CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

PhD THESIS

Mustafa INCI

MODELLING AND ANALYSIS OF FAULT RIDE THROUGH
CAPABILITY OF GRID CONNECTED WIND SYSTEMS
USING MULTILEVEL DYNAMIC VOLTAGE RESTORER

DEPARTMENT OF ELECTRICAL AND ELECTRONICS
ENGINEERING

ADANA-2017



CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

MODELLING AND ANALYSIS OF FAULT RIDE THROUGH
CAPABILITY OF GRID CONNECTED WIND SYSTEMS USING
MULTILEVEL DYNAMIC VOLTAGE RESTORER

Mustafa iINCi
PhD THESIS
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

We certify that the thesis titled above was reviewed and approved for the award of
degree of the Doctor of Philosophy by the board of jury on 08/12/2017.

Prof. Dr. Mehmet TUMAY  Assoc. Prof. Dr. M.Emin MERAL  Assoc. Prof. Dr. M. Ugras CUMA
SUPERVISOR MEMBER MEMBER

Asst. Prof. Dr. Adnan TAN  Asst. Prof. Dr. Tahsin KOROGLU
MEMBER MEMBER

This PhD Thesis is written at the Department of Electrical and Electronics
Engineering of Institute of Natural and Applied Sciences of Cukurova University.
Registration Number:

Prof. Dr. Mustafa GOK

Director

Institute of Natural and Applied
Sciences

This thesis was supported by TUBITAK for my thesis (Project Number: 115R304).

Note: The usage of the presented specific declerations, tables, figures, and photographs either in
this thesis or in any other reference without citiation is subject to "The law of Arts and
Intellectual Products™ number of 5846 of Turkish Republic




ABSTRACT

PhD THESIS

MODELLING AND ANALYSIS OF FAULT RIDE THROUGH
CAPABILITY OF GRID CONNECTED WIND ENERGY SYSTEMS
USING MULTILEVEL DYNAMIC VOLTAGE RESTORER

Mustafa INCI

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Supervisor : Prof. Dr. Mehmet TUMAY
Co-supervisor : Assoc.Prof. Dr. K.Cagatay BAYINDIR
Year: 2017, Pages: 181

Jury : Prof. Dr. Mehmet TUMAY
: Assoc. Prof. Dr. M. Emin MERAL
: Assoc. Prof. Dr. M. Ugras CUMA
: Assist. Prof. Dr. Adnan TAN
: Assist. Prof. Dr. Tahsin KOROGLU

In conventional dynamic voltage restorer (DVR) tied wind systems, traditional
controller schemes provide only low-voltage ride through capability due to voltage
dips. In order to improve the capabilities of DVR systems, multifunctional controller
algorithm is designed and analyzed theoretically in multilevel DVR to compensate both
voltage dips for low-voltage ride through (LVRT), voltage swells for high voltage ride
through (HVRT) and voltage harmonics, simultaneously. For this purpose, different
reference generation methods are performed for multifunctional compensation and
compared in order to obtain better results. In addition, DVR topologies which use
battery called as Topology | and share dc-link capacitors of back-back converter in
doubly fed induction generator (DFIG) called as Topology Il are performed. The
controller methods are firstly tested in Topology | in order to obtain detection speeds
for voltage dips and harmonic compensation capabilities. Following, different case
studies are performed in grid connected DFIG based wind system for Topology | and
I1. Performance results verify the effectiveness of the multifunctional controller scheme
to enhance uninterruptible voltage stability and harmonics compensation in grid
connected wind systems.

Key Words: DVR, Multifunctional Compensation, Dip/Swell, Voltage
Harmonics, DFIG.



0z

DOKTORA TEZi

SEBEKEYE BAGLI RUZGAR SiSTEMLERININ COK SEVIYELI
DINAMIK GERILIM IYILESTIRICI KULLANILARAK ARIZA SONRASI
SISTEME KATKI YETENEGININ MODELLENMESI VE ANALizZi

Mustafa iINCi

CUKUROVA UNIVERSITESI
FEN BiLIMLERI ENSTITUSU
ELEKTRIK - ELEKTRONIK MUHENDISLIiGi ANABILiM DALI

Danisman : Prof. Dr. Mehmet TUMAY
Ikinci Danisman : Dog. Dr. K.Cagatay BAYINDIR
Year: 2017, Pages: 181

Juri : Prof. Dr. Mehmet TUMAY

: Dog. Dr. M. Emin MERAL

: Dog. Dr. M. Ugras CUMA

: Yrd. Dog. Dr. Adnan TAN

: Yrd. Dog. Dr. Tahsin KOROGLU

Klasik dinamik gerilim iyilestirici (DGI) bagh riizgar sistemlerinde klasik
denetim semalar1, gerilim diismelerine baglh olarak sadece duslk gerilim sonras: sistem
kararlihg: saglamaktadir. DGI sistemlerin kabiliyetlerini gelistirmek icin, diisiik ve
yuksek gerilim sonras: sistem kararlilig: icin gerilim dismeleri/ylkselmeleri ve
harmoniklerini es zamanh telafi etmek amaci ile gok fonksiyonlu denetim algoritmasi
cok seviyeli DGI icin tasarlamp teorik olarak analiz edilmektedir. Bu amagla, farkl
referans (retim yontemleri uygulanmakta ve daha iyi sonu¢ almak igin
karsilastirilmaktadir. EK olarak, batarya kullamilan Topoloji | ve c¢ift beslemeli
asenkron jenerator (CBAJ)’deki sirt-sirta donustlriicldeki da-bag sigalarini kullanan
Topoloji Il isimli DGI topolojileri ¢ahstiriimaktadir. Denetim yontemleri ilk olarak
gerilim dismelerinin tespit hizlari ve harmonik telafi yetenekleri icin Topoloji I’de
karsilastinlmaktadir. Devaminda, farkl drnekleme calismalar1 sebekeye bagh CBAJ
tabanl rlzgér sisteminde Topoloji | ve Il igin ayri ayrn gerceklestirilmektedir.
Performans sonuclari, sebekeye bagli riizgér sistemlerinde kesintisiz gerilim kararlihg:
ve harmonik telafi saglamak icin gergeklestirilen ¢ok fonksiyonlu denetleyicinin
etkisini kanitlamaktadur.

Anahtar Kelimeler: DGI, Cok Fonksiyonlu Telafi, Diisme/Yiikselme, Gerilim
Harmonigi, CBAJ.



