyze the system response when power is
integrated into the grid. This process will be of great importance for the development of control
strategies. Therefore, it is essential to use appropriate models to emulate the wind turbine and
power systems. The modeling should be done as a function of their parameters, some of which
are intrinsic characteristics of the system, depending only on its current state .i.e. very dynamic
in nature.

The models used should adequately represent the dynamic behaviour of the wind turbines with
the ability to predict the critical operation conditions at which the wind integration takes place
and also be able to model the dynamic performance. The dynamic model should provide
information on the system during the steady-state operation, such as the dynamic oscillations,
torque or current ripples, etc.

Due to the complexity of the system, it is not appropriate to fully model all the components as
a whole unit, but rather as a discrete of several interconnected subsystems models, interacting
with each other. The modelling processes involve both mechanical and electrical power for the
WECS. The power flow in the energy conversion process from wind energy into electrical
energy have been discussed in the literature review (Chapter Two). In this chapter the various
subsystems for the wind turbine are modelled in which the output from one subsystems becomes
the input for the next subsystem. The subsystems include a rotor aerodynamic energy
conversion, a wind turbine gearbox, a DFIG for the conversion of mechanical energy to
electrical, and power electronic converters which are used to transfer the electric power from
AC to DC back to AC. Collectively, these subsystems operate as a unit to convert and control
by harvesting the wind mechanical power and convert it into electrical power, within the rated
voltage and frequency. The output from the converters can either be for local use in the form of
a microgrid or fed into national grid.

Presented in this chapter, firstly, the aerodynamic model for rotor blades of the wind turbine
used to analyse the conversion of the kinetic energy into the rotation motion in the rotor.

Secondly, is the mechanical model for the gearbox and the drive train of a two-mass shaft model
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was used. Thirdly, the electrical model for the generator configuration and the generator model
used was for the DFIG. Lastly, the analysis of Type-3 back-to-back power electronic converter
model coupled with the control scheme using PI controllers for connecting the generator to the

grid.

3.2 Wind Turbine Aerodynamic Modelling

Wind turbine power production depends on the interaction between the wind turbine rotor and
the wind. In the wind generation system, power is extracted from the kinetic energy of the wind,
and can be expressed as the kinetic power available in the stream of air. Since wind speed
usually varies from one location to another and also fluctuates over time in a stochastic way, J.
G. Slootweg [24] proposed a mathematical model that takes into account some landscape
parameters to determine the wind speed. The generated wind speed V,, in (meter/sec) for any

location can be obtained by the following expression [24]:
V(6)=V, (0)+V,, (1)+V,, (6)+V,, (1) (3.1)
Where, V,,,,(t) is a constant component, V,,,-(t) is a common ramp component, 4 (t) is a gust

component and V,,;(t) is a turbulence component in (meter/sec). The kinetic energy E of the

air mass m in (kg) moving at a speed V}, is given by [49]:
1
E=_xmxV, (3.2)

By substituting the density and volume for mass and the volume is the speed times the area and
time. Therefore, the determination of the mass in a circular interfacing area between the wind

stream and the turbine blades area A can be derived as [49]:
m=pxv=pxV xAxt=pxV xxxR*xt (3.3)

Where p is the air density in (Kg/m?) with values varies from 1.1 to 1.3, t is the time, R is the
radius of circular area in (meters) swiped by the wind turbine blade. Substituting equation (3.3)

into equation (3.2) yields:
. 1 3 2
E—EXIOXVWXﬂ'XR Xt (3.4)

Then the stream power of the wind P, through a cross-sectional area normal to the wind is

defined as follows [49]:

Pt:%xpxzz'szwa3 (3.5)
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As discussed in chapter 2, the Betz equation was used to determine the maximum power
extractable from wind by an ideal turbine rotor with countless blades under ideal conditions as
59.26 % of the available power in the wind. This limit is known as the Betz limit. In practice,
wind turbines are limited to two or three blades due to structural and economic considerations.
The ratio of extractable power to available power is expressed as the rotor power coetficient
C,. The power coefficient C,, can then be expressed as a function of the tip speed ratio (TSR)
A, which is defined as the ratio between the linear speed of the blades and the wind speed and
the blade pitch angle f in degrees as C, (4, £) [50], [S1].

The extractable power P;, for a wind turbine system with a non-linear aerodynamic power

coefficient Cp, (4, B) is defined as [52]:

1
Pt:EprﬂXszV‘fxCp(/i,ﬂ) (3.6)

The aerodynamic torque T; developed with rotor angular speed w; (in rad/sec) and C; = %p as

the coefficient of torque, can be calculated as [52]:

Tt:gzéxpmxmvjxq (3.7)

Tip speed ratio can be calculated as [49]

Ro
A=— 3.8

v (3.8)
Non-linear aecrodynamic power coefficient C,, (4, B) is defined as [52]:

kz k /jli
C, (4 B)=k| F=kp—kf" —k, || ¢’ (3.9)
PR (3.10)
YAk '

The aerodynamic power coefficient C, (4, #) is a nonlinear function of tip speed ratio A and the

blade pitch angle § [53]. The curve used to illustrate this non-linear relationship is plotted in

Figure 3.1.

The two points on the curve can be used analyses the extractable power in the wind energy:

e When the blade pitch angle f does not change, the peak values of the power coefficient
C, (4, B) corresponds to a unique tip speed ratio A, where the energy conversion is expected.

e As the blade pitch angle S increases, the wind energy use coefficient decreases. Thus, for

tracking more wind power, § should be set into a small value.
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Figure 3.1: Power coefficient versus tip-speed ratio [53]

3.3 Mechanical Modelling of Wind Turbine Drive Train

Considering the mechanical aspect of the wind turbine, the mechanical representation of the
train drive of the entire wind turbine is complex. For the analysis of the gear train in wind
turbines, the following four types of drive train models are usually used [54].

e six-mass drive train model

e three-mass drive train model

e two-mass shaft model

e one-mass or lumped model
From the above four types of drive train model, the model that was modelled and implemented
is the simplified form of the two-mass shaft model power train, shown in Figure 3.2. In this
model, all masses are grouped into the low and high-speed shaft. The inertia of the low-speed
shaft comes mainly from the rotating blades and the inertia of the high-speed shaft comes from
the shaft connected to the generator. It is important to include all small masses of high-speed
shaft since they all have an important influence on the dynamic system due to the transformation

of the transmission ratio. The stiffness and damping of the shaft are combined in an equivalent

stiffness K¢ and damping Dy models which are placed on the low-speed side shaft.
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Figure 3.2: Schematic diagram for the two-mass shaft drive train model [54]

|

The input to the model for the two-mass system is the torque T4, which is obtained from the
aerodynamic interaction between the wind and the rotor. The output from the generator is the
generator reaction torque T,. The output is the changes in rotor speed w, and generator speed
wg. The dynamic of the high-speed generator can be expressed as a machine model. The
differences in the mechanical drive torque T,,, the generator torque reaction T,, and torque
losses due to friction Tf,;., cause the change of angular Velocityaig, which can be expressed as

[54]:
7-;71_]—;_Tfific:jgxa)g (311)
The change of the angular speed ajr is caused by the difference between the aerodynamic torque

T, and shaft torque Ty at a low speed shaft [54].
T,-T = j,xa, (3.12)

o, =@, and o, =@, (3.13)
Since the mechanical driving torque T,,, and T are connected by the gear trains of ratio n, hence

mechanical drive torque T, [54]:
T =25 (3.14)

Gearbox input rotor shaft torque Ty [54]:
I,=K dp+D,p=K Up+D| ¢, —— |=K o+ D | o, ——= (3.15)
n

n

The drive train angular speed can be obtained as follows [54]:
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@:i&koy@+&wfxs@pfﬂw] (3.16)

Where, K; is the stiffness constant and D is the damping constant of the shaft, considering a

two-mass free-swinging system, the Eigen frequency is given as [54]:

K
W, =27 f, = ‘]S. (3.18)

ges

The total inertia of the free-swinging system on the low-speed shaft is calculated by [54]:

A (3.19)
“ g +J, '
Consequently, the stiffness constant of the low speed shatft is [54]:
Ky=J(2xf,) (3.20)

And, the damping constant D, of the low-speed shaft, with &, as logarithmic decrement [54]:

Ks Jges
Dy =2¢, - T an (3.21)

3.4 Mathematical Modelling of the Doubly Fed Induction Machine

The DFIG can be used to produce electrical power at a constant frequency. As shown in Figure
3.3, an induction machine works on the principle of interaction between the stator and rotor
magnetomotive forces (MMF). The stator winding currents create an MMF rotating at grid
frequency that induces an MMF in the rotor windings. The rotor speed does not match the
stator’s MMF. This induced rotor MMF will rotate at the so-called slip frequency which has the
following value [55]:

__ _Jotor __ _ stator
Oy = Dy = O

slip — mmf a)rotor (3.22)

Where, wg;p, 1s the slip frequency, corresponding to the frequency of rotor current and voltage,

stator

mmy 18 the frequency of the stator corresponding to the grid frequency in (rad/sec), Wrotor 18

)
the rotor rotating frequency (rad/sec), equal to the mechanical frequency multiplied by the

number of pole pairs.
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Figure 3.3: Induction machine winding layout [55]

For simulation purposes, it is assumed that both sides are connected in Y with the neutral being
at zero voltage and have the same number of turns (Turn Ratio =1). Two techniques known as
the Park and Clark transforms documented in [56] can be used to understand the modelling of
the electrical machine. This is because the modelling allows the transformation of time
dependant variables into constant values. This operation also has the great advantage of setting
two independent systems of variables; the d axis and q axis that allow each converter to

independently control two variables.
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Figure 3.4: Reference frames used in Park transform [55]

The mathematical transformation depends on the selected orientation of the reference frame as
shown in Figure 3.4. In this operation, the oscillating voltage and current signals are
transformed into two constant signals to allow the development of two independent sets of
equations relating to rotor and stator currents, voltages, and fluxes. All variables can now be
expressed along two axes (d and q), facilitating the design of the control algorithm. The d-axis

variables will affect the reactive power while the g-axis variables will affect the active power.
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abc

Va VA
Vi |=T32° Wy (3.23)
4 Ve

Vd Va
v, |=Py, (3.24)
Vo 0

The Clark transform used to change abc into aff variables is:

11
2 2
w_ 2|y 3 A3 (3.25)
abc 3 2 2
[
2 2 2
The Park transform used to change abc into dq0 variables is:
cos(6) cos(@—z—ﬂj cos(e.,.z_”j
3 3
Py’ -2 sin(6) Sin(é’—z—”} sin[9+2—7[j (3.26)
3 3 3
[ 1
2 2 2

The reorganized DFIG model based on a synchronously rotating reference frame has been

presented in [57] by the following equations:

Vi =R A+ 04— 00, (3.27)
Vqs = Rslqs + ¢qs+ a)swds (328)
Vdr = erdr + Par— a)rwqr (329)
Vqr = erqr + ¢qr+ a)r¢dr (330)
(Dds = leds + Lmldr (331)
o,=LI, +L,I, (3.32)
¢dr = Lrldr + Lmlds (333)
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¢q}“ = Lr]qr + Lm]qs (3'34)

Where R, and R, are the stator and rotor resistances, L; and L, are the stator and rotor windings
self-inductance coefficient, L, is the mutual coupling coefficient between stator and rotor Vg,
Vaslas»> Igss Var> Vgr» lar and I, are the voltage and current components of the stator and rotor
side in the d-q Park reference frame [58].

