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ABSTRACT

Wind energy has proven to be a competitive and an environmentally friendly renewable energy
reource for generating electricity. Wind farms are usually located far from the load centers;
hence the generated power has to be transmitted over long distances to load centers. High
voltage direct current (HVDC) transmission system is the preferred maatnarfsmitting bulk

power over long distances when compared to high voltage alternating current (HVAC)
transmission system. An HVDC transmission system increases the transmission capacity,
improves the system stability, and possesses lower transmissses.loin this research
investigation, a 690V, 2MW wind turbirdriven permanent magnet synchronous generator is
modelled to be integrated into a local 33kV AC grid via a thieeel neutralpointclamped

voltage source converter (VS8ased HVDC transmigm system. Three control schemes were
implemented, namely: piteangle controller, generatside converter controller, and a grid

side converter controller to optimize the system performance. The stability analysis and
controller modeling was carried out MATLAB using bode plots and step response curves.
The proposed subsystems and the control schemes were implemented in PSIM software
package to evaluate the overall system's performance. The simulations were carried out on the
model and it was concluddfiat the grigside converter controller ensured maximum power
point tracking when the wind speed was lower than the wind turbine(WT)'s rated wind speed.
Conversely, as the wind speed exceeded the WT's rated wind speed, tamgliiéchontroller

was actiated. This increased the angle of attack thereby reducing trex poefficient in order

to shedoff the aerodynamic power. Furthermore, the-IDIR voltage was stabilized within the
allowable limits to ensure a continuous flow of active power from thetdMhe grid and the
reactive power transfer between the ggide converter and the AC utility grid was maintained

to a minimum to ensure a unity power factor. The comparison analysis of the new control
approach to the traditional control approach illusalathat for the new control approach, the
ability of the DGlink voltage controller to keep the Bithk voltage within the allowable limits

does not get impaired during fault conditions. Therefore, the power continues flowing from the
WT generator to thgrid. Conversely, it was observed that for the traditional control approach,
the ability of the D@ink voltage controller to stabilize the Diihk voltage gets impaired and
therefore it can no longer effectively transfer as much active power from theewéragor to

the grid. Therefore, the new control approach proved to be effective in terms of stabilizing the
DC-l i nk vol tage during fault c 0 n d-ride-througls t her ¢
capability.
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CHAPTER 1: INTRODUCTION

1.1Background Study

Unt il recentl vy, Es kom, South Africads domi nai
challenges such as periodoad shedding due to the power demand that is outstripping the
available supply. South Africa's power generation is mainly-baséd de to large coal

reserves as shown in Table 1.1. However, due to the lack of capital for investinglirmsedl

generating plants, the government plans that by 2030, renewable energy (RE) sources should
represent 20% of the total installed capaflfy This is mainly due to the fact that RE sources

represent a sustainable, ndepreciable ah environmentally friendly alternative power

generation method over the conventional methods.

Table 1.1 shows South Africa's existing power generation capacity and-flea2eneration

capacity projections under the Integrated Resource Plan (IRP).

Tablel. 1. South Africa's Planned Generation Capaidly

Existing Generation Total Capacity (MW)

Energy Source Capacity (MW) Energy (GWh) | 2011 IRP (MW)
Coal fired 37 715 218 212 6 250

Hydro-electric 661 1904 2 609

Pump storage 1400 2962 3 000

Gas turbines 2426 709 6 280

Nuclear 1910 23 502 9 600

Renewable Energy 3 2 17800

Total Capacity 44 115 247 291 42 539

Wind energy has recently proven to be a-faswing, competitive and an environmentally
friendly renewable energy resource for generating electricity. This is mainly due to the growth
in the size of commercial wind turbine designs and an increase inptheer ratings from a

kilowatts power capacity to megawatts power capdsity].
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Figure 1.1 showthe advancement in the size and power ratings of commercial wind turbines.
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Figure 1.1: Advancement in the size of commercial wind turbifigs

According toSzewczukd], South Africads potenti al of wi nc

along the coastal areas of Western and Eastern Cape. The same appkesdigtthoring
country, Namibid7]. A number of wind farms have been installed in the coastal areas of South
Africa. Wind farms are usually located far from the load centers for minirslrdancesrad

for optimal power generatip8]. Thus, the generated power from wind farms has to be
transmitted over long distaneeTherefore, there is a need to use most efficient and reliable
bulk power transmission system. High Voltage Direct Current (HVDC) transmission is
preferred to High Voltage Alternating Current (HVAC) transmission system over long
distances. HVDC increas#ise transmission capacity and system stability, it is associated with
lower transmission losses, and it is often easier to obtain theofigidy for HVDC lines due

to the reduced environmental impaj@sl]].

The Line Commutated Converter (LGBased HVDC transmission system with thyristors as
their main switching devices has a long and successful histatty,high relialility and low
conversion loss¢g]. However, the technical restrictions of LCC such as the inability to achieve
full controllability of the system, kgh harmonic contents and the dependence of switch
commutation on the stiffness of the grid voltage limits the use of LCC in some transmission and
distribution applications. This includes: supplying power to isolated loads and dead/weak
networks, integratig smallscale generation systems such as renewable energy sources into the

utility grid and interconnecting multerminal network$9, 12].
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The rapid development in the field of the smlinmutated power electronic switch, the
insulated gate bipotdaransistor (IGBT) led to the implementation of Voltage Source Converter
(VSC) based HVDC transmission systerfi, 13, 14]. VSCs opeate at high switching
frequencies utilizing the gee-width modulation techniqué.he VSCbased HVDC technology

is of increasing interest as it offers several benefits over LCC, namely: independent control of
active and reactive power, fast response isecaf disturbances due to increased switching
frequency, ability to connect to weak networks, ability to interconnect asynchronous and multi

terminal networks, no risk of commutation failures and minimal environmental ifip&cts

A wind speed generator (WTG) can be classified either as a fixed speed or as a variable speed
WTG[16]. The variablespeed wind turbine (VSWT) can extract optimal power at different
wind speeds while the fixespbeed wind turbine (FSWT) can only extract optimal power at the
rated wind speed. Therefgra VSWT yields more power than an FSWT thereby maximizing

the arodynamic efficiency of the WI6]. Due to the intermittent nature of wind, power
electronic convertersra normally employed to integrate WTs into the power utility grid. This

is usually implemented to ensure optimal extraction of power from the wind source and to
ensure that the characteristics of the WT under consideration matches with the requirements of
grid connections, namely: voltage level, frequenctiva power and reactive powgl7].