EXTENDED SUMMARY

With the development of technology and the reduction of fossil fuels, the
wind energy industry has become one of the most important sources of renewable
energy. Wind energy systems are used to reduce the electricity consumption in the
consumer part by connecting to the electrical network. These systems are named as
“Grid connected wind energy systems”. The power ratings of these systems are
significantly increasing in the renewable energy industry, and the global wind
power capacity in 2015 approaches to nearly 450 GW. However, the linkage and
interaction of wind turbines with the grid cause serious problems due to the high
power rating of the wind turbines. In this interaction, voltage problems on the grid
side are the most important events affecting system stability of wind energy
systems. Voltage dips / swells problems are considered to be the most important
issues affecting energy quality in grid-connected wind energy systems. These
problem types cause to lose its stability and cause high generator currents and
electrical torque oscillations in a turbine generator. In addition, negative effects
such as loss of power equipment and losses occur. After the faults in the grid, it is
desirable that the wind turbines remain connected to the grid without losing the
voltage stability and preventing the generation of high generator currents. This is
called “Fault ride through capability”. Another problem in electrical grids is
voltage harmonics, which cause to malfunction of the protection devices and
overheat of the transformers / generators.

In wind energy systems connected to the grid, the most commonly used
generator type in wind farms is double-fed induction generators (DFIG). It is
preferred because it has variable speed control, active / reactive power control and
small rating converters. In this generator type, the stator of the DFIG is directly
connected to the electrical grid. The rotor is connected to the grid with a back-to-
back converter to increase the rating of the electrical energy produced by the wind

turbine partially (about 30%). However, the voltage dips / swells on the grids affect
Il



the magnetic coupling between the stator and the rotor, creating transient high
currents. Transient high currents increase the dc-link voltage in the back-to-back
converter and cause the switching elements to be damaged. There are various
protection elements applied to the wind energy systems connected to the electrical
network in order to prevent these undesirable events in the turbine due to faults in
the grids and to maintain system stability. One of the most popular methods used at
DFIG is "Dynamic Voltage Restorers (DVR)". DVRs are special power devices
with an inverter structure and are placed in series between the grid and the turbine.
In this way, it provides the stability of the voltage on the turbine side by injecting
the controlled voltage during the voltage dips / swells on the grid side.
Conventional DVR systems applied to grid connected wind systems examine only
symmetrical and asymmetric voltage dip situations. In these studies, it is discussed
how to compensate for voltage dips and to prevent transient currents in the system
and to contribute to the system after low voltage faults.

In this thesis, the effects of voltage dips / voltage swells and voltage
harmonics problems in electrical grids and the compensation using multilevel DVR
system are investigated and analyzed. For this purpose, a 5-level H-bridge diode
clamped multilevel inverter is used. In the proposed system, the injected voltage
has low total harmonic distortion due to the five-level H-bridge diode clamped
multilevel inverter. In order to test the DVR tied wind system, the DFIG based
grid-connected wind energy system is first modeled by using the PSCAD program.
The wind turbine model is designed according to 0.69 kV / 50 Hz system. In the
design of the wind system, the back-to-back converter is controlled using the
vector control method. In the second step of the modeling, the design of the DVR
system has been realized according to the wind turbine system parameters. DVR is
firstly tested between the load and the grid, instead of the wind turbine, and the
performance results are examined. It is ensured that the voltage on the load side is
kept constant by compensating for the voltage dips / swells and harmonics on the

grid side. The multilevel DVR system is tested for the first time with the aim of
v



compensating for voltage dips / swells and harmonics seen in wind power systems
connected to the grid. To accomplish these functions, a multi-functional controller
algorithm has been developed.

In the optimization section, the combination of DGI and DFIG based wind
system is realized. The optimization of DVR system is performed for two different
topologies. In the system called Topology-l, DGI performs the compensation
process by providing the energy need from the battery. In Topology Il, the voltage
problems are compensated from energy by using the common dc-link capacitors in
the back-to-back converter in the wind turbine system. The proposed system is
designed to compensate for 50% voltage dips, 30% voltage swells and voltage
harmonics up to 10%.The Performance results for both systems are examined using
the PSCAD program for different case studies.

In the proposed system, the multifunctional controller algorithm is
implemented using different methods. By comparing the performances of the
methods used in this study, the best method among methods is determined for the
compensation operation. The performance results of the used methods are
presented in Chapter 6. “Synchronous Reference Frame (SRF)”, “Enhanced Phase
Locked Loop (EPLL)”, “Second Order Generalized Integrator based Phase Locked
Loop (SOGIPLL)”, “Sliding Discrete Fourier Transform (SDFT)” and “Fast
Fourier Transform (FFT)” are methods which tested in Topology | for
multifunctional compensation process.

In multifunctional compensation algorithm, the most effective method is
determined by comparing the compensation capacities of voltage dip and voltage
harmonics using different control methods. The common feature of the used
methods is that they are applicable for each phase and they are capable of obtaining
the amplitudes of voltage dips /swells and harmonic signals. The reference signals
are calculated by the obtained signals and compared with the triangular signals in
pulse width modulation to generate controlled injected voltages. All methods are

investigated for compensation for voltage harmonics and three-phase asymmetrical
Vv



voltage dips. The starting/ending detection times of voltage dips and THD
performance values after the compensation are presented in a tabular form. When
the performance results are examined, ISRF method is determined as the fastest
response method by detecting the voltage dips as fast as other methods. Using this
method, the total distortion at turbine-side voltage can be reduced to approximately
1.5% for different THD levels.

In the next step, the ISRF method is tested for different case studies in
Topology | and Topology 11, and the performance results are given in Chapter 7.In
the performance results, both topologies are examined for low voltage fault ride-
through capability, high voltage ride-through capability and voltage harmonic
compensation situations. In case studies, the compensation results of voltage dipp +
harmonics and voltage swell + harmonics are given. When the performance data is
analyzed, both topologies can simultaneously compensate for voltage dips / swells
+ harmonics and prevent high stator / rotor currents that occur after voltage dips /
swells faults. In addition, Topology-I can achieves long-term voltage dip/swell
compensation due to a separate battery. Topology Il eliminates the additional
energy storage requirement by using common dc-link capacitor of back-back
converter in wind system. However, limited and short-term compensation is

executed in Topology-II.
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1. INTRODUCTION

In this chapter, general information of the thesis is given, as brief review of
classical power system stability, changes and challenges in the power system with
installation of renewable energy sources. The weak grid issue, which is gaining
increasing importance with high penetration of wind power plants in recent years,
is discussed up to an extent, together with severe grid faults. The research
objectives, contributions, and the organization of the thesis are provided at the end

of this chapter.