The per-unit electromagnetic torque equation expressed in d-q park reference is given by [57]:

Te' = wdvl qs _qoqsldv = wqr[dr _wdr]qr = Lm ([qs[ dr _[ d?lqr) (33 5 )
Neglecting the power losses associated with the stator and rotor resistances, the active and

reactive stator powers for the DFIG are [57]:

P = (%J(Vdslds +V, 1) (3.36)
0 = Gj(Vqld ~V,I,) (3.37)
And the active and reactive rotor powers are given by [57]:

P = [%)(K,,Idr +V,1,,) (3.38)
0 - (%)(szw v,1,) (3.39)
The overall system equations can also be re-written with relation to the rotating frames [55]:
P.=P+P = %(Vq’,lgp + Vol +Vy Ly +V, 1) (3.40)
0. =0.+0, =3V, 1, Vil + Vil =V, 1,.) (341)

The torque expression and the stator reactive power, which are the control objectives of the
rotor-side converter control, have the following form [48]. Where, p is the number of pole pairs
of the generator, I, and I, are the q component of the stator and rotor current, I35 and I, are
the d component of the stator and rotor current, Vs and Vy; are the q and d components of the

stator voltage. The stator and rotor flux linkages in the synchronous reference frame are

expressed as [50]:
w,=LI +L I (3.42)
v, =L 1 +L1 (3.43)

The electromagnetic torque can be expressed using the d — g components as following [50].
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3 L
T, =5pfm(w,,sldr ~w,l,) (3.44)

S

3.5 Voltage Source Converter (VSC)

In variable speed, electric machine drives, the VSC is an important device for the energy
conversion process. The main task of this equipment is to convert the electrical power from AC
to DC or vice versa. The VSCs have numerous advantages such as the ease of control with
open-loop control, compact size, low cost and provide higher power factor as well as lower
power losses [59]. This converter, used in this study, is the back-to-back converter and the

models for the VSC are discussed as follows.

3.5.1 Model for Grid Side VSC System

The grid side of the wind turbine system is composed of the grid side converter, the grid side
filter, and the grid voltage. Figure 3.5 illustrates a simplified model of the grid side system. The
grid side converter is modelled with ideal bidirectional switches. It converts voltage and
currents from DC to AC, while the exchange of power can be in both directions from AC to DC

(rectifier mode) and from DC to AC (inverter mode).

Vs I{”J‘{}

A L
L==] Sa_g Sb_X Sc_g iag Filter _@_
a —» v
- bg
) e ——
bus " —P - @ n
I
L= B N 5 | —— -
Sa_g Sb,_g Sc_g (: )

Figure 3.5: Simplified converter, filter, and grid model [52]

The ideal switch normally is created by a controlled semiconductor with a diode in antiparallel
position to allow the flow of current in both directions. In this switching configuration, the
controlled semiconductor used is an IGBT. The grid side filter is normally comprises of at least
three inductances (L), which are the link between each output phase of the converter and the
grid voltage. When there’s a high filter requirement, each inductance can be accompanied by
one capacitor (LC) or even by one capacitor and one more inductance (LCL). The grid voltage

is normally supplied through a transformer. This AC voltage is supposed to be balanced and
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sinusoidal under normal operation conditions [52].

The two-level converter is modeled with ideal switches that allow the flow of current in both
directions. The command of the switches is made using S, g, Sp_g, and S, 4 signals. Under ideal
conditions, the following order of commands holds, which means that in a leg of the converter,

it is not possible to have conduction in both switches [52].

S, =S, , (3.45)
Sy =S, . (3.46)
S, ,=S., (3.47)

The voltages referenced to the zero point of the DC bus is [52]:

Vi, = VS where Sj_g 6{0,1} and j=a,b,c (3.48)

j_g ?
Thus, by different combinations of, S, 4, Sp 4, and S. 4 it is possible to create AC output
voltages with a fundamental component of different amplitude and frequency. For modelling
purposes, it is useful to know the converter output voltages referred to the neutral point of the

grid three-phase system (n). As Figure 3.6 illustrates, the following voltage relationships are
true [52]:

an = vjo - vno With j=a,b,C (349)

Filter

Vo

4 >+ —

© | - ©

o n

Figure 3.6: Simplified equivalent single-phase grid circuit (a phase) [52]
The voltage between the neutral point (n) and the negative point of the DC bus (0) is needed,
assuming a three-phase grid system that holds, the following are obtained [52]:

van + vbn + vcn = O (350)

1
vno = E(vao +vb0 +vco) (351)
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From the order command [52]:

an

V.
" bus
v ——3 <2sa7g+sb7g+scig)
_ " bus
Vv, =—% (2Sb_g +5, 4 +Sc_g)

cn

V,
V= —3’” <2SC_g +5, .t sb_g)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

There are eight different combinations of output voltages, according to the eight permitted

switching states of, S, 4, S, 4, and S¢ ; as shown in Table 3.1. As mentioned previously, the

output voltages v,,, v, and v,, take only two different voltage levels: V},,; and 0; that is why

this converter is identified as a “two-level converter.” On the other hand, output voltages v,

Vpn, and v, take five different voltage levels:(— ZVb”S/3),(— Vb”5/3),0,(vb”5/ 3), and

(ZV””S / 3). With a simple six pulse generation scheme, the output voltage waveforms take the

shape depicted in Figure 3.7.

Table 3.1: Eight different combinations of output voltages, according to switching states [52]

Sa g St_g Se ¢ Vao Vbo Veo Van Vo Ven
0 0 0 0 0 0 0 0

0 0 1 0 0 Vius _ % _ % 2 Vgus

T TR T (R

0 1 1 0 Vi Vous = —2 Vg“s ng Vg“s

: 0 0 Vis O 0 2 Vg“s _% _%

1 0 1 Vius 0 Vi % _n Vgus Vgus

1 1 0 Vows  Vous O Vg—‘“ Vg’” 2 ng

1 1 1 Vius Vbus Vius 0 0 0
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Figure 3.7: Output voltage waveforms of two-level VSC with six pulse generation [52]

By applying the Clarke transformation, it is possible to express the three-phase voltages in the

aff components as [52]:

1 _l _l v
{Vﬂ 2 2 2 (3.58)

3 5 Bl

;
é 0

2 2 cn
Referring back to the grid side system model shown in Figure 3.6, a three-phase filter is located
between the grid voltage and converters output. A simple and reliable solution adopts an

inductive filter, locating an inductance in each phase.

69



The three-phase system can be modeled as three independent system, but the equivalent single-
phase system is described in Figure 3.8. Note that the output AC voltages of the converter

referred to as the neutral point are named with the sub-index 'f" .

iag Filter

——
© |- .| ©

Figure 3.8: Simplified equivalent single-phase grid circuit (a phase) [52]

Thus, the electric equations of the system can be obtained as [52]:

di

YV :Rfiag-i-L/.T‘;g-i-vag (359)
. di

vy =Ry, +Lf?;g+vbg (3.60)
di,

v, =R, +L/f+vcg (3.61)

Where Ly = inductance of the grid side filter (H), Ry = resistive part of the grid side filter ()
Vags Vbg» Veg = grid voltages (V), with wy electric angular speed in (rad/s), igg, ipg, icg=
currents flowing thorough the grid side converter’s output (A), V5, Uy, Ve = oOutput voltages
of the converter referred to the neutral point of the load n (V). Consequently, for modeling
purposes, it is necessary to isolate the first derivative of the currents, then the currents

exchanged with the grid are calculated, taking into consideration the filter, according to

expressions below [52]:

di 1

f :L—f(vaf -Rji, —v%,) (3.62)
di,, 1 :
T}f :L_f(vbf —Ri,, _ng) (3.63)
di, 1 ,
T;ZL_f(ch_Rflcg _ch) (3.64)
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3.5.2 Model for Rotor Side Voltage Source Converter

The rotor side converter that supplies current to the rotor of the DFIM. Figure 3.9 illustrates the
converter and the dv/dt filter used to supply the rotor of the DFIM. In this case, a two-level
VSC feeds the rotor. Between the rotor and the converter, in general, a dv/dt filter is located
mainly to protect the machine from the harmful effects of the voltage source converter. These
include capacitive leakage currents, bearing currents, and increased stress on the motor

insulation. The rotor side converter is connected to the grid side converter by the DC link.

>+

dv/dt

ia Filter Sar/ Sbr/Scr L=
— - '
4l_r b Vius
——
c
_ L, e =
SC r

Q

AT $
—

o —

L=

DFIM | 0

» » |
Sa_r S b r

Figure 3.9: Rotor side converter and dv/dt filter supplying the rotor at the machine [52]

3.5.3 DC Link

The DC part of the back-to-back converter is typically called the DC link. The energy stored in
a capacitor (or combination of several capacitors), tries to maintain a constant voltage at its
terminals which is the linkage between the grid side and rotor side converters. Figure 3.10
shows a simplified model of a DC link. It is composed of a capacitor in parallel with high
resistance. To derive the model for the DC link, the DC bus voltage must be calculated. This

voltage is dependent on the current that passes through the capacitor [52].