A VSC can be classdd either as a twievel or a multilevel converter topology depending on

the arrangement of the semicaoatbr switches of the convertdi8]. Two-level VSC
topologies are robust, have a simple configuration and a reliable performance. However, they
are associated with high switchitgsses and they output a waveform with poor quality and
hence, they muire extra filtering element§l6]. On the other hand, mulivel VSCs
synthesizes voltages with ter waveform quality, and hence they cut down on the sizde a
number of filtering elementgl6, 19]. Furthermore, multilevel convers are associated with
lower switching losses and higher overall efficiency. Multilevel converter topologies are

becoming very atctive in lage wind turbine applications.

The direct control and vector control are the vdelVeloped control techniques usedceory

outthe control of active and reactive power in egghnected WECE0-22]. Several literature
studies carried out a comparative analysis of these control techniques and it wasedathelt)d
although the direct control technigque has a fast dynamic response and it is easy to implement,
the vector control technique has a better performance due to lower current distortions, higher
grid power factor, and higher overall efficiency. Faiderthrough capability can be defined as

the ability of a wind turbine to remain connected to tlwver utility grid during fault

conditions to offer grid suppoft.§].
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Considering the vector control technique, there are two generic control approaches used to
control the gridside converter and the generaside converter, namely: traditional/
conventional and new control approadh.the traditional control approach,eticontroller
applied to the generatside converter is commonly used for controlling the rotor speed to
achieve maximum power extraction from the wind resource and to control the stator voltage.
On the other hand, the controller applied to the-gii® ©nverter is used to stabilize the BDC

link voltage and to carry out the control of reactive power exchanged between the converter and
the power utility grid[16, 19, 23-25]. The new control approach reverses the functions of the
traditional converter stationds PP ad, nhel appr
traditional control approach, although not beneficial from a Hfiadétthrough point of view, it

is well developed and it is commonly employed in existing VSC projedtsodgh the new
control approach is still undergoing development, several studies have proven that it is
beneficial from a faultide-through capability point of view.

1.1 Problem Statement

With the energy demand growing at a high rate, the main supply ghding pressurized
leading to grid instability and reduced power quality. Renewable energy is a preferred solution
to meeting load demands over fossil fuels. However due to the placement of renewable energy
(RE) sources far away from the load sinks, thevgrogenerated is required to be transmitted
over long distances to be intaged into the main supply grid.

The solution to overcoming this problem is the use of the HVDC transmission which is the
preferred bulk power transmission system over HVAC trargorissystem. This is mainly
because, HVDC transmission systems are associated with minimal transmission losses over
long distances, and low costs, and reduced environmental impacts. Although tHeas€iC

HVDC is a mature technology, it is not suitable goid-integration of RE sources. Therefore,

the VSGC based HVDC must be impieented in future HVDC projects.

Furthermore, although the twWevel VSC topologies are commonly used and well developed,
they are associated with high switching losses and teeyire extra electromagnetic
interference (EMI) filters. Therefore, more focus needs to be put on implementingaweiti
converter topologies because they are associated with lower switching losses, higher overall
efficiency, and cuts down on the sizedanumber of filtering elements. Moreover, the
traditional converter control approach becomes impaired during grid faults and as a
consequence, the wind turbine's fault fideough capability gets impaired as well. Therefore,

the new control approach nexetb be adopted in wind energy conversion systems to improve

the fault ridethrough capability of wind turbines.
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1.2 Objectives of the Study

This research investigation aims at developinglavél NeutralPointClamped (NPC) muli

level VSGbhased HVDC transission system and evaluating its potential use in integrating a
2MW, 690V variable speed wind turbiirgo a 33kV power utility grid.

More specific objectives defininthe scope of this thesis are:

T

Carry out a thorough review of the concept of M&Sed HDC transmission
system.
Develop a wind energy conversion system usingMPSoftware package
comprisingof:
- A wind turbine coupled to a permanent magnet synchronous generator (PMSG)
- The generateside (rectifier) and grigide converter (inverter) statiomsade
up of a 3level neutralpoint-clamped VSC topology.
- A power stage made up of a phase reactor, a power transformer and an AC
source representing the 33kV power utility grid.
Design the proposed controllers in the frequency domain using bode plot®jpnd s

response curves in MATLAB software package.

The proposed controllers are:

- Pitchrangle control: for limiting the amount of power extracted from the wind
resource when the wind speed exceeds

- Generatosside converter (rectifiergontrol: to stabilise the D@ink voltage to
ensure continuous active power flow from the wind turbine generator to the
utility grid, and to control the stator voltage to avoid the risk of @adtiages.

- Grid-side converter (Inverter) control: to contthe rotor speed for maximum
power point tracking (MPPT) and to control the reactive power control to

ensure unity power factor.

1 Apply these controllers to the wind energy conversion system in order to evaluate their

effectiveness in improving the perforneanof the overall system. This is evaluated by

carrying out the following analyses:

MPPT control analysis over a wide range of wind speeds using the Optimal
RelationBased (ORB) MPPT control strategy.

Pitch-angle control analysis using the rogpeedbasel technique during high
wind speeds.

Stator Voltage control analysis over a wide range of wind speeds.

Reactive power control analysis to ensure unity power factor.

DC-link voltage control analysis.
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1.3Research Questions

The research investigation is charaiated by the following questions:

1 How can a wind turbine coupled to a PMSG be controlled to ensure optimal power
extraction from the wind resource at a particular instant and thereby optimizing its
aerodynamic efficiency?

1 How can a wind turbine beontrolled to ensure that it is protected from sudden
wind gusts?

T How can t he -tWdughscaphhility betimproved?e

1.4 Significance of the Study

This project will provide a detailed design of a \\B&ed HVDC transmission system and its
controllersderived from fundamental principles that will be of significant use to Eskom in
terms of planning and integration of wind farms into the existing AC grid/network through
HVDC transmission links. This will complement existing power generation capacityuitn So

Africa and improve the energy mix.