1.1. Background

Wind energy industry has become one of the most important renewable
energy sources with the development of technology and reduction of fossil fuels.
Wind energy systems have been connected to the electrical systems, called as grid
connected wind energy systems (GCWES), are utilized to reduce the demand of
utility-fed electricity for machines, illumination, heating and refreshment. The
power ratings of these systems have demonstrated significant increment in
renewable energy industry, which has started to improve since 1980s. But, the
connection to the grid has become a serious problem due to high power ratings of
wind turbines. Voltage problems at grid-side significantly affect power system
stability of wind energy systems during the interaction with grid. Voltage dips and
swells are the most significant issues which affects energy quality in GCWES.
Voltage dips (sags) and swells are known as voltage reductions and rises which
cause power losses and damage of power equipments. Furthermore, generator
current and electrical torque reaches to higher values by losing voltage stability.
After the faults in grid, wind turbines are required to remain grid connected during
severe voltage dips and to prevent high stator/rotor currents and power losses

without losing the voltage stability of turbine. This condition is defined as fault ride
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through (FRT) capability. Another problem called as voltage harmonics creates
overheating of transformer/generators and fault operation of protective equipments.

In GCWES, the most common generator type for wind farm applications is
Doubly Fed Induction Generator (DFIG) because of its advantages such as variable
speed operation, active/reactive power control and smaller rated power converters.
Basically, the stator of DFIG is directly tied to the grid. The rotor is connected to
grid via partially back-to-back converters called as Rotor Side Converter (RSC)
and Grid Side Converter (GSC) which have partial rating (nearly 30%) of power
generator by wind turbine. Voltage dips at grid-side such as balanced/unbalanced
faults result in high stator currents in DFIG based wind systems due to the direct
connection of stator to the grid. Because of magnetic coupling between stator and
rotor, high transient currents occur in rotor-side of system. High transient currents
may damage solid-state devices and increase dc-link voltage of back-to-back
converters.

Voltage dips/swells at grid-side voltages cause high stator currents due to
the direct connection of stator to the grid. Because of magnetic coupling between
stator and rotor, high transient currents occur in rotor-side of system. High transient
currents damage solid-state devices and increase dc-link voltage of back-to-back
converters in DFIG. To prevent these harmful conditions under unstable
conditions, protection devices are applied in grid connected wind energy systems to
provide FRT capability. The most popular solutions for DFIG are crowbar,
STATCOM, and Dynamic Voltage Restorer (DVR). Among these topologies,
crowbar is a resistive network which is connected to rotor winding in DFIG. In
fault conditions, crowbar is short-circuited and DFIG behaves like an induction
generator. But, high short current flows when the crowbar is active. In this
situation, it absorbs a large amount of reactive power from grid, which is not
applicable for grid code requirements. Other methods called as STATCOM and

DVR are power electronics based devices to support reactive power at point
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common of coupling. DVR injects less reactive current to provide voltage stability
compared with STATCOM.

1.2. Research Objectives and Contributions

Traditional DVRs used with GCWES are used to compensation for only
voltage dips or unbalances during symmetrical and/or asymmetrical grid faults in
(Flannery and Venkataramanan, 2009; Abdel-Bagi and Nasiri, 2011; Ibrahim et al.,
2011; Leon et al., 2011; Ramirez et al., 2011; Wessels et al., 2011; Zhang et al.,
2012; Alaraifi et al., 2013; Amutha and Kumar, 2013; Yao et al., 2013; Chen and
Wang, 2014; Gkavanoudis and Demoulias, 2015). However, voltage harmonics
cause overheating of transformers and generators, losses in transmission
lines/cables in GCWES. In traditional DVR based systems, only voltage dips are
compensated in (Flannery and Venkataramanan, 2009; Abdel-Bagi and Nasiri,
2011; lbrahim et al., 2011; Ramirez et al., 2011; Wessels et al., 2011; Zhang et al.,
2012; Alaraifi et al., 2013; Amutha and Kumar, 2013; Chen and Wang, 2014;
Gkavanoudis and Demoulias, 2015) for FRT. Compensation of only voltage
unbalances is performed in (Leon et al., 2011) and (Yao et al., 2013) in order to
prevent negative sequence currents in electrical machines which cause unequal
overheating and torque in stator windings of generator.

In this thesis, Dynamic Voltage Restorer (DVR) is used for the
compensation of voltage dip/swell and harmonics problems in DFIG wind system.

The original contributions and purposes of the proposed system are followed as:

The simultaneous compensation of voltage dips, voltage swells and
harmonics compensation is achieved in GCWES.

Five level H-bridge diode clamped multilevel inverter is used to obtain low
THD values at injected voltages.

In order to compensate different voltage problems, multifunctional
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controller algorithm is improved.

Different voltage detection methods are used to provide better voltage
stability at wind-side voltages.

Two DVR topologies with battery (Topology 1) and dc-link capacitor of
back-back converter in DFIG (Topology 1) are performed for case studies.
The power flow is analyzed under voltage dips and swells.

The system is designed and simulated to compensate up to %50 voltage
dips and voltage harmonics with approximately 9.52% total harmonics
distortion (THD).

1.3. The Organization of Thesis

The organization of the thesis is as follows;
Chapter 1 presents general overview, problems and solution techniques of
problems in wind energy systems, briefly. It also explains the main objectives and
contributions of thesis.
Chapter 2 introduces the power quality problems and its effects in grid connected
wind systems. In addition, international standards related to PQ problems are given
in this section.
Chapter 3 explains the wind energy in World and Turkey. Besides, the
classification of wind turbines and turbine design are presented in this section. The
structure of DFIG and its controller method called as Vector Control are also given
in this chapter.
Chapter 4 explains the system and control method in order to compensate voltage
problems in electrical grids. Multifunctional compensation technique is explained,
and different control strategies are shown in this chapter.
Chapter 5 describes system topologies and controller schemes in order to
compensate different voltage problems at grid side and provide the stable and

smooth voltage at wind-side voltages.
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Chapter 6 shows the compensation results of modelled system by using different

reference signal generation methods.

Chapter 7, the system models and case studies for different multilevel inverters and

different control strategies are given. In addition, performance results are given for

different case studies under voltage dips, voltage swell and voltage harmonics.
Finally, Chapter 8 summarizes the contributions of the system and future

work.
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2. PQ ISSUE IN GCWES

In this section, the power quality problems in GCWES and their effects are

presented. Also, PQ standards specified by IEC are given.