.y
Vi = C—Ilcdt (3.65)

bus

The current through the capacitor can be found as [52]:

lc = lr_dc B lg_dc B lres (3.66)

Where i is current through the resistance Rpys (A), ig_gc 18 the current flowing from the DC
link to the grid (A) and i, 4. is the current flowing from the rotor to the DC link (A). On the

other hand, the DC currents can be calculated from the converter output AC currents as follows
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=8, Gl TSy glpg TS, L (3.67)

a_glag c_gcg

I de = _S Iy — Sbiribr + Sciricr (368)

a_rtar

Current through the resistance is

) Vv,
B, = (3.69)
Rbus
x‘r_dr: ig_dC
L
i 5
Rotor side T l res l i & Grid side
Reus —— Chus Vbus
®

Figure 3.10: DC Link system [52]

3.6 The Control Scheme for DFIG

The control strategy used for this study is shown in Figure 3.11. A reference current calculation
and current control loop presented in the diagram and both the reference reactive power Qg
and Qg are usually set to zero and can be modified depending on the grid requirements. The
DC link reference voltage has a fixed value while the reference torque is determined by the
maximum power point tracking control system. Vector control of a grid-connected DFIM is
very similar to the classical vector control of a squirrel cage machine. DFIM is controlled in a
synchronously rotating dg reference frame, with the d axis oriented along with the rotor flux
space vector position. The direct current is thus proportional to the rotor flux while the
quadrature current is proportional to the electromagnetic torque. By controlling independently,
the two current components, a decoupled control between the torque and the rotor excitation
current is obtained. Similarly, in vector control of a DFIM, the components of d and 4 axis of
the rotor current are regulated.

If a reference frame turned with the stator flux is used, the active and reactive power flows of
the stator can be controlled independently using the quadrature and the direct current,

respectively, as shown in Figure 3.12. The control of any electrical machine should be
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performed normally in a reference frame, which rotates with one of the state space vectors of

the generator to obtain steady-state control signals instead of sinusoidal signals.

{ Grid

lor los L
AC “T 5, DC :;:
DC T de AC L
K 7 .
Vi i url’WMEE/;dC Uapwm | 1L
l D 5 Rotor Side Grid Side [€ u
L Control Control  |gums
- " A r 3
Wind Turbine | Wyper T U Uge refT TQgcref

Control

Q sref

Figure 3.11: Reference values entered in DFIG back to back converter [60]
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Figure 3.12: Comparison between the Vector Control of the squirrel cage machine and the

DFIM [52]

Within vector-based control, field-oriented control and direct control are the most illustrative.

3.6.1 Wind Turbine Maximum Power Point Tracking

The most commonly used wind turbine control strategy is illustrated in Figure 3.13, and consists

of four operation zones, this shows the wind speed as a function of the wind speed [52]:

Region-1 (Minimum speed of operation zone): The wind generator starts to run as the wind

speed connection (cut-in wind speed) with a rotating speed limited to (minimum turbine speed

in rad/sec) at very low wind speed. This speed can corresponds to the resonant frequency of the

tower. For DFIM based turbines this limitation also serves to limit the sliding of the electrical

machine and hence the rotor voltage.
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Region-2: (Maximum Power Tracking): As wind speed increases, the rotation speed also
increases until the maximum rotation speed is reached. In this operation region, the objective
of the wind turbine speed control is to follow the path of maximum power extraction. Two
different types of controllers have been considered; one is the indirect speed controller (ISC)
where the electromagnetic torque reference related to the maximum power curve. The second
is the direct speed controller (DSC), where the controller generates the optimal turbine
rotational speed linked to the optimal tip speed ratio for each wind speed value. At a given wind

speed, the maximum turbine energy conversion efficiency occurs at an optimal TSR [61].

Region-3 (Maximum speed limit zone at partial load operation): The wind generator
operates in region-3, while the wind speed reaches its nominal value, the generator works at the
rated mechanical power, and the energy captured for higher wind speeds should be regulated at
this nominal value.

Region-4 (Maximum operating speed limit zone at rated power output): This corresponds
to operation at full load. Here, the mechanical power can be limited either by varying the pitch
or by torque control. Typically, the electromagnetic torque is maintained at a nominal value and
adjusts the pitch angle to keep the turbine at maximum speed to maintain power output at higher

than rated wind speed.
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Figure 3.13: The operation zones for Power Point Tracking for wind turbine [52]

As shown in Figure 3.13, for zone 2, the wind turbine is dynamically stable around any point
of the maximum power curve. This means that for any rotational speed variation around the
point in the maximum power curve, the VSWT naturally goes back to its operating point.

Considering that the VSWT is operating at a point of the curve in Figure 3.14, the wind speed
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and the electromagnetic torque can be fixed. If the turbine rotational speed is reduced to (2; ,,

the operating point passes

to point b, and the corresponding turbine torque is then T 4.

T a
Maximum
efficiency
b
R F——.. -
s ;
e S
o : v \Vy=const
Pl 2,
A A ’
26 $2a $2 ¢

Figure 3.14: Stability curve for the point of the maximum power [52]
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Figure 3.15: Stability curve for point of the maximum power with increased wind speed [52]

The electromagnetic torque is fixed to its preceding value which corresponding to T; 4, so T;

is higher than T,,, , and the turbine rotational speed increases until it is again stabilized around

the £, 4 value. Considering this stability property, the aerodynamic torque T; can be kept in the

maximum power curve in response to wind variations. As shown in Figure 3.15, when the wind

speed value increases from V,,; to V,,, , the operating point becomes (point b), and the turbine

torque becomes T; 5. The

controller provides the electromagnetic torque corresponding to the

maximum power curve (point ¢), which is smaller than T; ;. This makes the turbine rotational

to speed increase until it reaches the equilibrium point c. When the turbine is working on the

maximum power point, then optimised tip speed ratio, and coefficient of performance [52]:

75



Aoyt = % -,C,=C, ,,andC =C, (3.70)
The aerodynamic torque extracted by the turbine is then given by [52]:
1 22 C .
T =— pxax R — 1 x—L222 (3.71)
2 opt /lopt
LR 6l Q> (3.72)
T; _Epﬂ-ﬂ3_ p_max" =t _Koptit t :
opt
L ST (3.73)
opt _t 2 ﬂ}apt p_max~ "t
Steady state of two mass mechanical model [52]:
dQ
J,—==1, -DQ +T (3.74)
0=7,-D,9,-K,(Q,-Q, ) (3.75)
T
T, :—W’+(Dt+Dm)Qm (3.76)

Figure 3.16: Indirect speed control [52]

Replacing I in Equation (3.76) by the expression k Qtz in equation (3.72), the following

opt _t

equation is obtained [52]:
T;m = _kopt£2m2 +(l)t +Dm )Qm (377)
Where optimisation coefficient [52]:
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"2 Ao N7

(3.78)

kop: leads to the controller as shown in Figure 3.16, this variable is defined by equation (3.78),

the behaviour of the rotational speed (), depends on the dynamics of the mechanical coupling

and gearbox ratio N. This locus, named the MPPT-curve, can be evaluated by [52]:
3
Pyppr = Kapl (a)r ) (3.79)

3.6.2 Direct Speed Controller (DSC)

The (DSC) tracks the maximum power curve more closely with faster dynamics. Knowing the
definition of the tip speed ratio, the optimal VSWT rotational speed €, 4, could be found from
the wind speed V,,. Unfortunately, V;, cannot be measured because it is a fictitious wind speed.
The diagram of the DSC is shown in Figure 3.17.

Vy

B*=Pop

0Q,* Tem*
Max Power Controller

Tracking +

-~
VVVl

'QI)I T em ﬁ

Q *
Observer = N Y "
Ton — B

Figure 3.17: Direct speed control [52]

The rotational speed optimal value can nevertheless be obtained from the estimation of the
aerodynamic torque. Based on the turbine electromagnetic torque T,,, and rotational speed
), the system can be designed to estimate the turbine aerodynamic torque T o5 [62], [52].

Hence, from equation (3.71), at the optimal operating point is [52]:

* — N ‘T;_est (3 80)

opt _t
Once the rotational speed reference is generated, the regulator controls (), using the

electromagnetic torque value T,,,. Hence, the maximum power point tracking power [52]:

77



Figure 3.18 indicates that whenf8 = 0, there exists a maximum point C,  =C

and 4,,, = 8.123 value is attained [63].
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Figure 3.18: Characteristics of the wind turbine when =0, Cp versus A [63]
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Figure 3.19: Characteristics of the wind turbine when =0, P4, Versus w, [63]

As can be seen in Figure 3.19, the wind turbine works in the optimal power control region when

the rotor speed is between the minimum speed w1, and the rated speed wyq¢eq O when the

wind speed is between the minimum speed V,,,,;,, and the rated speed V,,-qteq- In this region,

the wind turbine should operate on the locus of the maximum power-point P, .
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3.6.3 Pitch Angle Control

The pitch control is used for controlling the amount of generated power by the wind turbine. Its
function is to maintain a constant output power from the turbine. To maintain the constant value
or not exceed the rated values, is by varying the pitch angle of the rotor blades. There are two
main methods of varying the pitch angle: one is from the difference between measured electrical
power and power reference, and the other is to obtain the pitch angle from the difference
between the measured mechanical speed and reference speed. These two signals give the error,
which can be inputted in the pitch controller.

Various strategies can be used to achieve the best values of pitch angle to maintain the output
power within the limit using a different controller such as P or PI controllers, and fuzzy logic
control [64]. The selection of the pitch control technique using PI controller is illustrated in
Figure 3.20. In this control technique, the difference between the rated power P, 404, Which acts
as the reference power, P, and the actual power P, generates the error signal that will be sent
to the PI controller to achieve an appropriate gain of output power, compared to the input

mechanical power, finally changing the pitch angle of the wind turbine blade as desired.

Vw
Rated 90° l
Power — P
B B P
Pl ref Pitch Wind Turbine ©
° > g »
Servo and Generator
Generated 5 ¢
Power Pe 0 \

A

Figure 3.20: Schematic diagram of the pitch angle controller using PI controller [64]

The optimal combination of proportional and integral gain improves the speed of the response

and also minimizes the steady-state error. The PI controller equation can be expressed as [64]:
B (1) =K, e(t)+ K, [e(t)dt (3.83)
Where K;, and K; are proportional and integral gains respectively, that are used to control the

response of the system, e(t) is the error difference between output and reference powers.
For a better understanding of the pitch angle control mechanism, the following power
characteristic for a typical large scale wind turbine will be explained. Four different regions are

shown in the power curve as a function of the wind speed as shown in Figure 3.21.
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In regions I and IV, when the wind is below cut-in wind vy, (¢~ ) and above cut-out wind
Vw(cut—o ) » the pitch angle is kept at 90 degrees to stop the rotor from rotating. In region II,
for wind speeds between Vy(cye—o ) and Vy(rqateq) the pitch angle is fixed at 0 degrees for

maximum aerodynamics of the rotor, and then maximum power captured from the wind kinetic
energy.

Betz’s limit
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wWind /

Rated power

—
)
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O . .
a Non-ideal turbine
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Wind speed
Cut-in Rated Cut-out >
- speed _l speed | speec
T i 2
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Figure 3.21: Power Output for a Wind Turbine Generator [64]

In region IIT for wind speeds between vy, (rateqy and Vy(cur—our) » the pitch angle g is varied

(decreased with an actuator constant rate limiter of 10 degrees/sec) for keeping the power

generated at its rated value.