1.5Project Contribution

Several studies have been carried out in the area of grid integration of wind energy system
employing twelevel converters in the intermediate converter stations and applying the
conventional comol approach. However, so far fewer studies have been carried out in the areas
of implementing multilevel converters in place of tlewel converters in these applications.
Furthermore, the new control approach that is to be implemented in this studghhé&sen
applied to twelevel VSCs. This research investigation ought to divert into the research of
currently increasing interest, which is the implementation of multilevel VSCs that overcome
most of the challenges experienced when -level VSC topologis are implemented.
Furthermore, this study also focuses on a new converter control approach which ought to
i mprove t he -tMbughcapdbidityy | t r i de

1.6Limitations and Delimitations

At this point, the research investigation will be limited to softwairukations only.
Furthermore, the study will only focus on control and analysis of one wind turbine that is rated
at 2MW to be integrated into a 33kV grid. The converter stations will be connected in-a back
to-back HVDC cofiguration.
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1.7 Dissertation Outline

This dissertation is made up of nine chapt€fsapter 1 dealt with a brief background study of

the research investigation, the problem statement of the study, objectives of the study, the
research questions that this study intends to answer, justifitsiginificance of the study as

well the limitations and delimitations of the studihapter 2 focuses on a brief overview of

the HVDC technology with special emphasis on the comparison of HVDC and HVAC
transmission systems, HVDC configurations, and HV@Chhologies: LCC and VSC, and

their advantages and shortcomings. The chapter goes on to briefly cover the operating
principles of a VSebased HVDC transmission system, its system components, and the
different VSC topologies. The chapter carries on with caerview of the wind energy
conversion system emphasizing on the wind turbine components and the control techniques
used for power limitation during high wind gusts and for maximum power point tracking during
low wind speeds. Furthermore, the chapter disea the traditional/conventional and new
converter control approaches. Moreover, the chapter covers the pulse width modulation
techniques used for the control of voltage source converters. Moreover, the chapter discusses

the compensators used forimprayih e entire systembs performance

Chapter 3 covers the detailed mathematical modelling and sizing of the proposed wind energy
conversion system's componenBhapter 4 focuses on the mathematical modelling of-a 3
level neutradpointclamped VSC emphasimj on the dynamics on the Aside and on the DC

side. Moreover, the chapter covers the derivation of the transfer functions for the outer and
inner control loops for the controllers applied to the gitte and generat@ide converters.
Chapter 5 discusss the design specifications that are to be achieved or met in this study.
Moreover, the chapter covers the design and frequéomain stability analysis of the
controller applied to the generatside converter using Bode plots and step response curves i
MATLAB software packageFurthermore, the chapter deals with the design and frequency

domain stability analys of a pitch angle controller.

Chapter 6 covers the design and frequerdymain stability analysis of the controller applied

to the gridside converter using Bode plots and step response curves in MATLAB software
package Chapter 7 focuses on the modeling and implementation of the system comigone
and controllers in PSIM software package to furtealyzethe entire system's performance.
Chapter 8 focuses on discussing the simulation results and validating whether the proposed
model and the control schemes meet the objectives and whethesdéaechequestions have
been answeredChapter 9 concludes the thesis and brings ab@aommendations and future

work.
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The appendix section covers the current M#Ged HVDC projects in operation worldwide,
Clarke and Park transformations, and a brief rewtee South African grid code requirements
for integrating wind energy systems into the main power utility grid. Furthermore, filesv

with the MATLAB codes of the proposed controllers are also included in the appendixsecti
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CHAPTER 2: LITERATURE REVIEW

This chapter focuses on a brief overview of the HVDC technology with special emphasis on the
comparison of HVDC and HVAC transmission systems, HVDC configurations, HVDC
technologies: LCC and VSC, and their advantages andcshuirtgs. The chapter goes on to
briefly cover the operating principles of a V®ased HVDC transmission system, its system
components, and the different VSC topologies. The chapter carries on with an overview of the
wind energy conversion system emphagjzim the wind turbine components and the control
techniques used for power limitation during high wind gusts and for maximum power point
tracking during low wind speeds. Furthermore, the chapter discusses the
traditional/conventional and new converter eohfapproaches. Moreover, the chapter covers
the pulse width modulation techniques used for the control of voltage source converters. The
compensators used for improving the entire sy

this chapter.

2.1 Overview of HVYDC Transmission Systems

2.1.1 HVDC Technology

An HVDC Transmission system is a technology that uses direct current to transmit bulk
electrical power over long distances efficiently, in contrast with the HVAC transmission system
[28]. The transmissn path can either be overhead lines or underground/submarine cables. The
HVDC technology was developed during the 1930s by ASEA, thediBh electrical
conglomerat¢1?]. In the 1950s, the research into mereary technology begun, this led to the
implementation of the wadll6 s f i rst commerci al HVDC power |
of Gotland (Sweden)ral Sweden via a submarine caf®®, 30]. After a few years, HVDC
transmission systems based LCCs employing thyristor switches commercially known as HVDC
Classic were implementd®]. However, the technical stictions of LCC limited its use in

some transmission and distribution applications. The rapid development in the field-of self
commutated power electronic switches such as the insulated gate bipolar transistor (IGBT) led
to the implementation of HVDC tramission systems based on V$0), 14]The VSC
technology overcomes the shortcomings of LCC and it is increasingly used more often in
transmission and distribution systems. The VSC technology is commercially available as
HVDC light developed by ABB andVDC plus developed by Siemefs; 12].
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2.1.2 Comparison of HYDC and HVAC Transmission Systems

The choice between an HVAC and HVDC system is mainly based on economic and technical
factors such as transmission distance mediium; overhead lines or underground/ submarine
cable. HVDC transmission is the preferred bulk power transmission system over long distances
compared to HVAC transmission syst¢f 10]. It should be noted that this is only true for
distances above a certain distance called the breakestanat as shown in Figure Z248).

The breakeen distance for HVDC overhead lines and underground /submarine cables is in the
region of 408700km and 250km, respectivel{11].

Cost "

Total AC

cost \

Total DC

/ cost

----_r. - : Cost of DC lines
TAL and losses

Breakeven
distance

....i....._.| DCterminals cost

AC terminal
cost i
i ..

distance

Figure 2.1: HYDC and HVAC breakeven distanf28]

Advantages of HVDC transmission systems over HVAC transmigssin systems

1 Investment costs The HVAC technology requires three conductors, one for each
phase while the HVDC technology only requires wemductors; this significantly
cuts down on the investment c§28].

9 Supporting towers. HVAC transmission systems are associated with massive
towers while the HVDC transmission system requires smaller supporting towers.
Therefore, it is often e&s to obtain the rightf-way for DC cables due to the
reduced environmental impag¢&l].

1 Electromagnetic interferences the interference with nearby communication lines
is minimal in HVDC transmission systems thartH¥AC transmission systems.

i Transmission lossesConsidering the fact that there is no skin and proximity effect
associated with HVDC technology, the overall system losses are lower in HVDC
than in HVAC transmission systems.

1 Interconnection of asynchronousnetworks: the HVDC technology makes it

possible to interconnect asynchronous networks; power grids operating at

Page |10



difference frequencie$32]. Moreover, the HVDC system fully deqaes the
interconnected AC systems and hence prevents the propagation dfdautbne
AC network to anothdrl9].

Drawbacks of HVDC transmission systems

1 Inability to use power transformers: Although the HVDC technology can be said to
be more attractive and advantageous for transmitting power over long distances, it
is impossible to use transformers to alter the voltage level along the transmission
path unike in HVAC technology32]

9 Cost of converter stations: the HVDC system converter stations are more expensive
compared to HVAC system converter stations. This is due to theceddinC/DC

converter in each substatifd].