2.1. Overview

Wind energy is playing an increasingly important role in the supply of
energy of most industrialized countries, and its share of the electrical generation is
expected to continue to increase for many years to come (Fortman, 2015). An issue
such as limited fossil fuel reserves, climate change due to CO2 emissions, brings to
attention alternative technologies to generate electricity in a more sustainable
manner (Chandrasekaran, 2014). In recent years there has been a lot of
emphasis on renewable power integration due to environmental issues and to
lower the dependence on fossil fuels (Saraf, 2012). Wind energy systems are being
connected to the electrical systems, called as grid connected wind energy systems
(GCWESsS), are utilized to reduce the demand of utility-fed electricity for
machines, illumination, heating and refreshment. The power ratings of these
systems have demonstrated significant increment in renewable energy industry,
which has started to improve in 1980s. As installed capacity of the wind power
plants (WPPs) in power system of certain countries increases, stability of the power
system becomes more critical (Goksu, 2013). With the rapid increase in penetration
of wind power in the power system, it becomes necessary to require wind systems
to behave as possible as conventional power plants to support the network voltage
and frequency not only during steady-state conditions but also during grid
disturbances (Qiao and Harley, 2008). But, the connection to the grid has become a
serious problem due to high power ratings of wind turbines. The deviations and
waveform distortions of physical and characteristics properties in electric grids that
cause equipment failure, economical loss and several negative effects are defined

as power quality (PQ) problems.
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In GCWESs, the PQ problems occurred at grid-side significantly affect
power system stability of wind energy systems during interaction between grid and
turbine (Larsson, 2000). In grid connected wind energy systems, it is characterized
in expressions of voltage and frequency. The most hazardous voltage problems
which affect the stability of wind turbine are voltage dips and swells. Flickers,
Harmonics and transients are different voltage problems at GCWESs. In addition to
voltage problems, frequency variations are other PQ problems which affect the
efficiency of wind system.

The PQ standards and grid requirements of grid connected systems are
specified by IEC Standard 61400-21 of IEC-Technical Committee 88. In this
paper, survey of PQ problems at GCWESs is proposed. The PQ problems are

categorized in Section I, and the definitions/effects of these problems are detailed.

2.2. PQ Problems
Figure 2.1 illustrates the classification of PQ problems in GCWESs.

—>{ __Dip(Sag)

—>{ _Rise (Swell)

— __—>{ interruption _

= Voltage — sl

AR ¢ i Unbalances

o ., —>{__ Flicker
. PQProblems — —>{ _Harmonics _
R —>{_Transients _

—> | Frequency

Figure 2.1 PQ problems in grid connected wind systems
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2.2.1. Voltage Problems

Voltage problems are known as changes in the magnitude of voltage
signals in a time duration from half period to minutes. These problems at grid-side
significantly affect power system stability of wind energy systems during the
interaction with grid. The most well-known PQ problems are known as variations,

flicker, harmonics and transients.

2.2.1.1. Voltage Dips

Voltage dips are defined as short duration reduction in rated voltage
magnitude between 10% and 90%. Figure 2.2 presents the voltage waveform of
voltage dip problem in electrical systems. This problem cause high generator
currents and electrical torque by losing voltage stability in GCWESs (Hansen and
Michalke, 2007; Chouhan, 2010). After occurrence of voltage dips, wind turbines
are required to remain grid connected during voltage variations and to prevent high
stator/rotor currents and power losses without losing the voltage stability of

turbine. This condition is defined as low voltage ride through (LVRT) capability.

Magnitude £ 0.9pu for sag condition (2.1)

<— \/oltage Dip —»

Figure 2.2 Voltage dip
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2.2.1.2. Voltage Rise (Swell)

The second voltage variations are defined as voltage swells. These are
determined as short duration rise in magnitude to 110% and 190% of its rated
value, as shown in Figure 2.3. Grid voltage swell causes a transient dc flux
component on generator stator winding even stronger than grid voltage dip,
resulting in a much more serious stator, rotor current, and torque oscillation (Xie et
al., 2015). In power electronics converter based wind energy generation systems,
the reactive power will be absorbed by the power converter system from the grid
during swell period (Ahmad and Loganathan, 2010). In order to prevent the
negative influences of voltage swells, over voltage withstanding capability of wind
turbine is defined as high voltage ride through (HVRT) capability (Zheng et al.,
2013). The duration of voltage dip/swell varies from half-period to 1 minute in
IEEE 519 standards (Sadigh and Smedley, 2016). In electrical systems, voltage

swell is defined as according to (2.2):

Magnitude 31.1pu for swell condition (2.2)

<—Voltage Swell —»

Figure 2.3 Voltage Swell

2.2.1.3. Voltage Interruption
Voltage interruption is defined as the completely loss of grid side voltage

(Manoj Kumar Swain, 2013), as shown in Figure 2.4. According to its time
10
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interval, it can be classified as instantaneous, momentary, temporary and sustained
(IEEE, 1995; IEEE, 2009).

Instantaneous - 0.5 to 30 cycles
Momentary - 30 cycles to 2 seconds
Temporary - 2 seconds to 2 minutes

Sustained - greater than 2 minutes

. .
{ <— Interruption —}

Figure 2.4 Interruption

2.2.1.4. Voltage Unbalances

In a three phase system, if the magnitudes of phase voltages and/or phase
angles are different, this condition is called as voltage unbalance (Pillay and
Manyage, 2001). The waveforms of voltage unbalance situation are shown in
Figure 2.5. The main sources of this problem are high-rated unbalanced loads in
electrical systems (Sugirtha and Latha, 2011). This unbalance condition creates
negative sequence currents in electrical machines which cause unequal overheating
and torgue in stator windings of generator (Sugirtha and Latha, 2011; Raju et al.,
2012).

11
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Phase-a Phase-b Phase-c

Figure 2.5 Voltage unbalances in a three phase system

2.2.1.5. Flicker

The voltage flickers are dynamic variations in the network caused by wind
turbine or by varying load (Chen, 2005; Mohod and Aware, 2010). The voltage
flickers are caused due to switching operation, pitch error, yaw error and
fluctuation of wind speed (Sunil and Loganathan, 2012). The power fluctuations
from wind turbine continuously occur in the course of operation. The amplitude of
voltage fluctuation depends on grid strength, network impedance, phase-angle and
power factor of the wind turbines, and the fluctuation of voltage flicker is in a
frequency 10-35 Hz (Mohod and Aware, 2010). The measurement of PQ at
GCWESs is defined by IEC 61400-21 and voltage fluctuation should be within +/-
5% of nominal value in approximately 10 (ten) minutes (Emanuel et al., 20009;
Sunil and Loganathan, 2012).