3.7 Conclusion

In this chapter, an analytical and numerical modelling of wind turbine aerodynamics, wind
turbine drive systems, DFIG and WECS. A vector control of a grid-connected DFIM has been

proposed in a synchronously rotating dg reference frame, with the d axis oriented along with

the rotor flux space vector position. The direct current is thus proportional to the rotor flux while
the quadrature current is proportional to the electromagnetic torque. The main control system
using a traditional PI controller depends up on two controllers for RSC and GSC respectively.
The function of the first controller is to achieve the MPPT in RSC during variable wind speed
while the second controller is working in order to keep the DC link voltage constant during

simulation to keep the output voltage and frequency within acceptable limits.
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Chapter 4

Computer Simulations

4.1Steady-State Simulation of DFIG

The power system analysis for networks with WTG is complicated unlike the power system
with conventional energy sources such as thermal, hydro, and nuclear plants. This is because of
the following reasons:
e The power injected into the grid by WTG depends on the wind velocity, which is
unpredictable because of the and intermittent nature of wind; and
e Most of the WTG use induction generators, therefore, there is the problem of slip.
The power flow in the wind turbine system was modelled using the Simulink/MATLAB model
as shown in Figure 4.1. This Simulink model was executed by creating the steady-state
MATLAB script functions (m-files) which were used to simulate the steady-state operation
points of the simulation model. This simulation showed how the rotor speed of the induction
generator with respect to the input wind speed affect the power flow in the system. In this
simulation model, the MATLAB function was formulated and executed using the DFIG
parameters.
In this script, a 2 MW stator power of the DFIG model parameter was implemented. The
implementation was done by creating the speed and torque values as arrays which are the system
inputs, stimulating these input values, the output parameter for the three-blade wind turbine was
obtained. The programmed Simulink model can also calculate the moderate percentage of the
variables of the magnitude of the DFIG with respect to the specified input arrays of the wind
turbine speed and torque. Depending on how the reactive power of this model was controlled,
two different framework of the generation strategies were used. The first strategy was to make
the reactive power status Q; zero and the second strategy was to make the rotor current I,
zero. Both control strategies were simulated in a developed MATLAB script.
The simulations were carried out by running the MATLAB program for wind speeds ranging
from 5 m/s (cut-in speed) to 25 m/s (cut-off speed) in progressive steps of 2 m/s, with reactive
power Q; = 0 and rotor current Iz = 0 as a separate control strategy. The steady-state
operation of the machine displayed the variable outputs, with respect to the rotor speed and
torque input arrays, and the results for the voltage, torque, real power generated, efficiency, and
reactive power consumed by the WTG in both the methods are plotted in Figure 4.2 to Figure
4.4.
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Figure 4.1: Simulink/MATLAB model for Steady-state operation of wind turbine
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Figure 4.2 shows the DFIG’s torque vs speed characteristics, which stimulate the three-blade
wind turbine with a minimum speed of 900 rpm and a maximum speed of 1800 rpm. The DFIG
can run at above and below the synchronous speed to generate power. The generating mode of
the DFIG corresponding to negative torque values extends from the negative slip to the positive
slip region. Hence, the turbine output power and electromagnetic torque characteristics of

variable speed DFIGs are different from the traditional fixed-speed induction machine.
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Figure 4.2: The graph of torque (Tem) vs rotor speed (n)

Figure 4.3 shows the total power of the turbine shaft which is a form of mechanical power. This

power is the product of torque and speed. The maximum power value is -2.54 MW at 1800 rpm.
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Figure 4.3: The graph of total power (P;) vs rotor speed (n)

Figure 4.4 shows the rotor and stator active power. The rotor active power B. varies according
to wind speed. It was observed that the DFIG operates in the motor mode when the rotor is
driven below the synchronous speed. The negative sign of active power means that the power
is absorbed by the induction machine, while when the rotor runs at a speed higher than the
synchronous speed of the revolving magnetic field, active power is supplied from the induction

generator to the grid.
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Figure 4.4: The graph of the DFIG stator and rotor active power vs rotor speed

From the graph, at the synchronous speed, the rotor active power remained constant and this
corresponds to the rotor losses. The stator active power P is always negative in generator mode,
with maximum value pf P, = —2Mw at 1800 rpm. The sign of the rotor active power P,
depends on both the mode of operation of the machine (either motor or generator) and the

operating speed (hyper-synchronous or hypo-synchronous) P-4, = —400w at 1800 rpm.

4.2 Simulation Results for Active and Reactive Power

Simulations carried out using the MATLAB script for the active and the reactive power are
shown in Figure 4.5 to Figure 4.10. The program was simulated with a reactive power reference

Qs = 0 and plotted in red and d-axis rotor current reference I;,- = 0 as plotted in green as a
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separate control strategy. The influence of two different strategies does not make any big
differences for variables such as T,,,, P;, P; and P.. However, some other variables such as I
plotted in Figure 4.5, I, plotted in Figure 4.6, Q, plotted in Figure 4.8 and Q, plotted in Figure
4.9 were found to have huge differences in amplitudes with respect to the rotor speed.

Figure 4.5 and Figure 4.6 show that with two different control strategies Qs = 0 and I, = 0,
stator current I has a different value. When Q¢ = 0 (red plot) as a control strategy is adopted
the stator current value is on the lower side as shown in Figure 4.5. On the contrary when I, =
0 (green plot) as a control strategy the rotor current I, is on the lower side as shown in Figure

4.6.

3000 r
2 2000 =
.
1000 L‘stet to zeto
G L 1 J
800 1000 1200 1400 1600 1800 2000
n (rpmj
Figure 4.5: The graph of the DFIG Is (amps) vs n (rpm)
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Figure 4.6: The graph of the DFIG I; (amps) vs n (rpm)

Figure 4.7 shows that for a grid-connected DFIG, there is stator voltage V; amplitude remained
constant with the variable speed, while the rotor voltage V. amplitude varies with is the variable
speed. From the graph, it can be deduced that rotor voltage amplitude ;. is lowest at the
synchronous speed of 1500 rpm, and at a minimum and maximum rotor speeds, two peaks rotor
voltage amplitudes were observed. In this case, since, the working referencing is the stator side,
these peak rotor voltages are not the real rotor voltages. On transforming these rotor voltages to

real voltage, these amplitudes will be close to V; amplitude.
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Figure 4.7: The graph of the DFIG V: & Vi (volts) vs speed n (rpm)

Figure 4.8 shows the rotor and stator reactive power. With ;. = 0 as a control strategy, the

stator reactive power, (g, is higher than compared to when Q5 = 0 is a control strategy.
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Figure 4.8: The graph of the DFIG Qs (VAR) vs n (rpm)
Figure 4.9 shows the rotor reactive power Q, = 0 at synchronous speed, with both control
strategy Qs = 0 and I4,- = 0. It also shows the reactive network power varies according to the

wind turbine speed.
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Figure 4.9: The graph of the DFIG Q: (VAR) vs n (rpm)

Figure 4.10 shows the motor mode has higher efficiency than the machine operated in generator

mode since the stator of the machine sinks more reactive power in the generator mode.
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Figure 4.10: The graph of DFIG Efficiency (PU) vs n (rpm)

Earlier, the steady-state analysis was investigated for variable speed, and the next sets of
simulation were done for the wind turbine at a defined rotor speed and evaluated against the
steady-state operation of the system. From the simulation result, a rotor speed of 1356 rpm (142
rad/sec) corresponds to a torque value of -6050 Nm and a rotor speed of 1691 rpm (177 rad/sec)
corresponds to a torque value of -9450 Nm. Considering the generation mode scenarios to
evaluate the simulation model. Before commencing the simulation, a rate limiter control
component with a (+/- 100 rad/sec) slew rate was added in series with the speed reference input
to suppress the step variables/step changes, and also changes were made to the PI regulator
gain to make it four times faster than the steady-state condition.

On the commencement of the simulation, during the transient state, the initialization is very
high due to the high stator and rotor transient currents, however, in practice, this approach is
not recommended when approaching the simulation steady-state condition with respect to speed
and torque (reference vs actual) and current loops. The corresponding values of speed, torque,
stator, and rotor current, and the rotor voltage are tabled in Table 4.1. For the specified wind
turbine speeds, the steady-state results were obtained and compare with simulation model
results. The comparison was used to evaluate the simulation model at the desired rotor speed
against the steady-state.

Characteristic curves for the speed n, rotor current (1,.), torque (T,,,), d-axis rotor voltage V.,
and stator current (Ig), are shown in Figure 4.11 to Figure 4.20. Figure 4.11 to Figure 4.15
shows the simulation model graph of speed reference and the speed vs time graph at 142
(rad/sec) speed reference at 1.55 sec modelling time. Figure 4.16 to Figure 4.20 shows the
simulation model graph of speed reference and speed vs time graph at 177 (rad/sec) speed
reference at 2.1 sec modelling time as steady-state conditions.

Figure 4.12 and Figure 4.17 show the simulation model graphs of rotor currents at /- = I, at
1350 amps and 2200 amps respectively. These are equal or close to the steady-state rotor current

1340 amps and 2200 amps as shown in Figure 4.6.
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Figure 4.13 and Figure 4.18 show the simulation model graphs of V. = \/ Vgr)? + (Vq)zz 60V

and 100V respectively which are equal to the steady-state value V. = 60V and 110v as shown

in Figure 4.7.
Figure 4.14 and Figure 4.19 show the simulation model graph of torques -6050 Nm and -9450

Nm as shown in Figure 4.2.

Figure 4.15 and Figure 4.20 show the stator current magnitudes I, = 1000 amps and 1500 amps

are close as shown in steady-state Figure 4.5.