2.1.3 HVDC Transmission System Configurations

The HVDC Transmission links can be classified into different configurations depending on the
arrangement of the converter stations, namely: rpaiar, bipolar, multterminal and backo-
back HVDC system configuratiof$9].

2.1.3.1Mono-polar HVYDC System Configuration

This configuration ismade up of two converters connected together using a single pole as
shown in Figure 2.2. A ground or metallic path can be used as a return path depending on the
application.

(a) (b)

Figure 2.2: Mono-polar HVYDC system configurations; (a) with ground return, (b) with metallic
return[32]

Although the use of ground return causes environmental concerns due to theelestrades

and continuous flow of ground current, the use of one-hidtage conductor reduceseticost

and transmission loss¢49]. Conversely, the use of metallic return means that there is no
ground current and the return cable is usually not fully insulated; hence reducing the
expenditure on the dc cables. This configuration is applied in most suemeVDC

transmission systems.
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2.1.3.2Bipolar HYDC System Configuration

In this configuration, two conductors; negative and positive polarity, are used to connect the

converter stationgzigure 2.3 shows the bipolar HVDC system configuration

Figure 2.3: Bipolar HVDC system configuratici33]

Basically, a bipolar system is made up of two monopolar systems. If the neutral point is
grounded on both sides, it is possible to use one pole independently making it possible to
transmit power even if one pole is out of sen\igg.

2.1.3.3Back-to-Back HVDC System Configuration

The converter stations in this configuration are located at the same site as shown in Figure 2.4.
Therefore, the power is not transmitted over long distances

i ¢
T

DC
filters

| N

AC o —
network 1 1 AC |
| filters |

o—, C— AC
I AC 1 network 2
:_i_illezs_:

Figure 2.4: Backto-back HVDC system configuratidi33]

This configuration can be monopolar or bipolar and it is mainly used to interconnect

asynchronous systerfiz3|.

2.1.3.4Multi -terminal HVDC Systems

Multi-terminal HYDC(MTDC) configurations are made up of three or more converter stations;
some converters operating as rectifiers and others operating as iny@8eré&in MTDC
network can be of a series type or a parallel {32 A parallel MTDC netwaok can be further
classified to be either of a radial type or a mesh tigure 2.5 (a)(b) and (c) shows the
series, parallel radial type and parallel: mesh typaulti-terminal DC configurations,

respectively.
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Figure 2.5: Multi-terminal HVYDC system configurations: (a) series; (b) paratelial; (c)

(@)

Lo

sl
(b)

parallel: mesh32]

Whenthe series and parallel MTDC configuraticam® combined, they form a hybidTDC
system.The series and parallel MTDC systems are considered to be cost effective, reliable and
are associated with less conversion losses compared to thetggpaint connectior$4].
However, the hybrid configation is not justified from an economic point of view due to the

higher number of converter stations

2.1.4 Comparison of LCC- and VSC-based HVDC Transmission Systems

Until recently, HVDC transmission systems have been based on Line Commutated Converters
(LCC). The following technical restrictions limited their use in some misson and
distribution application§l5, 19, 35]:

1T The dependence of converter switchesbo
voltage, hence it requires an AC network with a live AC voltage to operate. This
makes LCC not suitablef interconnecting weak or dead networks.
The requirement to change the DC voltage polarity to achieve power reversal.
High total harmonic distortion, hence large filtering components are required. Large
filtering components are associated with higactive power consumption which is
in order of 50% to 60% of the converter rating.
The need for a telecommunication link between the converter stations.
LCC-based HVDC transmission systems are more sensitive to AC network

disturbances and hence there sgh risk of commutation failure.
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Despite the fact that the VS@ased HVDC transmission systems are associated higth
investmentcosts as well as high switching losses mainly due to the high switching frequency,
they have gained more interest in transmission and distribution systems. This is due to the
advantages they offeuch ag15, 19, 35, 36):

I VSCs use Pulse Width Modulation (PWM) to generate a sinusoidal signal that is
used to commutate the converter switches, thus, it operates independently of the AC
network short circuit ratio. This makes the VB@DC links more attractive for
interconnecting weak and dead networks such ashaife wind farms and isolated
loads.

1 VSC-HVDC links are less sensitive to AC network disturbances and thus there is
minimal risk of commutation failures.

The real and reactive power can be controlled independent of one another.
The rectifier and inverter stations operate independent of eachtbiethere is no
need for a communication link and hence, there is no delay in the control process.

9 Fast response in case of disturbances due to increased switching frequency; better
fault-ride-through capability

1 VSCs can generate lagging and leadingtreagower. The reactive power required
for filtering varies from 0% to 33% depending on the converter topology,
modulation technique, and switching frequency.

Low total harmonic distortion thereby reducing the size of filtering components.
Power reversdb achieved by changing DC current polarity instead of changing the

DC voltage polarity.

2.1.5 Application of VSC-based HVDC Transmission Systems

HVDC transmission systems based on VSCs are becoming more attractive and desirable in
industrial applications due ttheir improved performance, efficiency and modularity. Some
areas where the VSkRased HVDC technologies are applied [&el1, 12):

Supplying power to environmentally sensitive areas such as city centers.
Supplying power to remote and isolated load centers such as islands with dead
networks and offshore wil farms by employing submarine cables.

1 Allowing in-feed of power from small scale generation sources such as renewable
energy sources.

1 Interconnecting asynchronous networks.
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Ever since the first commercial installation of the HVDC technology; the cornahdirtk
between Sweden mainland and the island of Gotland in 1954, a number of HVDC transmission
systems have been installed worldwide. Table B.1 in appendix B summarizes the worldwide
VSC-based HVDC projects in operati¢®, 12, 15, 28].

2.1.6 Overview of VSCGbased HVDC Transmission System

2.1.6.1Components of a VSGbhased HVDC Transmission System

Figure 2.6 shows the configuration of a typical V8&sed HVDC transmission systdib,
35].

Converter

= 20 o

Transformer

Transformer
C Phase reactor Phase reactor ¢
AC AC
(._
System ( i z ) % ~ —{ ( i § ) System

-L- =2 5 -L-
aAG | e T AC |

| Filters | | Filters |

‘-~I—‘ DC cable ‘~-I~‘

L]

Figure 2.6: VSC-HVDC system configuratiof35]

The functions of the VSEIVDC system componentseaexplained briefly as follow:

2.1.6.1(a) Voltage Source Converters

The two converter stations have the same configuration. One converter station operates as a
rectifier and another as an inver{&7]. The two converter stations can be connected either
backto-back or via a DC cablelepending on the application. They are built using- self
commutated switches with tuoff capability, namely: the gate tuoif thyristors (GTOs) or
insulated gate bipolar transistors (IGBT8)]. Currently, the vodige and current rating of
IGBTSs are limited td6.5kV and 2.4kA, respectivel9]. For many transmission applications,

these converter switches are connected in series to enable operation at different transmission
voltage levels. The converter uses sinusoidal Pulse Width Module&@BWi1) with high
frequency to synthesize a sinusoidal waveform that turns converter switches on and dff severa

times per fundamental perigdl9].