2.2.1.6. Harmonics

Voltage harmonics is defined as a distortion due to integer multiple
components of the fundamental sinusoidal voltage waveform alternating at 50/60
Hz and repeats every cycle. Figure 2.6 shows a voltage waveform with harmonics
which consists of fundamental and selective harmonics (3rd). Nonlinear loads,
power electronic loads, rectifiers and inverters are well-known sources of
harmonics (Larsson, 2000). These problems cause over heating of

transformer/generators, fault operation of protective equipment and an increase in

12
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currents through shunt capacitors which lead to failure of such capacitors (Reid,
1994; Sugirtha and Latha, 2011).

The individual voltage components are used to calculate total harmonic
distortion (THD) in percentage. THD limits are defined by using IEEE-519
standards (IEEE, 1993). The THD of a voltage (THD,, ) is defined as:

a\ /2
th
THE =Y"2_ 1006

Vi

(2.3)

Where, v, is individual harmonic component of ht"component and v; is

fundamental component of a voltage.

Fundamental o q
3rd harmonics

Distorted voltage with 3rd harmonics

Figure 2.6 Waveforms of fundamental voltage, individual harmonics and distorted
voltage with harmonics

2.2.1.7. Transients
Transients are known as sudden rises in voltage signals. VVoltage Transients
occur due to switching of capacitors using mechanical switches which provides

reactive power compensation in wind energy generation systems (Larsson, 2000;

13
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Sugirtha and Latha, 2011). These problems can damage to sensitive electronic

devices in control systems of wind systems (Sugirtha and Latha, 2011).

2.2.2. Frequency Variations

Frequency variation can be expressed as a change in fundamental
frequency of the utility from its defined nominal value (50 or 60 Hz) and the
steady-state power system frequency is directly related to the rotational speed of
the generators on the system (IEEE, 2009; IEEE, 2014). The frequency variations
affects the power generation, non-optimal tip speed ratio and aerodynamic
efficiency in a wind system (Sugirtha and Latha, 2011; S.Tripathi, 2014). This
condition causes less energy capture and lower power output for wind generation
(S.Tripathi, 2014).

2.3. PQ Standards

The development of wind energy requires to improve the PQ issue. The
international standards specify the characteristics of PQ issue in GCWESs. These
standards are defined by working group of Technical Committee-88 of the
International Electro-technical Commission (IEC) (Mohod and Aware, 2010).
These standards consist of the following parts under the general titled as IEC-
61400 (IEC, 2005; Yuvaraj et al., 2011):

Part 1: Design requirements

Part 2: Design requirements for small wind turbines

Part 11: Acoustic noise measurement techniques

Part 12: Wind turbine power performance testing

Part 13: Measurement of mechanical loads

Part 14: Declaration of apparent sound power level and tonality values

Part 21: Measurement and assessment of PQ characteristics of GCWESs

14
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Part 23: Full-scale structural testing of rotor blades

Part 24: Lightning protection

15
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3. GCWES: OVERVIEW, DFIG AND CONTROL

This section introduces the installed global wind power in World and
Turkey. Also, it explains the fundamentals, overview and properties of wind
turbine systems. At the end of chapter, the functions and control of DFIG are

explained in detailed.

3.1. Wind Energy

Wind energy industry has become one of the most important renewable
energy sources with the development of technology and reduction of fossil fuels.
The wind power capacity in world has installed up to 432.9 GW (2016) from
nearly 47.3 GW (2004) (Blaabjerg and Chen, 2006; Steve Sawyer and Rave, 2016).
Wind energy systems are being connected to the electrical systems, called as grid
connected wind energy systems, are utilized to reduce the demand of utility-fed
electricity for machines, illumination, heating and refreshment. Besides, it is
expected to increase the electricity-generation vie wind power plants in most

industrialized countries in following years (Fortman, 2015).

3.1.1. Wind Energy in World

According to the report of GWEC, the installed global power reached to
432.9 GW at the end of 2015 (Steve Sawyer and Rave, 2016). In global installed
wind power capacities, Asia region has the highest share compared to other
regions. The global installed wind power capacities of continental regions in world
are presented in Table 3.1.

In world, cumulative capacities of top 10 countries are presented in Table
3.2. Among cumulative capacities of countries in world, PR Chine has 145.3 GW

electrical generation and shares 33.6% for total wind energy.

17
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Table 3.1 Global installed wind power capacities

Region Installed Power (2015) Percent
Africa & Middle East 3,489 GW 0.806 %
Asia 175,831 GW 40.618 %
Europe 147,771 GW 34.137 %
Latin America & Caribbean 12,220 GW 2.823 %
North America 88,749 GW 20.502 %
Pacific Region 4,823 GW 1.114 %
World Total 432 GW 883 MW 100%
Table 3.2 Cumulative capacities of top 10 countries in world
Country GW Share Country | GW Share
% %

1. |PR China 145,36 | 33.6 6. UK 13,60 3.1

2. |USA 74,47 17.2 1. Canada 11,20 2.6

3. |Germany 44,94 104 8. France 10,35 24

4. |India 25,08 5.8 9. Italy 8,95 2.1

5. |Spain 23,02 5.3 10. | Brazil 8,71 2.0

Total Top 10 | 365731 | 84.5

3.1.2. Wind Energy in Turkey

The installed global wind power capacity in Europe is 147 GW 771 MW

according the ratings of 2015. The list for top ten countries is presented in Table

3.3 for wind power generation. According to table, In Europe, Germany is known

as country which has the highest power ratings generated wind power. It has an

approximately 45 GW installed power capacity. Turkey has an approximately 4.7

GW installed wind power capacity.

18
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Table 3.3 Cumulative capacities of top 10 countries in Europe

Country MW Country MW
1. Germany 44947 | 6. Sweden 6025
2. Spain 23025 | 7. Poland 5100
3. UK 13603 | 8. Portugal 5079
4. France 10358 | 9. Denmark 5063
5. Italy 8958 | 10. Turkey 4694

The percentage values of cumulative values generated in Europe is shown
in Figure 3.1. As shown in Figure, Turkey meets 4% of total wind power in
Europe.

Portugal . Denmark Turkey
4% 4% 4%
Poland
4%
Sweden
5%

Figure 3.1 The percentage values of cumulative values in Europe (Steve Sawyer
and Rave, 2016)

According to years, the installed power ratings in Turkey are presented in
Figure 3.2. It shows a rapid increase from 2006 to 2015. The installed power
increases from 51 MW to 4718 MW in this duration.
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Figure 3.2 Cumulative wind power installations in Turkey (Konuray, 2016)

Figure 3.3 presents the installed power ratings according to regions in
Turkey.
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Figure 3.3 Regions according to operating wind power plants (Konuray, 2016)
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According to cities of Turkey, the most installed wind power plants are
located in Balikesir. The power plants in Balikesir generates nearly 923 MW.
Figure 3.4 demonstrates the installed power ratings of top-18 cities in Turkey.
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Figure 3.4 Cities according to operational power plants (Konuray, 2016)

3.2. Wind and Aerodynamic
In this part, wind modeling and aerodynamic model for a turbine system is

introduced.