Table 4.1: Wind Turbine simulation model at different turbine speed

Sn Speed Torque (N-m) I I V.
Steady- | Simulation | Steady- | Simulation | Steady- | Simulation | Steady- | Simulation | Steady | Simulation
state Model state Model state Model state Model State Model
1 1182 1182 -4550 -4550 875 920 1090 1100 110 100
2 1356 1356 -6050 -6000 1160 1200 1325 1350 60 60
3 1691 1691 -9450 -9455 1770 1790 1850 1860 73 75
o Bpaod va Timo
0 | -
..t_:i —
o
o -~  Spoed
E . Speed_roforence
o)
o
2, | i ]
u 15 2 25
Time 1n sec
Figure 4.11: The steady state simulation graph at 142 rad/sec speed vs time
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: The study state simulation graph of Iy vs time
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Figure 4.13: The steady state simulation graph of Vg, vs time
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Figure 4.14: The steady state simulation graph of torque vs time
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Figure 4.15: The steady state simulation graph of Is vs time
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Figure 4.16: The steady state simulation graph at 177 rad/sec speed vs time
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Figure 4.17: The steady state simulation graph of Iy vs time
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Figure 4.20: The steady state simulation graph of Is vs time

4.3 Analytical Simulation of DFIG Model

This section presents the simulation of the DFIG connected directly to the network through the
stator, where the integration of power is controlled by its rotor through an AC/DC and DC/AC
converter. The MATLAB/Simulink model is depicted in Figure 4.21, using the WT MPPT
control Simulink block. The utilization of the DFIG for WT with variable rotating speed allow
for the possibility to decrease the power of the converters. For a normal operation, the rotor
converter VSC controls the rotating speed or the torque of the DFIG, and the grid converter
VSC is responsible for the delivery of the produced energy into the grid and the reactive power
control. The DFIG and WT parameters used for the wind turbine maximum power point
tracking, and block dynamic control was formulated and implemented using a MATLAB script.

In this script, a 2 MW stator power of the DFIG model has been loaded.
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Figure 4.21: Block diagram of the WT maximum power point tracking control model

As shown in Figure 4.21, is the wind turbine model which has already included in the steady-
state model as depicted in Figure 4.1. The input to the proposed wind turbine model was the

variable wind speeds, for instance, where the wind speed of 8 m/s was chosen as the input to

the WT model. Within the WT block, the value of ,,; = Rv—m, will be calculated by, using the

values of turbine rotational speed €, wind speed ¥, and the turbine blade radius R. In this WT
model, as referred to the low-speed shaft and this requires the consideration of gear ratio N. The
calculated value of 4,,,; can be obtained by indexing the torque coefficient C, as shown in
Figure 4.22. On achieving both 4,,; and C;, with the variable wind speeds V;,, the following
T, = % prtR3V,2C, turbine torque formula can be implemented, obtained by dividing the torque
by the gear ratio N in order to achieve the turbine torque at the shaft rotating at a high speed.

Finally, the value to be multiplied by (—1) to get the generator convention.

On implementing the indirect speed control, the turbine torque T, is obtained by measuring the

speed multiplied by the constantf_,, using the damping coefficient of the mechanical system as

positive feedback to the closed-loop control system as shown in Figure 3.16. Here the dominant
part would be the turbine speed. During the indirect speed control, the system does not require

the speed value and PI controllers.
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Figure 4.22: The graph of dynamic modelling power coefficient C, vs tip speed ratio
(Lambda) and Wind Turbine power (Watts) vs Wind speed (meter/sec) [63]

Figure 4.23 and Figure 4.24 show the wind turbine MPPT simulation model characteristics at 8
m/sec and 10 m/sec of wind speed. Observed in Figure 4.2, the torque response for the wind
speed and i, current indicate that more oscillations occur at the low torque due to the reduction
in mechanical inertia. The more the mechanical inertia, the more the torque oscillations. On
achieving the steady-state condition at 2 sec of modelling time, wind turbine speed and
correspondence torque values were tabled for angular speed of 140 rad/sec, at a torque of -5500
Nm, and a mechanical wind turbine power output approximately equal to 770 kW was obtained.
Further, the wind speed was increased from 8 m/sec to 10 m/sec and the steady-state simulation
at 6 sec of modelling time was observed. On achieving the steady-state at 6 sec of modelling
time, wind turbine speed and correspondence torque values were tabulated for 170 rad/sec, at -
8800 Nm respectively and a mathematical wind turbine power outcome equivalent to 1.49 MW
was recorded. These two simulated outcomes are very close to the steady-state characteristics

graph numerical values as shown in Figure 4.2 and Figure 4.3.
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Figure 4.24: The dynamic state WT MPPT graph of torque vs time

4.4 Simulation Model of DFIG Grid-Connected Converter

Figure 4.25 shows the MATLAB/Simulink model coupled with a power electronic converter
for connecting the DFIG to the grid. The grid side converter block diagram for the power
electronic converter is shown in Figure 4.26, including the DC bus voltage, grid side filters, and
resistance, inductance, and PI controller gains. The formulation of this model was obtained by
incorporating the grid side converter into the already designed WT MPPT steady-state
simulation model presented in Figure 4.21.

The simulation started at 7.5 m/sec of wind speed, with the implementation of MPPT algorithm
control. The controller strategy itself works with the generator rotor referring to the stator, but
this creates output voltage and current as a real reference to the rotor side. All the generator

parameters used are referred to as the stator side.
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Figure 4.26: Grid voltage oriented vector control (GVOVC) block diagram [52]

During the start-up, the RSC and GSC have a stable operating point, hence the DC bus voltage

stabilizes at the maximum set active power corresponds to the iy, current. It indicates the

working status of current loops in the GSC. On acquiring the stable grid side performance, it

was observed that the RSC current and torque loops controllers were also working and the wind

turbine speed accelerated using the MPPT controller to attain its optimum rotational speed

corresponding to the input wind speed of 7.5m/sec. On achieving the steady-state conditions at

2.0 sec in the simulation model, the wind speed was increased to 11m/sec until the grid model
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achieve steady-state conditions at 5.55 sec with a modelling cycle up to 6.3 sec.

Figure 4.27 and Figure 4.30 show that the DC bus voltage stabilised processes and constant

stator voltage, during steady-state condition at 2.0 sec and 5.55 sec simulation period at

7.5m/sec and 11m/sec wind speed respectively.
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Figure 4.27: The steady-state conditions graph of DC bus voltage vs time

Figure 4.28 and Figure 4.29 represent the d-axis I, current’s stabilization process and V,,

voltage reference during steady-state condition at 2.0 sec and 5.55 sec simulation period at

7.5m/sec and 11m/sec wind speed respectively.

Lie Grid Side D-axis

WVa: Grid Side D-axis

Current in Amps

WVoltage in Volts

idg vs Time
¥ 1 | 1
J g
| | | | | | | |
2 25 3 35 4 45 ] 55 8
Time in Sec
Figure 4.28: The steady-state conditions graph of I4g current vs time
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Figure 4.29: The steady-state conditions graph of Vgg voltage vs time
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Figure 4.30: The steady-state conditions graph of stator voltage Vs vs time
At 11 m/s input wind speed, the MPPT algorithm operates at less torque and high wind turbine
speed. This means the rotor will have more power i, therefore, it was observed that vp,
starting to oscillate. Figure 4.27 to respond to the reference signal, resulting igq to vary
accordingly in Figure 4.28. With the added performance of Qg4 oy = 400V A4 in the grid side
converter, simulation signals shows i 4, modified according to the changes in Q4 ;.5 and at the
rotor synchronous speed close to the simulation time of 3.5s the i current is minimum as shown
in Figure 4.31. The rotor currents are almost constant as shown in Figure 4.35. At

hypersynchronous speed, the rotor active power increases, hence, i, increases Figure 4.31.
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Figure 4.32: The steady-state conditions graph speed vs time
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Figure 4.35: The steady state conditions graph rotor current I vs time
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Chapter 5

Experimentation and Network Analysis

5.1 Introduction

This chapter presents the experimental set-up, experimental results, the design, and control of

the DFIG wind turbine. This was followed by the analysis of integration and the control of wind

energy into the network as replicated in the laboratory. This experimental study is aimed to

achieve the following objectives:

e To further the understanding of the design and operation of the wind power plants.

e To learn about the physical principles and the process of how wind power is transformed
into shaft power and finally into electrical power.

e To learn about wind power plants with respect to the design and operation using the doubly-
fed asynchronous (induction) generator.

e To investigates the wind turbine generator operation at various wind intensities, as well as
control the output voltage and frequency.

e To determine the optimal operating points of the wind turbine power plant under various
wind conditions.

The experimental study was carried out at the HVDC, Smart Grid laboratory, situated at the

University of KwaZulu-Natal, Westville campus. The experimental studies were done using

variable-speed wind turbines. For the experimental set-up, the 0.8 kW doubly-fed asynchronous

generator was used with the parameters for this turbine is provided in the next section. This

turbine is a laboratory scaled model that can be used to replicate the real-world scenario, thus,

has the capability to validate experimentally a real wind turbine [65].

Firstly, the power control of the DFIG was achieve by controlling the magnetising rotor current

of the turbine. The effect of change in wind speed and change in supply frequency are also taken

into consideration for the performance analysis of the DFIG. The performance of the DFIG

speed control operation in a grid-tied wind energy conversion system was also analysed. To

generate the maximum power under the variable wind speed, the generated power followed the

wind speed profile which is used to verify the robustness of the controller. The results of this

experimental study are used to validate the simulations results presented in Chapter 4.
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5.2 Experimental Set-up

The variable wind turbine experimental set-up is made up of the Labsoft environment using the
LUCAS-NULLE servo-machine that consists of a digital controller, a brake, and the Active-
Servo software. The variable speed DFIG controller CO3208-3A test bench with "WindSim"
software was used to analyse the performance of the DFIG system under low grid voltage. The
figure for the experimental set up is shown in Figure 5.1. These components that comprise the

experimental workbench are discussed as follows:

Figure 5.1: The experimental test bench [65]

C0O3208-3A —Variable Speed DFIG Controller

The controller employed in this experimentation permits the control and operation of a variable-
speed, double-fed induction generator under laboratory conditions. The control unit makes it
possible to replicate real scenarios that are of practical significance. The software in the test
bench enables the operation and visualisation of measured values. The control unit has the
following features: two controlled three-phase inverters, sub-synchronous and super-
synchronous operation of the induction generator, integrated power switch for connecting the
generator to the grid, independent control of reactive/active power in terms of frequency and

voltage, manual and automatic network synchronisation, input for the incremental sensor,
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integrated brake chopper for experiments on fault ride-through, connection voltage: 3 x 300 V,

50Hz, maximum output power: 1 kVA.

SE2662-6W -Three-phase motor-generator

Figure 5.2: Three-phase motor-generator (DFIG unit) [65]

The majority of the modern wind turbines uses doubly-fed asynchronous generators to supply
power grids with electricity. Figure 5.2 depicts a three-phase, multi-function machine (doubly
fed induction generator) which was used for the wind turbine generator. The DFIG unit has the
following rated features: voltage: 400/230 V, 50 Hz, current: 2.0 A / 3.5 A, speed: 1400/ 1500
rpm, power: 0.8 kW, cos phi: 0.75, excitation voltage: 130 VAC / 24 VDC, excitation current:
4 AAC/ 11 ADC.