2.1.6.1(b) Converter Transformers

The converter transformers interconnect the VSCs to the AC systems. They are mainly used to

step up/downhte grid voltage to a voltage level that is well suited for the VSCs.
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Usually, these transformers are of singlese threavinding type, but can be arranged in any

other forms depending on the transpoaiatiequirements and rated poyas].

2.1.6.1(c) Phase Reactors

The current flowing through the phassactors is regulated to enable the control of the active
and reactive power. Moreover, the phase reactors are used as AC filters to reduce the harmonics
of the AC currents caused by the commutation of the converter switches in order to provide the

desiral fundamental frequency converter agje[33].

2.1.61(d) AC Filters

To prevent the injection of AC voltage harmonics which arises from the switching of the
converter switches from being injected into the AC systems. The harmonics generated are
directly related to PWM switching frequency of the converter. Therefore, thél®e are

normally employed to get rid of these harmonic contg88s37].

2.1.6.1(e) DC Capacitors

The DClink comprises of two equally sized capacitors which are normally used for energy
storage for power flow control purposes and to reduce the ripple content in the DC [(@itage
Therebre, the size of each DIk capacitor is a tradeoff between the desired/iDK voltage,
acceptable Ddink voltage ripples, and the speed tditslizing the DGlink voltage[37]. To

have small ripple content in tHeC output voltage, a large capacitor is required; however, it
slows down the control of the active and reactive power. Alternatively, a small capacitor results
in fast control of the active and reactive power at a risk of high ripple content in the DC
voltage.

2.1.6.1(f) DC Cables

The fluidfilled cables, such as diilled and gaspressurized, the solid cables, and the polymer
cables are the three main types of DC cables well suited for high voltage DC transmission
systemg28, 35].

2.1.6.20perating Principle of a Voltage Source Converter

Figure 2.7 shows the simplified VS@/DC link circuit.
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Filter

Figure 2.7: Simplified VSC-HVDC circuit[38]

A VSC can be considereds a controllable synchronous machine with no mass whose
fundamental frequency outputltege Lt is given by Eq. (2.1)19]

U. :%mi* U, 3 sin(wt +7) (2.1)

Wherem represents the modulation index,is the fundamental frequency afids the phase

shift of the converter output voltagk. If the filter voltageUs is taken as a reference, the active

and reactive power exchanged between the converter and the AC system are represented by Eq.
(2.2) and Eq. (2.3), respectivdlig]

U.U.sinf
P:f;

s 2.2)

U, (U, - U, cosf)

< (2.3)

Equation (2.2) indicates that the control of active power is achieved by varying the phase shift

bet ween the converterds terminal voltage and
that the control of reactive power is achieved by varyingmtegni t ude of the ¢
terminal voltage with rgeect to the filter bus voltad&8].

2.1.6.3Four-quadrant Operation of a Voltage Source Converter

The RQ circle diagram given in Figure 2.8 illustrates the direction of the active power flow, as
well as the direction of inductive and capacitive reagtiower, exchanged between a converter

and the AC system. The figure explains thguédrant operation of a VSC.
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Figure 2.8: Fourquadrant operation of VS[37]

2.16.3(a) Inverter Operating Mode

The first and fourth quadrants fall under the inverter operation mode. The first quadrant shows
that the AC system voltage is |l ess than the
the converter injects active and capacitive tigacpower into the AC network37]. In the

fourth quadrant, the converter voltage is less than the AC systdmtvage and | eads
[37]. Hence, the converter imjes active power into the AC network while atisng inductive

reactive power.

2.1.6.3(b) Rectifier Operating Mode

The second and the third quadrants fall under the rectifier operation mode. In the second
guadrant, the AC system voltage is less than theearter voltage and leads it by angle

Hence, the converter absorbs the active power and injects capacitive reactive power into the AC
network. In the third quadrant, the AC system voltage is greater than the converter voltage and

leads it by angl@. Hence, the converter absorbs the active and inductive reactive power.

When the power, current and voltage limits are enforced on-tQediagram, amount of the
active and reactive power exchanged between the converter(s) and the AC system can be
determinedFigure 2.9 shows the typicat®@ limits of a VSCHVDC link. It should be noted

that these limits can be changed to suit different requirements and applications.
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Figure 2.9: VSC-HVDC link capability curve (FQ) envelopd19]

It is shown that when theonverter station operates at its maximum active power capability, its
ability to generate reactive power is limited to £0.48pu. Whereas, when the converter station is
operating at zero active power, its reactive power is limited to £0.6pu as indicgpeihtsD

and E [19]. Point D represents the region where the converter delivers maximum inductive
reactive power at reduced converter voltage;
While pointE represents the region where the converter increases its output veltge 1to

the grid voltage to deliver capacitive reactive power; limited ey rttaximum available DC

voltage[19].

2.1.6.4Voltage Source Converter Topologies

A converter can be classified to be either of a-lw@| or a multilevel topology depending on

the arrangement of the semiconductor switches of the con{&rid8, 39.

2.1.6.4(a) Twelevel VSC Topology

A 3-phase twdevel VSC topology consists of 3 legs, one for each phase. Each leg has two

switches as showin Figure 2.10.
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Figure 2.10: Two-level VSC topology19]

In a 2level VCS converter, the two switches of each leg operate as compliments of one
another. This means that, if the first switch of phaé8.,) is turned on, that is.$1, then the
second switch of phase (S.) must be off, that is 3=0, and the same is applied to the
remaining phasel andc[19]. This converter topology outputs 2 voltage levels: bR%¥nd-
1/2Vpc[19).

1 Advantages and drawbacks

Although 2level VSC topologies are robust, have a simple configuration and a reliable
performance, they are associated with high switching losses and they require extra
electromagnetic interference (EMI) filteisg).

2.1.6.4(b) Multilevel VSC Topology

Multilevel converter topologies output more than two voltage levels. A fewil converter
synthesizes a sinusoidal voltage of an improved waveform quality from seviagjevievels
obtained from the Ddink [40, 41].