3.2.1. Wind Speed

In this section, the components and properties of a wind model are
expressed. A wind speed consists of four main components (Kog, 2010). These
components are called as:
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Fundamental wind velocity, Vi, fundamental (M/s)
Gust wind component, Wiy, gust(m/s)
Ramp wind component, V,y, ramp (M/S)

Noise wind component, Vi, noise (m/s)

The total wind speed is written as the summation of four main components.

Vwind =VW, fundament +Vw,gust +Vw,ramp +Vw,noise (3-1)

Fundamental wind velocity is a constant value which is essential for
running of a wind system. In this study, fundamental wind velocity is assumed as
input of wind turbine and gust, ramp and noise components don’t influence the

analysis of proposed system.

3.2.2. Aerodynamic Model

In wind turbine systems, turbine rotor extracts the kinetic energy from the
flow air in the wind and converts this energy into mechanical rotational energy
(Kog, 2010). The power of the wind is expressed as (Chouhan, 2010):

2\/ 3
rpr Vwind

(3.2)

N |-

Pwind =

Where, r is the radius of turbine blade and \(Niris speed of wind in m/s.

The mechanical power (R,.) extracted from the wind power for a turbine

system is a part of wind power which defined by Betz Constant ( C p )- According

to Betz theory, the maximum value is limited to 0.593 (Tao, 2004; Chandrasekaran,

2014).
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Cp(max) =0.593 (3.3

0_1
Pmech = CpPuwind = 9 rAVwmd - E

Cp(l.,b) (3.4)

wmd

=

Where, R indicates the radius of a turbine blade in meters. v ;.4 is wind
speed in m/sec and r is air density in kg/m3. ¢ 0 is a variable value and

dependent to wind speed, rotational speed of turbine and turbine blade parameters

(Kog, 2010). According to (8), ¢ . is calculated by using tip speed ratio (1 ) and

blade pitch angle (B in degrees) (Fortman, 2015).

Cp(l,b)=¢ €92 _6ab -0y 5 - cgreC7 /i (3.5)
g I 0

Where, cl, c2, c3, c4, c5, c6, c7, c8 and c9 are constant values
characterized by turbine manufacturers (Kog, 2010). InCp, |iis defined as

(Fortman, 2015):

Ii = 1 Cg (3.6)

+
1 +cgb p3+1

In Cp function, tip speed ratio (1) is expressed as (Jing, 2009;

Tuscaloosa, 2009):
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I = WmechRblade

(3.7
VWind

Where, the mechanical angular velocity of turbine rotor is defined by

Wmech in rad/s. Wmechis calculated by using n (rpm) in (3.8).

2pn
W =5 (3.8)
mech 60
The mechanical torque (T,.y) at rotor shaft is dependent to Py and
Wrotor (KOG, 2010).
P
Trmech = —ect (3.9)

rotor

The maximum power is obtained with highest Cp value which is

provided for optimum pitch angle and optimum tip speed ratio. 0° for pitch is

optimum value for high wind speeds and transient conditions. Optimum tip speed
ratio Iopt is a proportion to obtain maximum amount power from the wind (Tao,

2004; Petersson, 2005; Chandrasekaran, 2014). The optimum rotor speed is:

_ Wrotor,opt T

bopt = (3.10)

Vwind

Where, r is rotor radius.
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3.3. The Fundamentals and Main Components

In order to generate electricity through wind power plants, the fundamental
components of wind system are a turbine rotor, gearbox (optional), generator,
transformer and electronics converters (optional) (Blaabjerg and Chen, 2006), as

shown in Figure 3.5.

Mechanizal zewer Ehetsical Fower
(ST i cammwerber Py
‘Alind praver roses ol CEnerainT Tnpticenly Iemslimmer Sapphy zrid
G @0 oI+ \ | i Bl
7] B! B = E L i
| ¥ | 2lle Lo
Prwer converson Prower Prraer cinversen Prwer monversion &
& eraired Irensmissing & venlral Pressr rooesmissiom

Figure 3.5 The main components of a wind turbine system (Blaabjerg and Chen,
2006).

In wind energy generation systems, wind power rotates the blades which
consist of normally three blades, and it is converted to rotating mechanical power.
The gearbox is optional and it is used to increase and stabilize the low speed of
turbine rotor at generator-side. The generator transforms mechanical energy into
electrical energy which supplies an electrical grid through power electronics
converters and power transformers. In order to transform mechanical energy into
electrical energy, both induction and synchronous generators are used in wind
turbine systems. Induction generators are applied for both fixed-speed and
variable-speed wind systems (Blaabjerg and Chen, 2006; Chen et al., 2009).
Among wind energy generation systems, Doubly Fed Induction Generator is the
most common type for wind farm applications because of its advantages such as
variable speed operation, active/reactive power control and smaller rated power
converters (Aga and Jadhav, 2013; Blaabjerg and Ma, 2013; Polinder et al., 2013).
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3.4. The Classification of Wind Turbines
The classifications of wind turbines can be categorized according to speed

control ability and concepts of power electronics converters.

3.4.1. Classification According to Speed Control
Wind turbines can be classified into two categories according to speed
control ability. These are named as constant speed and variable speed wind

turbines.

3.4.1.1. Constant speed

In the early 1990s, the most of installed wind turbines are operated at
constant-speed (Hansen et al., 2004). This means that, the rotor speed of turbine is
constant and defined by the grid-voltage frequency, gear ratio and generator design
(Hansen et al., 2004; Ackermann, 2005). This type is designed to obtain maximum
efficiency at specific wind speed (Blaabjerg and Chen, 2006). Constant speed
wind turbines are based on squirrel cage induction generators and directly
connected to grid with a soft starter and capacitor bank (Pan et al., 2013). The
advantages of this type are simple, low-cost, robust and reliable (Ditkovich et al.,
2012). The disadvantages are uncontrollable reactive power flow, mechanical
stress and limited power quality control (Moursi et al., 2014). Due to constant
speed operation, wind speed fluctuations create mechanical torque oscillations and

electrical power fluctuations at grid-side (Ackermann, 2005).