CO0O3208-3B -Three-phase transformer
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Figure 5.3: Three-phase isolation transformer for the DFIG coupling [65]

Shown in Figure 5.3 is the Three-phase delta to star isolation transformer unit which is used for
coupling the doubly-fed wind power plant to the supply network. The transformer unit has the
following specifications: primary voltage: 3 x 400 V, secondary voltage: 3 x 300 V, and rated
power: 1 kVA.
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SE2662-5T —Incremental Encoder

Figure 5.4: Incremental pulse encoder [65]

Figure 5.4 shows the incremental encoder which is used for the wind turbine speed feedback
control system operating as a closed-loop control system. It has the following features: 1024
pulses, TTL level, speed: 6000 rpm, and moment of inertia: 35 gcm.
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Figure 5.5: Servo machine controller SE2663-6U test bench [65]

Figure 5.5 is the servo-machine SE2663-6U used for testing and examining electrical machines
and drives. It consists of a digital controller, a brake, and Active-Servo software. The system is
used to manually and automatically carry out synchronisation when connecting DFIG to the
grid. The controller has the following features: dynamic and static four-quadrant operation, and
10 selectable operating modes/machine models (torque control, speed control, flywheel, lifting
drive, roller/calendar, fan, compressor, winding gear, arbitrarily defined time-dependent, load,

manual and automated network synchronization).
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Main power supply CO3212

Figure 5.6: Main power supply (laboratory setup) [65]

The mains power supply as shown in Figure 5.6 is used to supply both DC and AC voltages.
The power supply unit is specially designed for operation with electrical machines that have the
following specification: Three-phase: L1, L2, L3, N accessible via 4 mm safety sockets, DC
variable voltage: 0 - 240 V, constant and electronically protected against overload and short-
circuit, Output current: 3 - 10 A (adjustable current limitation setting), Second DC voltage 210
V DC, 6A fixed, Protective devices: Motor protection CB switch, adjustable from 6.3...16 A,
Under-voltage trip, Emergency OFF switch, Mains connection: CO3212-5U: 3 x 230/400 V,
50 Hz, CO3212-5U7: 3 x 120/208 V, 60 Hz, Dimensions: 297 x 228 x 140 mm (HxWxD),
Weight: 3 kg.

5.2.1 Experimental Components Specifications

Several virtual instruments from the Labsoft environment were used for the operation of the
experimentation. The experimental arrangement showing the various equipment used is shown
in Figure 5.7 and the description of the specification of the main equipment in the Labsoft

environment is detailed in Table 5.1.
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The experimental set-up consists of a 1 kVA variable power supply, static and dynamic four-
quadrant operation servo machine with a digital controller, a brake, the ActiveServo software,
and an incremental encoder feedback SE2662-5T used as a wind turbine emulator. Two back-
to-back 6 pulse IGBT inverters are used, for the switching frequency. For this study, a 3 kHz
was chosen as there is a balance between switching losses and the accuracy of the desired
signals achieved. A three-phase delta to star isolation transformer unit CO3208-3B was used
for coupling the doubly-fed wind power plant to the supply network, data acquisition system
CO5127-1Z, and a real-time digital simulator CO3208-3A, which is a powerful tool for rapid
control and has the Intel® Xeon Quad Core 2.4 GHz Processor.

If — |
DFIG-CO03208-3A, £ Transformer- %_ DFIG Controller
5 =.
connections = CO03208-3B = CO0O3208-3A
(Stator & Rotor) -[:‘

Data acquisition

panel- CO5127-1Z

DFIG-CO3208-3A

Encoder- GRID power
SE2662-5T
supply
—
Wind turbine
emulator

Al

Figure 5.7: Drive train of the experimental rig setup at HVDC center at UKZN
The schematic circuit diagram for the connected experimental set-up to replicate the WECS
system is shown in Figure 5.8. The experimental system consists of a 4-pole three-phase wound-
rotor induction machine. Each phase of the stator winding is accessible via the connection
module to allow wye or delta connection. The rotor is wye connected to four slip rings giving

access to all windings, including the neutral.
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Figure 5.8: Schematic of the connected experimental setup to emulate WECS

5.2.2 The Lab-soft Software Environment

Table 5.1 documents the equipment specifications used in the Labsoft environment with regards

to code names, descriptions, and quantity used in the experimentation.

Table 5.1: Equipment’s list used in Labsoft environment

Used Virtual Instrument/s Description Qty.

CO3208-3A Controller for a wind power plant's doubly-fed | 1 (Unit)
induction generator (1 Unit)

SE2662-6W Three-phase, multi-function machine (doubly-fed | 1 (Unit)
generator)

C0O3208-3B Three-phase isolating transformer for a wind power | 1 (Unit)
plant to the supply network

SE2662-5T Incremental position encoder (1024 pulses) 1 (Unit)

C03636-6W/C0O2663-6U Servo-machine test stand (1 kW) 1 (Unit)

C0O3212-5U Power supply for electric machine 1 (Unit)

SE2662-6A Coupling sleeve (1 kW) 2 (Units)

SE2667-6B Coupling guard (1 kW) 2 (Units)

C)5127-1Z2 Analog/digital multimeter, power & power-factor | 1 (Unit)
meter

SO5148-1L Set of safety connection cables (4 mm) 1 (Unit)

S05126-9Y Safety connection plug (4 mm) 20 (Units)

S0O5126-9R Safety connection plug (19/4 mm) with tap 5 (Units)
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Figure 5.9, illustrates the processes involved in the experimentation and how the equipment is
arranged to carry out these laboratory experiments. Included in this diagram is the modelling
and control aspect developed in MATLAB/Simulink environment. Thus, the mathematical
model and the control are created in the MATLAB/Simulink, interfaced with the Labsoft
environment. Once the model is running in the real-time simulator, a Simulink-based interface
(i.e. console) is created to give the user access in real-time values of the signals and parameters
within the model. The graphical user interface (GUI), the operations, and the results from these

processes are presented in various sections of this chapter.

Real Time Simulator
CO3208-3A

Modeling and control design
environment (Matlab/Simulink) [Model importing
/—"—7—'_\\ Tool- Labsoft-
« Plant )< @ indsi
\\7\-—7—— /V/

t

r—r—

- \
( Control )
. v

—

User interface l ! T
@} I/0 interface and
% signal conditioning
L CO5127-1Z
| |
| : Real Plant
I — — — —\ = &}
L JemoConivol A &

Figure 5.9: Schematic diagram for the monitoring, operation, and control of the experiment on

Labsoft

5.3 Operation of GUI for DFIG Control

5.3.1 Influence of mechanical speed on generator voltage at zero rotor

frequency

As part of this experiment, the servo machine (wind turbine emulator) is designed to run at
variable speed. The experimental workbench parameters used are described in section 5.2. The
DFIG in speed control mode and set speed ranges include 1200 rpm, 1300 rpm, 1410 rpm to
1500 rpm at the stator voltage amplitude of 40 % at a rotor frequency of 0 Hz. This indicates
that the generator behaves like a synchronous generator and the results for this simulation are
presented in Figure 5.10 and Figure 5.11. For these results, Figure 5.10 (a) is at the mechanical
speed of 1200 rpm, rotor frequency is 40 Hz and voltage frequency is 40 Hz. Figure 5.10 (b) is
at the mechanical speed of 1300 rpm, rotor frequency is 43Hz and voltage frequency is 44 Hz.
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Figure 5.10: The graph of generator voltage and rotor current at (a) 40Hz and (b) at 44 Hz
variable rotor frequency

Figure 5.11 (a) is at the mechanical speed of 1410 rpm, rotor frequency is 47 Hz and voltage
frequency is 47 Hz. Figure 5.11 (b) is at the mechanical speed of 1500 rpm, rotor frequency is
50 Hz and voltage frequency is 50 Hz.
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Figure 5.11: The graph of generator voltage and rotor current at (a) 47Hz and (b) at 50 Hz
variable rotor frequency

5.3.2 The Influence of Variable Rotor Frequency on Stator Frequency
In this experiment, with the wind turbine running at variable speed and explains the relationship
between generator speed, rotor current frequency, and stator frequency. This experiment was

performed to determine the feed frequency required by the rotor to raise the voltage frequency
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of the generator's stator to 50 Hz at a speed of 1200 rpm to 1400 rpm. Setting the DFIG in the
speed control mode, the stator voltage amplitude is at 40 %, at a rotor frequency of 0 Hz.

For Figure 5.12 (a) at the speed of 1200 rpm, the rotor voltage's frequency was set at 10 Hz
while for Figure 5.12 (b) at speed of 1300 rpm, the rotor voltage's frequency was set at 7 Hz.
As shown in Figure 5.12 (¢) at Speed of 1400 rpm, the rotor voltage's frequency was set at 3

Hz.

IN ohG coNTROL + W T TTTTTT T ! [N 0FIG CONTROL

i, Stator Voltage }E Rotor Current E rrtguncr pue)

it
APPLITUSE (%)

Figure 5.12: (a) The graph of generator voltage and rotor current at variable rotor frequency
40 Hz vs stator voltage frequency 50 Hz (b) The graph of generator voltage and rotor current
at variable rotor frequency at 43 Hz vs stator voltage frequency 50 Hz and (c) The graph of
generator voltage and rotor current at variable rotor frequency 47 Hz vs stator voltage
frequency 50 Hz

Graphical results as shown in Figure 5.12, established that, for the variable mechanical speed,
the stator frequency can be held constant by adjusting the rotor frequency, and at the constant

rotor speed, the stator frequency can be varied via the rotor frequency.
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5.3.3 The Influence of rotor current on stator voltage

The relationship between the rotor current and the stator voltage was analysed using the
laboratory experiment. This experiment determined the influence of the rotor current on the
stator voltage at different rotor frequencies for 0 Hz and 10 Hz. The experimental workbench
parameters were kept as used in previous experiments, the DFIG was set at the speed control
mode, and the set speed was 1200 rpm. Here, the rotor frequency was set to 0 Hz, and slowly
the rotor current was varied from 0.5 A to 3.0 A. To obtain the corresponding stator voltage,
the experiment was repeated for 10 Hz at the varying range of 0.5 A to 3.0 A. Experimental
results are outlined in Table 5.2 showing that increasing the rotor frequency at constant
amperage also increases the stator voltage and the rotor current. The mechanical rotor speed
and rotor current frequency also increase thereby increasing the speed of the rotor's magnetic
field and raising the stator voltage.