The traditionalmultilevel VSC topologies are the neutmdintclamped (NPC), the flying
capacito (FC), the cascaded-btidge (CHB), and the modular multilevebnverter (MMC)

[16, 42]. Figure 2.11 shows the fomultilevel converter topogies.
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(d)
Figure 2.11: Multilevel conveter topologies (a) NPC; (b) F@;) CHB; (d) MMC [19, 37]

The NPC uses clamping diodes joined to the centre point of thiEinR@ split the DClink

voltage into a number of voltage levéls, 42]. The FC converter topology employs the same
operating technique as the NPC. However, the FC uses floating capacitors instead of diodes
used in the NPC. The Cascadedbtiige (CHB) consists of seriemnnected full bridge
converter modules whereby eacltodule isfed by a separate DC capacit@. modular
multilevel converte(MMC) is made up of a number of submodu{&#1) which comprise®f
half-bridge made up of 2 bidirectionalwitchesconneted in parallel witha capacitdr9, 43,

44]. A converter arm is formed by connecting a number of tB&4gin series with an induot

as shown in Fig. 2.1 (d)
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Comparate studies of the NPC, FCHB and MMC multilevel converter topologies have
been carried out in literature highlighting their strengths and weakndds, 19, 42, 45].
The advantages and disadvantages of thedtlevel converter topologies are briefly discussed

as follow
(a) Neutral Point Clamped Multilevel VSC

1 Strengths
- Small sized DC capacitors
- Good quality AC output waveform
- Small footprint
- Reactive power flow can be controlled
1 Weaknesses
- Challenges associatadth balancing the voltage across the-Ixtk capacitors
- Uneven loss distribution between devices

- Excessive clamping diodes are required in higher level applications

(b) Flying Capacitor Multilevel VSC

1 Strengths
- Improved output AC voltage waveform qualitynepared to the NPC topology
- Better fault ridethrough capability during power outages and severe disturbances due to a
large number of storage capacitors.
- Both real and reactive power can be controlled.
1 Weaknesses
- In higher level applications, thispology becomes very expensive due to the requirement
of a large number of storage capacitors with different voltage ratings.
- Complex converter's control system
- Increased complexity of the DIk capacitor voltage balancing which limits its extension
beyond a fivelevel converter topology.
- Higher switching frequency and switching losses compared to the NPC topology.

- Lack of modularity prevents its adoption in higbltage applications.

(c) Cascaded Hbridge Multilevel VSC

1 Strengths
- Requires the least numbef components than the NPC and FC multilevel converter

topologies for the same number of voltage levels.
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- It is possible to package the modular circuit layout because all levels have the same
structure.

- The charge balance of the separate DC voltage sozandse readily achieved.

1 Weaknesses

- The application of the topology is limited due to the fact that eachirikGs required to be
isolated.

- The cell capacitors are replaced with isolated active DC sources in case the real power is
needed. This requiresmplex transformers to provide the isolated active DC sources.

(d) Modular multilevel converter (MMC )
1 Strengthq46, 47]

- There is no need for AGide and D&sidefilters due to the harmonic cancellation between
the submoduleéSMs).

-  MMCs are operated at a very low PWM carrfezquency;hence the conduction and
switching losses are lowhis means that the topology is moféogent.

- The MMC has a modular structure and heiids easy to implement and its power and
voltage ratings can easily be scaled by increasing the numBdsof

- The possibility of the converter to keep operatioga certain periogven if some SMs
hawe failed makes the MMC more reliable.

- The DCIlink capacitors cafpe omitted because the currents in the MMC andliDkare
continuous.

- The elimination of harmonic filters and BlDk capacitors redusethe footprint of the
MMC topology.

1 Weaknesses

- To ensure that the MMC operates effectively, the MidCassociated wittadditional

control requirementssuch as balancing the SM capacitor voltages and eliminating the

circulating current. This makes the design of the MMC controller sophistiddted

To sum up multi-level converters can handle higher voltages and synthesize voltages with
better waveform quality compared to thele2el converter topologie§16]. Moreover,
multilevel converters are associated with lower harmonic distortion; lower switching losses,
higher overall efficiency, and cuts down on the size and number of filtering elements. However,
they also have shortcomings such as higher conduction losses due h@hhnumber of
semiconductor devices in the conduction path, control circuit complexity, voltage imbalance
across the upper and lower Bi@k capacitors, and unequal current stress on the semiconductor
switcheq 16, 18§].
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Multilevel converter topologies are becoming very attractive in large WT applicdd@&hs
According to[12, 19], the NPC converter is the griopology widely used in HVDC systems
with several practical sy@ms presently in operatiokRurthermore, ithas been concluded that
NPC multilevel converters with more than three levels are not suitable forvbiigiye
applications. This is due to the lack of converter's modularity and thénRCapacitor voltage

balancing becomes unachievabldgresnumber blevels increases.

2.1.6.5Control Strategies of Voltage Source Converters

The direct control and vector control are the wvadeleloped control techniques used to carry

out the control of the power, voltage and current in -gadnected WECS and they are
discwssal further in the literatur§20-22]. Freireet. al[20] carried out a comparative study on

the direct and vector control strategies. It wascluded that, although the direct control
technique has a fast dynamic response and it is easy to implement, vector control techniques
have a better performance due to lower current distortions, higher grid power factor, and higher
overall efficiency. Tie presence of losrequency resonance when the VSC is connected to a
weak network is one of the major drawksof vector control technique.

2.1.6.5(a) Direct/power Angle Control Strategy

In the direct control technique, the control of the active poweackseved by changing the

power angle between the converterds fundament
Whereas, the control of the reactive power is achieved by changing the magnitude of the VSC
voltage relative to the magnde of the AC systim voltagg20Q)] .

2.1.6.5(b) Vector Control Strategy

The vector control technique controls the instantaneous active and reactive power
independentl in thedg synchronous reference frame. It has a dual control loop structure made
up of an inner current control loop and an outer control loop. The outer control loops can be
used to control the D@nk voltage, the AC voltage, antthe active and reacevpower[20].

The output signals from the outer control loops serve as reference currehtsiforer current

control loops.
2.2 Overview of theWind Energy Conversion System

2.2.1 Wind Turbine Structure and Operating Principles

Figure 2.12 shows the components of a typical wind turbine.
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Figure 2.12: Wind Turbine Componen{gl9]

2.2.1.1Energy Conversion Process

The striking wind turns the blades around a rotor to convert kinetic energy into mechanical
energy. The mechanicahergy is converted to electrical energy as the rotor turns the shaft that

is connected to the generator.

2.2.1.2WT Components and their functions

Rotor: performs the conversion of kinetic energy into mechanical energy
Generator: performs the conversion afechanical energy into electrical energy
Gearbox/ drive-train : Couples the lovgpeed shaft to the higgpeed shaft.

Nacelle Provides a shelter for the gearbox, generator, and other-ationponents.

=A =4 =4 4 =

Tower: Acts as a support for the turbine blades to egpghem to wind in order to

capture more power from the wind.