3.4.1.2. Variable Speed

According to speed control ability, second type turbines are defined as
variable speed. This type is designed to obtain maximum aerodynamic efficiency
between a wide range of wind speeds (Hansen et al., 2004). These turbines

continuously to adjust rotational speed (w) of turbine at variable wind speeds
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(Ackermann, 2005). For this purpose, tip speed ratio is kept constant at a defined
value correspond to maximum power coefficient (Fortman, 2015). On the contrary
of constant speed wind turbines, variable speed turbines keep the generator torque
approximately constant.

Variable speed wind turbines are based on induction or synchronous
generators. They are connected to grid via power electronics based converters. The
speed of generator is controlled by power converters, thus, the power fluctuations
are primarily eliminated by changes in the generator rotor speed (Fortman, 2015).
These systems are more complex when compared to fixed speed wind systems
(Blaabjerg and Chen, 2006). In this way, variable speed operation is performed via
power electronics converters.

The advantages of these turbines can be explained as:

Reduces the mechanical stress at the mechanical components (Hansen et
al., 2004)

Increases power capture capability (Hansen et al., 2004)

Controls active reactive power flows (Ackermann, 2005)

Fast response during transient situations (Sun et al., 2009)

Improves power quality (Hansen et al., 2004; Sun et al., 2009)

The disadvantages of these turbines are more complex, more expensive and

maintenance in comparison with constant speed turbines.

3.4.2. Classification According to Concepts of Power Converters

There are four types according to concepts of power converters in wind
turbines. These are called as Type 1, Type 2, Type 3 and Type 4, as shown in
Figure 3.6.
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Flgure 3.6 The classification of wind turbines according to concepts of power
converters

34.2.1. Typel
This type is known as constant speed wind turbine with asynchronous
squirrel cage induction generators (SCIG) (Ackermann, 2005; Polinder et al.,

2013). In this type, it is connected directly to grid without power electronic
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converters. SCIG continuously absorbs reactive power from grid (Fortman, 2015).
In order to compensate partial reactive power, capacitor banks are used in Type 1
(Sun et al., 2009). Soft starter is used to improve grid connection and control
startup (Blaabjerg and Chen, 2006).

3.4.2.2. Type?2

This structure achieves limited variable speed control for wind turbines
with rotor resistance (Chaudhary et al., 2013). This type is based on wound rotor
induction generator (WRIG) and directly tied to grid. A controlled resistance is
connected in series to rotor winding which determine the range of variable speed.
The range is typically between 0% and 10% for synchronous generators
(Ackermann, 2005).

3.4.2.3. Type3

This construction is known as doubly fed induction generator (DFIG)
concept (Polinder et al., 2013; Fortman, 2015). In this concept, the stator of DFIG
type wind turbine is directly tied to the grid, while the rotor is connected to grid via
partially back-to-back converters called as Rotor Side Converter (RSC) and Grid
Side Converter (GSC) which have partial rating (nearly 30%) of power generator
by wind turbine (Blaabjerg and Chen, 2006; Sun et al., 2009). RSC is used to
control active/reactive power and speed of machine under normal conditions, while
GSC is used to keep dc-link voltage constant and reactive power exchange with the
grid (Polinder et al., 2013).

3.4.2.4. Type4
This structure allows to full variable speed control for wind systems
(Ackermann, 2005; Kim and Lu, 2010). In this structure, the stator of generator is

directly tied to grid via full —scale frequency converter (Ackermann, 2005). Wound
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rotor synchronous generator (WRSG) or WRIG or permanent magnet synchronous
generator (PMSG) can be selected as generator in Type 4 (Hansen et al., 2004).
Full scale frequency converter is used for reactive power compensation and smooth

grid connection (Ackermann, 2005).

3.5. DFIG
Doubly fed induction generator is the most widely used generator type in

wind energy systems. The following subjects about DFIG are clarified in this topic.

The functions
Equivalent circuit and mathematical modeling
RSC and GSC control

3.5.1. The Functions

The schematic diagram of grid connected wind system based on DFIG is
presented in Figure 3.7. It includes two converters called as rotor side converter
(RSC) and grid side converter (GSC), respectively. These are linked back-to-back
with common a dc-link capacitor. Basically, the stator of DFIG type wind turbine
is directly tied to the grid, while the rotor is connected to grid via partially back-to-
back converters called as Rotor Side Converter (RSC) and Grid Side Converter
(GSC) which have partial rating (nearly 30%) of power generator by wind turbine.
RSC is used to control active/reactive power and speed of machine under normal
conditions, while GSC is used to keep dc-link voltage constant and reactive power
exchange with the grid (Edrah et al., 2015; Karaipoom and Ngamroo, 2015; Xiong
and Sun, 2016; Zhu et al., 2016).
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Figure 3.7 Grid connected wind energy system based on DFIG
3.5.2. Equivalent Circuit and Mathematical Modeling
The equivalent circuit of DFIG is illustrated in Figure 3.8.
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Grid | R Jods  p. g5 Ly Jeeen)i R
+ .‘ +
@l’;ﬁd ir:
g\‘.‘.ﬁ‘!‘l’.‘ I}c.rm: HSC
-——  a— .
‘ ¥
I% JG v

0 fink

Figure 3.8 The equivalent circuit of grid connected wind energy system

—

— .= dl
Vs =Rsis + jw Ig +Tts (3.11)

_ dal,

Vi = Rrir + j(we ‘Wr)ﬁ+ 3.12)
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I, = Lgis + Lpyir (3.13)

I, =Lyir+Lyis (3.14)

— >

In (3.11)-(3.14), 1,V and I indicates flux, voltage and current in

equivalent circuit of DFIG . Ly =Lgs +L,, and L, =Lg, + L, formulate the

inductances of stator and rotor, respectively (Fortman, 2015). Also, electrical stator

angular velocity is defined asWe=W. L, , R and R are symbols of mutual

inductance, stator resistance and rotor resistance (Wessels et al., 2011; Almoataz
Y. Abdelaziz, 2013).
Total power of a grid connected DFIG are dependent to phase current

flowing in all three phases.
Pyind = Re(\/ai’; +Vhip +vcrg) (3.15)

Quind = IMWVaia +Vpip +Vcic) (3.16)

The control of real and reactive power is performed in dq frame rather than

phase frame.

3 . . 3 . .
Ruind=Fs t R ZE(Vd,s'd,s + q,s'q,s)"'E(Vd,r'd,r "'Vq,r'q,r) (3.17)

3 . . 3 ) .
Quind==Q& +Q ZE(Vq,s'd,s 'Vd,s'q,s)+56/q,s'd,r 'Vd,s'q,r) (3.18)
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In order to control the real and reactive power, independent control must be
provided for (3.17) and (3.18). It can be observed in (3.17-18), P and Q can be
independent if VVd or Vq is zero. According to Clarke’s transformation, three phase
signals are converted to dq components. In order to realize this process, three phase
signals are first converted to oy components. After this process, af components are
transformed to dg components. Figure 3.9 presents vector diagram for stator

voltage oriented control in dg frame.