Table 5.2: Corresponding DFIG stator voltages at various rotor frequencies and variable rotor

currents
IRot [A] 0.5 1.0 1.5 2.0 2.5 3.0
Rotor Freq. 0Hz UStat [V] | 52 116 175 201 240 257
Rotor Freq. 10Hz 78 150 215 277 305 344

E35‘3'
5 Rotor frequency set to zero |
= D j A
] | Pl
:;.* 25ﬂ Ao e ————— F‘-’__ SRR _-_'.__._._—H'.‘.'.'.'
8 -~
@ 200
fué) _,-—-"_F.J ..—F-"-‘-—-‘—-_
= 180 Pl s
- ' Rotor frequency set to 10 Hz
et
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=
0
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O
I: Rotor current in Amps

Figure 5.13: The graph of DFIG stator voltage vs rotor current

As shown in Figure 5.13, 0 Hz rotor frequency and 10 Hz rotor frequency. The experiment’s
results revealed that a change in rotor current from 2 A to 3 A increases the stator voltage to a
lesser extent than a change from 1 A to 2 A. This is due to the generator's saturation effects so

increasing the speed at a constant rotor current increases the stator voltage.
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5.3.4 Grid synchronization for a DFIG

Discussed in this section is the synchronization of the generator with the grid under the
influence of rotor current and frequency. For the synchronizing of the generator to the grid, the
following conditions must be met;

e (rid frequency must be equal to generator frequency

e The grid voltage must be equal to generator voltage; and

e The grid phase angle is equal to the generator phase angle.
On the machine test stand, the speed control loop mode was selected and set the speed of 1200
rpm. The generator's voltage amplitude and frequency were slowly varied so that all criteria for
synchronizing the generator to the grid are met as shown in Figure 5.14. This was achieved by
fine-tuned the experiment by using the synchroscope for adjustment of the frequency as shown

in Figure 5.15, where the frequencies of the turbine and the grid were synchronized.
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Figure 5.14: Synchroscope status before synchronization of DFIG with the grid
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Figure 5.15: Synchroscope status after synchronization of DFIG with the grid

The experiment inferred that, if the generator and grid frequencies are similar, a phase shift

occurs between the generator and grid. In this case, the phase angle can be adjusted through
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minor changes in the generator frequency. At the same time, it reveals that the rotor current
influences the generator voltage's magnitude and influences the synchronization of the DFIG
into the grid. Thus, as the speed changes, the generator voltage, frequency, and phase angle are

regulated to achieve synchronization with the grid.

5.3.5 Operation of the GUI for Power control

This experiment provides an analysis of how to control the doubly-fed induction generator to
supply the grid with energy. Key aspects of the experiment are the active and the reactive power

control during the sub-synchronous operation, and the super-synchronous operation.
5.3.5.1 Active power control during sub-synchronous operation:

In this experiment, the power control instrument was selected at the stator power mode. On the
machine test stand, the speed control mode was selected the speed set at 1200 rpm, and the
generator slowly synchronize with the grid. This experiment was used to investigate the power
distribution and the excitation power at various generator output power levels. At the same time,
supplying the grid with power was to ascertain the influence of generator speed on the
integration of power into the grid. At the MSC, as shown in Figure 5.16, the active set-point
value is 0, the active power of LSC value is -78 W and the grid side is -76 W, which indicates
that only the active power is received from the grid. The power which is being used for generator
excitation, showed that a rise in speed does not significantly influence the power consumption
for generator excitation. On the machine test stand, the speed is set at 1300 rpm. The active set-
point power for the MSC was varied progressively from 0 to S00W, and the results are presented

in Table 5.3.

ey

MSC LSC
POWER POWER
ACTIVE [%2] REACTIVE [52]
EE- | s
REACTVE[%] jL
B

Figure 5.16: Power control instrument- stator power mode at zero (0) active power set point
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Table 5.3: Corresponding grid side and load side active powers vs set MSC active power from

0-500W
DFIG P(Watts) | 0 30 100 150 200 300 400 500
Gnid P(Watts) | -77 -35 5 44 82 156 225 302
LsC P(Watts) | -76 -82 -90 -100 -110 -132 -159 -192
- Hodm B I N | ——
2 400 | Grid Active Power
| i |

DFIG Generated power in Watts

0 50 100 150 200 250 300 350 400 450 500
LSC and Grid’s Active power in Watts

Figure 5.17: The graph of LSC's and Grid’s active power vs DFIG power

The experiment results in Figure 5.17 reveal that at a constant generator speed, the LSC's active
power consumption rises as the generator power rises. On the other side, at the set DFIG speed
to 1200 rpm and with an adjustment to the MSC's set point power the generator active power
output was maintained at 400 W. By increasing the generator speed from 1200 rpm in steps of
50 rpm, while keeping the generator power constant, the resultant corresponding values were

captured, as documented in Table 5.4.

Table 5.4: DFIG, LSC, and grid’s active powers at corresponding progressive variable DFIG
speeds from 1200 rpm to 1450 rpm

N (rpm) 1200 1250 1300 1350 1400 1450
Grid 203 219 236 250 265 280
LSsC P(Watts) -197 -181 -165 -149 -133 -117
DFIG P(Watts) | 400 400 400 400 400 400
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Figure 5.18: The graph of DFIG, grid, LSC’s active power vs speed

The experiment results as shown in Figure 5.18 reveal that, if the generator's active power
remains constant, the grid's input active power rises and LSC's active power consumption drops
responding to progressive changes in the speed. During the sub-synchronous operation of the
generator, LSC consumes power from the grid all the time, however, the generator’s power can

be adjusted independently of the speed.
5.3.5.2 Active power control during super-synchronous operation:

This experiment investigates the doubly-fed induction generators power components work
while supplying the grid with power in the super-synchronous mode, with regards to the effect
of speed variations. This experiment the synchronizing the generator with the grid, thus, it was
used to investigate the power distribution and excitation power at various output.

In this experiment, the power control instrument was selected to be the stator power mode and
on the machine test stand, speed control mode was selected and set at the speed of 1200 rpm,
slowly synchronising the generator into the grid. In this case, the generator runs without any
power being transmitted to the grid via the stator, increasing the generator speed further to 1900
rpm. At the MSC by setting an active set-point value of 0, the active power of LSC is -72W and
the grid side is -72 W. On the machine test stand, the active set-point power was varied for the
MSC progressively from 0 to S00W, and the results obtained are tabulated in Table 5.5.

Table 5.5: DFIG, LSC, and grid’s active powers at super synchronous speed 1900 rpm at
varied MSC set points

GRID P(Watts) | -72 -11 47 150 163 277 400 500
LsC P(Watts) | -72 -39 -49 -39 -28 -9 7 20
DFIG P(Watts) | O 50 100 150 200 300 400 500
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Figure 5.19: The graph of the GRID and LSC's active power vs variable MSC set points

The experimental results as plotted in Figure 5.19 reveal that, as the generator power rises, the

LSC's active power consumption drops and even turns negative, in super synchronous speed.

When the generator speed was slowly varied to 1650 rpm and the MSC's set point adjusted to

zero power, the generator output active power of 500 W was obtained. Thereafter, the generator

speed increases in steps of 50 rpm up to 1900 rpm while keeping the generator output power

constant at 500 W. Thus, the results for this experiment are documented in Table 5.6.

Table 5.6: Grid and LSC’s active power at a variable speed from 1600 rpm to 1900 rpm at
constant DFIG power

Speed in RPM

N (rpm) 1650 1700 1750 1800 1850 1900
Grid P(Watts) | 440 455 470 485 504 520
LSC P(Watts) -63 -46 -30 -14 3 18
DFIG P(Watts) 500 500 500 500 500 500
600 ;
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Figure 5.20: The graph of the grid and LSC's active power vs Speed (RPM)

The experiment results as plotted in Figure 5.20 reveal that as the speed rises in the super

synchronous stage, the LSC's active power consumption drops, and as a consequence, the grid's
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input active power rises.
5.3.5.3 Power distribution

This experiment investigates for the relationship between the stator and rotor power of DFIG
with respect to the variations in the DFIG speed. In this experiment, the power control
instrument for the stator power mode was selected and on the machine test stand, speed control
mode was selected and set to the speed of 1200 rpm. The generator was then slowly
synchronized with the grid. In this case, the generator runs without any power being transmitted
to the grid via the stator and the MSC set-point power was increased until a stator output power
of 400 W was achieved. The sets of speed used are indicated in Table 5.7 with obtained values

showing corresponding power levels on the LSC and rotor active power.

Table 5.7: Corresponding rotor active power, slip, and LSC active power at variable DFIG
speeds from 1200 rpm to 1800 rpm

N ®RPM) | 1200 1300 1400 1500 1600 1700 1800
Slip 0.20 ol15 0.07 0.00 -0.07 -0.15 -0.20
Prot P(Watts) | -80 -60 -28 0 28 60 80
LsSC P(Watts) | -197 -167 -137 -102 -75
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Slip
Figure 5.21: The graph of the rotor and LSC’s active power vs slip
In plotting the measured values with theoretically calculated values of PB. = —sP; as shown in

Figure 5.21, the measured curve for LSC active power shifted considerably from the theoretical
rotor active power curve. This shift is due to the system's power losses. To eliminate the power
losses from the measured values, it is assumed that the LSC's power is 0 at synchronous speed,
with the power at synchronous speed subtracted from the other measured values. The new

values are presented in Table 5.8.
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Table 5.8: Eliminating the measured value losses from table 5.7 to determine the

corresponding power levels on the LSC

N (rpm) 1200 1300 1400 1500 1600 1700 1800
slip 0.20 0.15 0.07 0 -0.07|  -0.15 -0.20
- P(Watts) -80 -60 -28 0 28 60 80
LSC P(Watts) -60 -30 0 -32 -62

Figure 5.22, shows a comparison between the measured values and theoretical values with the
elimination of the power losses from the measured values. It can be inferred from the graph that
the losses occur during switching operations from the generator's controller during the
excitation of the generator.

100 4
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i | LSC's Active Power
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Rotor power and LSC’s

=150

005 000 005 010 0.20 0.30

Slip

0.15 0.25

Figure 5.22: The graph of the calculated rotor power and LSC’s power vs slip

5.3.5.4

This experiment provides an analysis of the relationships between a DFIG's reactive power,

Reactive power control

rotor current, and torque in terms of the overexcited and under excited modes under the
influence of various generator’s speed. In this experiment, the power control instrument was
selected to the stator power mode and on the machine test stand, speed control mode was
selected and the speed was set at 1200 rpm, before slowly synchronising the generator with the
grid. In this stage, the generator runs without any power being transmitted to the grid via the
stator. This varied the MSC set point reactive power as indicated in Table 5.9 and the values

obtained corresponding to rotor currents, and torque levels are presented.