2.2.1.3Classification of Wind Turbines

Depending on the orientation and the WTO0s
horizontal axis wind turbine (HAWT) or a vertical axis wind turbine (VAWAY]. Figure
2.13shows the HAWT and VAWT.
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Figure 2.13: Horizontalaxis and Vertical axis wind turbing49]

Despite the fact that the HAWTs need a stronger and higher tower to support the nacelle which
in turn increases the installation costs, they are highly efficient because the WT blades are
exposed to stronger winds. On the other hand, the VAWTs are asdoeigh lower
installation costs. However, their efficiency is very low and they are prone to high torque

fluctuations and mechanical vibratio#, 50].

2.2.1.40perating Regions of a Wind Turbine

Figure 2.14illustrates the operating regions of a WT. The WT generator starts to extract
aerodynamic power from the wind resource when the wind speed is at/exceedsithgicdt

speed and stops when the wind speed is at/ i®agiping the cubut wind speed51].

Rated
Cut-in speed Cut-out

Rated Power

Power (kW)

I II 111

Wind Speed (m/s)
Figure 2.14: Wind Turbine Operation regiofS1]
The wind turbine operating regis are summarized as follo\l]:

1 Region I: the wind turbine operates below the rated rotor speed and the rated power.
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1 Regionll: the wind turbine is operating around the rated rotor speed and rated
power.

1 Region lll: the turbine is operating at full power and rated speed.

2.2.1.50verview of the Wind Turbine Generators

In the early stages of wind power development, the wind farms where made up of fixed speed
wind turbines (FSWT) and induction generabased WTs. These WT generators were
integrated into the utility grid without converters includéd, 52]. However, the shortcomings

of these generators such as low efficiedioyjted faultride-through ability and large power
fluctuations limited their applicationg16]. With the advancement in power electronic
converters and the increasingdrdst in grid integration of wind energy, VSWT generators are
emerging as the preferred technolofy2, 53]. Severalstudies in the areas of VSWT systems

equipped with permanent magnet synchronous generators are given in lifg&tg8e

Due to the intermittent nature of wind, converters are normally employed to integrate WTs into
the power utility grid to ensure that thkaracteristics of the WT under consatén match the

grid standard$17]. The interface between the WT atte grid comprises of a generatside
converter, an intermediate BBk capacitor, and a gridide converter. Whereby, the
generatosside converter changes the variatviagnitudevariablefrequency AC power from

the WT generator to DC, the Dbk capadtor then stabilizes the DC voltage which is further
converted by the gridide converter to fixed AC power on the grid side at ddsirequency

and voltage level.

Modern variable speed wind turbines (VSWT) systems are based on doubly fed induction
genertors (DFIGs) with partiallyrated power electronic interfaces or permanent magnet
synchronous generators (PMSGs) with fuliyed electronic interfaces as shown in Fig. 2.15
[16, 39.

il
il

Partially-rated

converter
Wind (\}

" Grid wind (-

Gear DFIG Transformer 3 f\)
o o8 a G / Transformer Grid
- box 2 ear SCIG/
‘g i box  WRSG/ Fully-rated
- P PMSG converter

Figure 2.15: Variable speed wind energy conversion system with pariatgd and fullyrated

power convertergs9]
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1 Doubly-fed Induction Generator-based WECS

The DFIGbased WECS is coupled to the grid via a partielgd converter connected to the
rotor circuit while the stator is directly connected to the grid. The power converter controls the

rotor speed, the active and reactive power and performs repotivgx compensatiofif].

The use of sligings and the protection issues in the event of grid faults are the major
drawbacks of DFIG based WECS.

1 Permanent Magnet Synchronais Generatorbased WECS

The PMSGbased WECS is connected to the grid via a ftdled power electronic converter.
The fully-rated power converter fully decouples the WT from the grid disturbances thereby
allowing full controllability of the system and imgved faultride-through capability. The
PMSGbased WECSs are becoming more popular and more preferred oveibhB§de@ WECS

due to a number of advantages, namhbigh energy density, ease of controllability, low
maintenance cost and the selcitation sgtem[16, 59, 60]. The directdriven multipole
PMSG oncept is currently gaining interest because of the elimination of the gearbox thereby
improving the efficiency of the VSWT. Figure 2. 16 shandirectdriven PMSGbased WECS

Wind

= VEASEDad
o "y
S

PMSG Transformer Grid

Fully-rated
converter

Figure 2.16: Variable speed direct drive (gearbless) wind power generation system with
fully -rated power convert¢s9]

A directdrive PMSG is employed in this research investigation to operate the wind turbine
system. Therefore, the PMSG modelling and desidrbesdiscussed further.

222 Mat hemati cal Model ling and Analysis of

2.2.2.1Wind Turbine Mathematical Model

The powerP, that is available for extraction from the wind resource is defined by Eq[62]4)

(2.4)
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Where:} is the air density which equals to 1.225kg/m3 at sea l&vislthe area swept by the
rotor blades [m2]4 = 2t being the radius of the rotor blade in m) amds the wind speed

upstream of the rotor [m/s].

The fraction of the aerodynamic powey, extracted from the wind resource by a WT is related

to the wind powePr, by the power coefficien€, using Eq. (2.5)61]

P=PC (2.5)

m wp
Therefore, the algebraic relationship betweenntimel speed and mechanical power ectied is
described by Eq. (2.616, 49|

1
P = > rAC,(/, b)v,’ (2.6)

TheC, is dependent on the pit@ngleb [degrees] and the tip speed radigiven by Eq. (2.7)

rw
/ —_ r
Y (2.7)

w

Where:¥ o is the rotor angular speed [rad/s] and the rotor blade radius[m].

Figure 2.17 shows the pite@ngleb which is defined athe angle between the plane of rotation
and t he Dbdedighehdrd. cr os s

Undisturbed wind

N\
N
~N
Relative wind

~.

Blade motion

Chord line

Leading

edge l
I
; Trailing edge

}-4—— Plane of rotation
|

Figure 2.17: Pitch Angle[62]

According to[63], C, has a theoretical maximum value of 0.593. This is known as the Benz
limit. This means that the amount of power extractethfthe wind resource is always less than
59.3%.[62, 64]. Equation (2.8) is used talculateC, for different values of andb[65].
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C,(/,b) :Cl(czli- C,b- C,b*- C)e =W (2.8)

i
The coefficientsCi-Cs andx varies for various wind turbine generators (WTG). In this study,
the coefficients of the WTG used afg;=0.5, C,=116, C:=0.4, C4=0, Cs=5, andCs=21. The
parametep-is defined by Eq. (2.9)

=1 o035 (2.9)

/ +0.080 1+ b°

The aerodynamic torqudm [N.m] given by Eqg. (2.10) is defined as the ratio of the

aerodynamic powdPn, to the turbine rotor speed; [62]

(2.10)

_|
I
5|50

2.2.2.2Drive Train Mathematical Model

A drive train is a portion of the wind turbine that transmits torque from thespmed shaft to
the highspeed shaft. The drive train consists of a rotor-dpeed shaft, gearbox, higheed
shaft and a generat¢b2, 62]. The drivetrain system is modelled as a number of discrete
masses connected together by springs and defined byirdpand stiffness coefficien{$2].