114



Table 5.9: Values of rotor currents at different DFIG speed and reactive power

QDFIG (VAR) -300 -200 -100 0 100 200 300
N=1400 |IRot(A) 0.7 1.2 1.8 2.5 3.2
N=1900 [IRot(A) 0.7 12 1.8 2.5 3

DFIG Reactive Power in VAR

0.0 0.5 10 15 2.0 25 3.0 a5 4.0 45

5.0
IROMA]
Ir Rotor Current in Amps

Figure 5.23: The graph of the DFIG reactive power (VAR) vs rotor current (amps)

The experimental results as presented in Figure 5.23 reveal that the DFIG should be operated
in the overexcited mode, hence, the rotor current rises and the generator supplies reactive
current to the grid. The disadvantage of operating the generator while the outputs is reactive
power is that the output of active power is limited to prevent the generator from being
overloaded.

The experiment results as documented in Figure 5.24 reveal that the DFIG supplies both at high

active and reactive powers with a corresponding higher rotor torque.

Table 5.10: Values of DFIG active and reactive power at different rotor torque

PDFIG [W] 0 0 0 0 100 200 300
M[Nm] -0.6 -1.4 -2.2 -3
QDFIG (VAR) -300 -200 -100 0 100 200 300
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Figure 5.24: The graph of DFIG’s electrical power vs mechanical power

5.3.6 Operation of the GUI for the Control center

5.3.6.1 Auto power control

This subsection explains how to operate the generator supplying the grid at varying wind
speeds. This helps to determine the generator's behavior with respect to varying speed and also
determine the optimal operating points needed for understanding the control characteristics of
wind turbines. Hence, ascertaining the operating points for starting a wind turbine are used to
understand the transition from the rated operation to a super-synchronous operation. As shown
in Figure 5.25, the control center instrument was selected to the stator power mode and on the
machine test stand, slowly wind speed was increased in steps, presented in Table 5.11. This
ensure that, at each of the various wind speeds, the DFIG raises the power to a level where the

grid's input power is maximised with a stable operation.
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Figure 5.25: Control centre GUI display at 11.5 m/s wind speed and DFIG speed at 1899 rpm
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Table 5.11: Total generated power at variable wind speed and corresponding generator speed

V (m/s) 5 6 7 8 9 10 11 11.5
n (RPM) 1020 1210 1390 1580 1775 1890 1899 1899
P tot (W) -50 2 75 172 300 462 604 662
E1800{F g Lo
o 1800
g 2 T genes
= £ 1400 g
5 2 4200 | . .DFIG Pawer
= 8 4000 l
- ™ .
- B 800 4 ]
b © 600 o
R |
o 9
= B 200
BN
a 0 4
-200 4

10 11 12 12
vimi/s]

Wind speed in meter/sec

Figure 5.26: The Graph of the DFIG speed and power vs variable wind intensity

Experimental results as shown in Figure 5.26, indicate that the generated feed power responds
to the corresponding generator speed at various wind speeds, as indicated by this characteristic
curve. The operating point at different wind speeds was chosen so that the wind turbine can
maximises the utilisation of the available wind power. This applies to a large portion of the
curve. Near the top of the characteristic curve, the wind turbine no longer operates at maximum

power. The speed selected for operation under full load is usually lower than the ¢p

characteristic's optimum level. This improves the wind turbine utilization in the partial load
range.

The wind speeds for the operating points are specified as starting (when power is fed into the
grid) at 6.0 m/s, the transition to super-synchronous operation is at 8.0 m/s, and rated operation

(when the rated power of 800 W is fed into the grid) at between 11.5 m/s to 12 m/s.
5.3.6.2 Influence of pitch angle on the power

In this aspect of the experiment, the effects of adjusting the pitch angle on the operation of the
generator under full load were assessed. Operating the plant with a pitch controller determined
the fed power at various pitch angles and wind speeds, and to ascertain the operating points at
various wind speeds during operation of the pitch angle. The control center instrument was
selected in the stator power mode in auto pitch control and on the machine test stand, slowly

increased the wind speed in the steps indicated in Table 5.12. This ensure that, at each of the
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various wind speeds, the DFIG raises the power to a level where the grid's input power is
maximized with stable operation.

Table 5.12: Wind speed vs generator speed, pitch angle, and total power table

N[RPM] 1200 | 1580 1900 1900 1900 1900 1900 1900
V[m/s] 6 8 10 12 14 16 18 20
Pitch[°] o 0 0 o 0 0 o 0
P tot [W] o 180 470 700 780 790 795 790
- o - 1
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Figure 5.27: The graph of DFIG speed, power and the pitch angle vs wind speed
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Figure 5.28: The graph of the DFIG power and pitch angle vs wind speed
The manual mode of pitch angle control as shown in Figure 5.28 reveals that increasing the
pitch angle decreases the feed power and there is no linear relationship between pitch angle and
power reduction. In the partial-load range, pitch control is not of use under normal operation.
This is because the maximum possible power is not fed into the grid under normal operation. If
any mechanical problems occur with the gearbox or bearings, for instance, pitch control allows

the wind turbine to be operated at reduced speed (power) until repairs are completed.
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The effect of pitch controller in auto mode as shown in Figure 5.27, reveals that pitch control
has no effect in the partial load range, hence the pitch angle remains at zero degrees. Under full

load, the pitch controller regulates the speed to maintain the generator power at the rated level.
5.3.6.3 Dynamic response

For the analysis of the wind turbine with regards to the dynamic response, the wind power
plant's operation was demonstrated by varying wind speeds to examine the effect of a pitch
controller. This concept was used to ascertain a wind turbine's dynamic response in the partial
load range and over the entire operating range. The control center instrument was selected to
the auto pitch angle control and wind profile was then entered. For this experiment, there was
a gust profile of wind with a maximum speed of 12 m/s, presented in Figure 5.29 and the
maximum speed of 18 m/s presented in Figure 5.31. For the machine test set-up the wind speed
was slowly increased in the steps of 50 rpm and the generator was operated in the speed range
of between 1000 rpm to 1400 rpm. Automatically synchronised the generator into the grid, the
logger then displayed the plots for the wind speed, total active power, generator speed, and pitch
angle, as shown in Figure 5.30. This process was repeated for the maximum speed, as shown in

Figure 5.31, and the results presented in Figure 5.32.

[ -
(@] suro comsec: @ u
T

ot . Ponlie

Figure 5.29: Wind turbine control centre gust profile at 12 meters/sec wind speed
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Figure 5.31: Wind turbine control centre gust profile at 18 m/s wind speed
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Figure 5.32: The graph of the DFIG’s dynamic response at 18 m/s wind gust

These experiments were used to demonstrate that the wind power plant responds to changes in

wind speed under partial load. When the rotor blade’s pitch is not adjusted under partial load as

the wind speed rises, the generator's power output rises accordingly. In these experiments, the

generator's rated speed was not exceeded. During a transition from partial to full load, the

response to changes happens, as shown in Figure 5.30 and Figure 5.32. Based on these results,

the following was inferred:

e The faster the change in wind speed the faster the changes in the generator power.

e There is no need to adjust the rotor blades in the partial load range.

e Under full load, the rotor blades are adjusted to limit generator speed and, consequently,
generator power to the rated values as accurately as possible.

e A gust of wind can cause the generator to operate briefly above the rated power level until

the pitch controller performs the required readjustment.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

This study was to investigate the impacts of integrating the wind power into the distribution

systems. Thus, the fundamentals and principles of WECS were analysed in the work. Two forms

of research methodologies were used; the analytical and the experimental study.

The first methodology was the Analytical study.

The modelling of the whole wind energy conversion system based on the DFIG (Back- to-
Back convertor, filters, DFIG, wind turbine, grid) was presented. It was found that DFIG
model built in MATLAB/SIMULINK showed satisfactory performances and validated the
system model and dealt with various operational conditions. This configuration had several
benefits such as higher efficiency, fewer mechanical parts, and ease of control. Also,
modelled were the control strategies used to control both active and reactive power
operations of the wind turbine and the level of power penetration into the distribution
network.

For the grid connection, the rotor side converter controller was used to control the active
and reactive power control, achieved by controlling rotor current and the speed of the DFIG.
The employed PI controller tested for controlling the grid side converter. This helps to
maintain the constant frequency of the generated power from the wind turbine by matching

the grid frequency and generated voltage with the grid voltage.

The second methodology was the experimental study.

This study was done in the laboratory conduction capable of replication real world
scenarios. The experimental results provide proof for developed control strategies, using a
wind turbine simulator with a digital controller and Active Servo software. The control
scheme and controller used for the experimental section assured that the wind power
supplied into the grid at varying wind speeds behaved like a synchronous generator, at a
zero Hz rotor frequency.

In wind power conversion, the automatic power control system plays a significant role in
the efficiency and reliability of the entire system. Currently, the wind energy industry is
adapting the trend towards the research and development of grid-connected wind turbines.
The major interests of the current wind turbine manufacturers include variable speed (Type-

4) technology, a direct-driven double fed induction generator of low voltage operation, and
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the development of sophisticated control systems to increase the efficiency of wind energy
conversion to meet grid code requirements.

e The experimental results presented in sections 5.4.1 to 5.4.6 serve as a proof of the
developed control strategies, using a wind turbine emulator consisting of dynamic and static
four-quadrant operation. The rotor side converter controller was used for the
implementation and testing of wind energy extraction, reactive power, and grid voltage
support controls of the wind turbine, namely the active and reactive power control by
controlling rotor current and the speed control of the DFIG.

e Using measured stator voltages, stator currents, rotor currents, and the rotor position through
the encoder feedback signal of the employed P/ controlled algorithm, there was substantial
improvement in control robustness, improving its immunity to generated noise in the
system, which was a major finding in previous reviews.

e In the auto power control mode, the speed selected for operation under full load is usually
lower than the €, characteristic's optimum level. This improves wind turbine utilization in

the partial load range.
The control scheme and controller employed for the experimental section assured the wind
generator supplying the grid at varying wind speeds behaves like a synchronous generator, at a
zero Hz rotor frequency and LSC's active power consumption drops progressively from sub
synchronous to super synchronous speeds. This controller can improve the power factor which
attempts to maintain it at unity, so that the use of an additional capacitor bank can be avoided

in the power grid, ultimately reducing the cost of power generation.

6.2 Future work

While some discoveries have been accomplished in this thesis, further investigations are
required as follows:

1. Higher-order models of the drive train system and the doubly-fed induction generator
model with saturation effect should be considered in wind turbine systems.

2. The performances of the DFIG-based wind turbine system should be compared with a
wind turbine system equipped with a multi-pole permanent magnet synchronous
generator, connected to the grid through a full-scale power converter.

3. Advanced control strategies can be implemented in the DFIG control blocks.

4. The transient behaviours of the DFIG-based wind turbine system under disturbances of

grid failures should be studied.
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