The following four types of drivérain models are usually used:

Six-mass drive train model

1

9 Threemass drive train model
M Two-mass drive train model
1

Onemass otumped drive train model

Figure 2.18 illustrates the schematic diagram of a drive train model.

Rotor Gearbox Generator
] Ky n
T, T m -
a ], ’Y\ M\
z - v . .
(Pr Ds P11’ S e lm(P\ (Pq lm '1,3 1 fric
‘ 0 R W ],
E )L LY e A_L/

Figure 2.18 Schematic diagram of a drive train mofid)
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The complexity of the drive train varies with the interest of the study and application. For
instance, if the study is focusing on problems such as torsional fatigue, dynamic stability or
application of fixed speed wind turbines, the dynamics from thesjoeed and highpeed
shafts have to be considered. Thereforeitwass or more sophisticated models are required
[16, 52, 62, 65]. However, if the study is focusing on the integration of a WT into the power
utility grids, the drive train can be treated as &lmmped mass model for the sake of time
efficiency and acceptable precigbg, 62]. However, it should be noted that this is only
applicable when thstudy is focusing on the decoupling of the VSWT from the grid using
fully-rated power electronic convertdi5]. Therefore, a lumpethass drive train is considered

in this research investigation, and hence it will be briefly digigsrther. Figure 2.19 shows

the lumpedmass drive train.

Figure 2.19: Lumpedmass drive traifi62]

Equation (2.11) gives the mathematical representation of the ldmpassl drive train model

with the parameters referred to the generator[S§i2le62].

L= =4 (2.11)

Where ¥, is the mechanical angular speed [radls],is the aerodynamic/mechanical torque
[N.m], Te is the electromagnetic torque that is transferred to the generator side B, a]the
equivalent damping coefficient [N.nj/andJeq is the equivaleninertia of the generator [kgim

which is calculated using Eq. (2.12)

3 =g+ (2.12)

WhereJy andJy are the generator and rotor inertias, respectivelyngigthe gear ratio. For a

lumpedmass drive trairthe gearbox ratio is equal to one.
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2.2.2.3Permanent Magnet Synchronous Generator Mathematical Model

The equations describing a PMSG have been siigrliin more details in Kund{®6]. The
dynamic modelling of a PMSG is normally carried out in the digeetdrature do)
synchronous reference frame with theag i s 9 0 e  a{wesawith respect tohtree d
direction of roaition52, 55, 62].

Figure 220 shows thelqr e f er ence frame used, wheraxisd i s t|
and the stator axis. The transformation frabt reference frame td bstationary reference
frame and then talg synchronous rotating reference frame is carried out uSlagke and

P ar k Ofsrmation@ives in Appendix B

Figure 2200dq a#hd alli s of a typical PMSG, [8hd the e

The mathematical model of the PMSG is normally carried out with an assumption that the
windings are distributed in a sinusoidal manner and the saturation, eddy currents, and hysteresis
losses are neglecteb4]. Equation (2.13) represemnts the
synchronous reference frarfis, 25, 52, 55, 56

i L
dlSd:-&' +w ﬂ| +iusd

— |
dt Lsd . * Lsd % Lsd

dy_ R
dt L

] - . (2.13)
isq_ M/se( = isq+_yf)+L_Usq

sq sq sq sq

Whereisqg andisq are the eaxis and epxis generator currents, respectively;andLsq are the d

axis and epxis inductances [H], respectivelgsi s t he st ator wyiisthe ng r es
permanent magnetic flux [WblJsq and Usq are the eaxis and epxis generator voltages,
respectively andsse is the electrical rotating spedrhd/s] of the generator, defined by Eg.

(2.19)

Page |32



W, =nw,

se

Wheren, represents the number of pole pairs in the rotor wgds the rotod s

rotational speed.

p~"sg

(2.14)

mechani

Figure 2.21 shows the equivalent circuits of the PMSG iml¢f®nchronous rotating reference

frame.

Isq R, L, ::

WLy,

Usg

d-axis circuit

g-axis circuit

WLy

(O R/ "

Figure 2.21: d-axis and epxis equivalent circuits of the PMIG2]

The electromagnetic torque thfle PMSG is given by Eq. (2.15)

T =150y i+ (Lys - Loodiadgsl

(2.15)

For nonsalient pole and low speed, surface mounted PMBG& Lsq[16, 67]. As a result, the

electromagnetic torquie given by Eq. (2.16)

Te =190 g

2.2.3 Control of Wind Turbine System

2.2.3.1Maximum Power Point Tracking

Certain control techniques are employed to enable the optimal extraction of aerodynamic power

from the wind resource

when the wi

(2.16)

nd sp

be achieved when the WT operates at optimal aerodynamic power ieoefiic o,;and optimal

eed

tip speed ratiay, [68]. A number of maximum power point tracking (MPRfigthods have

been developed and haveebeadiscussed in the literat s, 69-72).

2.2.3.1(a) Optimal relationshipbased (ORB) control

The ORB is a welbleveloped MPPT strategy which ensures optimal extraction of power from

the wind resource by ugina precalculated loolup table Therefore, the knowledge of the

WT6s MPPT cur ve [1693. &he measuree ptarisgeedtiseused to track the

opti mal power from

t he

wi nd tur bi

wind speé. Figure 2.22 illustrates the ORB MPPT technique.

neos
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Figure 2.22: Optimal RelationshifBased MPPT techniq(ig4]

The optimal output power from the wind timb is described by Eq. (2.1[2q]:

3
r

1 w 3r
F%pt =5 rACPO ( - )3
2 " o (2.17)

_ 3
F)opt - Kopt M/rom

Where, Kopt is the optimal power constant showing the optimal power associated with the
corresponding optimal rotor speedrop. Kopt IS Obtained from wind turbine characteristics
using Eq. (2.18)

1 r
Ko == rAC, (—)° (2.18)
2 ot
Figure 2.23 shows a typical wind turbinebs

function of rotor speeds for different wind speeds. The optimal power extraction can be
achieved if the MPPT controller allows the generated paweproperlytrack the optimal

power curve with variations in wind speed.

Figure 2.23 Generated power as a function of the rotor speed for various wind $pBeds
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