Q-axis

Rotor axis

P Stator axis
is: iq7s

Figure 3.9. Transfomation from phase frame to dqg frame (Aggarwal Archna et al.,
2014)

3.5.3. Rotor Side Converter (RSC) Control

The controller of stator real power and stator reactive power flow is
realized by using the control of rotor side converter (RSC) in DFIG based wind
systems. The relation of real and reactive power between stator and grid side is

defined as:

3 . .
Ps = E(Vd sld s TVqsigs) (3.19)
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3 . .
Qs = E(Vq,s'd,s -V sigs) (3.20)

It is clear from (3.19) and (3.20) that the real and reactive power flows
cannot be controlled independently using the d and q axis currents. Thus, the rotor
side converter is controlled in the stator flux oriented reference frame in order to
decouple the control of real and reactive power flows associated with the stator
(Saraf, 2012).

In order to achieve a decouple control of active and reactive power, stator
flux oriented vector control scheme is adopted. Based on the previous research the
following assumptions are considered (Md. ARIFUJJAMAN et al., 2009):

* Stator voltage drop across resistance has been neglected as the effect of stator
resistance is quite low compared to the grid voltage (Mohamed et al., 2004).

e The DFIG is connected to a stiff grid, i.e., the frequency and amplitude of the
stator or grid voltage is assumed constant (He et al., 2005).

* Magnetizing current of the stator is assumed to be determined by the grid (He et
al., 2005).

 The g-axis is 90° ahead of the d-axis and rotating at synchronous speed in

the direction of rotation (Holdsworth et al., 2003).

« The stator flux vector is aligned with the d-axis of the stator (Holdsworth et al.,
2003).

los=1s (3.21)
Iq,s =0 (3.22)

By ignoring the resistance of windings,
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Vygs =0 (3.23)

Vs =Vs (3.24)

Readjusting the (3.19) and (3.20) by using (3.23) and (3.24), the new

values of Psand Qare:

3 . 3., .
3 s 3, 4l
Qs = qu,s'd,s = Evs'd,s (3.26)

Since the stator active and reactive powers have to be controlled using the
rotor currents, the above relationships have to be modified to include rotor d and g
axes currents in the active and reactive power relationships (Kog, 2010; Saraf,
2012; Shafiei, 2012).

The flux linkages for d and g components are given in (3.27) and (3.28).

by s =Lsigs + Lla r (3.27)
Iy =Lsigs +Lor (3.28)

In the stator flux oriented frame, id,s and iqs be expressed in terms of

id,r and iq,r , respectively as:
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Mg -Lpig

igs = % (3.29)
S

. L .

In the stator flux oriented frame, the d - axis stator flux is constant

and equal to ls. By using (3.29) and (3.30), the real and reactive power flows

are extracted in (3.31) and (3.32) due to stator voltage and rotor currents in dq

components (Pena et al., 1996).

3.6 Ly. U 3L .
R L A LAV (3.31)
sT5 s(.é L q,rfJ 2L, slq,r
3.,. 3., (lgs-Lmigr)
= —V.i =—V d ! 3.32
Qs 2 sld,s 2 S Ls ( )

According to (3.31) and (3.32), power flows in RSC can be controlled by
using d and g components of rotor current. The controller scheme of RSC is
illustrated in Figure 3.10. According to controller scheme, instantaneous real and

reactive powers of stator is calculated and subtracted from reference signals. By

. .x .x )
using PI controllers, Iy y and Iq ( are generated and these signals are converted

into phase reference rotor currents (i:n ) via inverse dq transform at Gsjjy. The

difference between actual rotor and reference rotor currents are used in hysteresis
band to generate gate signals in RSC (Shafiei, 2012). This method is also called as

current reference pwm method.
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Figure 3.10 Vector control based RSC control

In controller, q, and g indicate rotor angular position and the angle of

stator flux, respectively. The stator flux angle is calculated as (Tao, 2004; Romlie,
2014):

d ;
Ela,bs =Va bs ~ Isla,bs (3.33)
la bs =0(Va bs — Isia ps )t (3.34)
-1 Ibs
fq=tan""(—) (3.35)
as

3.5.4. Grid-Side Converter (GSC) Control

Grid-side converter (GSC) is used to stabilize DC link capacitor voltage
constant and control the reactive power flow between GSC and grid. The value of
reactive power is adjusted to zero in order to maintain zero reactive power flow
between grid and GSC. In grid side control, d-component is oriented in dg frame to

control dc link voltage and power flow.

Vis =Vs (3.36)
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Vgqs =0 (3.37)

Therefore, the grid side power magnitudes in dq frame are:

3 . . 3 .
Pgsc = E@d sld,gsc tVq,slq,gsc ): Evd sld,gsc (3.38)

3 . . 3 .
Qgsc = E@q,s'd,gsc ‘Vd,s'q,gsc): ‘Evd,s'q,gsc (3.39)

According to (3.38) and (3.39), the real power is controlled by using only d
component of grid current, and g component of grid current is applied in reactive
power control between GSC and grid (Aggarwal Archna et al., 2014).

The scheme of equivalent circuit between GSC and grid is presented in
Figure 3.11.

Stator E R L GSC

@ AAA  CEE—— idc,gsc | dc,rsc
: I idc
' gsc {
VA Ny Np \650 J Cac \c
Myind

n
Figure 3.11 The connection of GSC to stator

=

Using circuit theory for Ns=Np:

digsc

Vs = Rigse + Lo + Ve (3.40)
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According to relationship of GSC and grid, grid side voltages are rewritten

in dg frame with a frequency V\e(Romlie, 2014).

did ,gsc

Vg,s =Rig gsc tL ~WeLlg gsc *Vd,gsc (3.41)

Vg,s = Rig,gsc L +WeLig gsc +Vg,gsc (3.42)
The switching signals can be generated due to grid side converter voltage.
In dg frame, Vg,gsc and Vg gsc are dependent to both d and g components of grid

current. This condition makes the controllability difficult and complex (Pena et al.,

1996). In order to simplify the equivalents, v ' i and v ‘q.gsc are defined as:
dig
' —Di ,gsc
V'ggsc=RlggsctL at (3.43)
di
' —Di 0,gsc
Viq.gsc=Rlg gsc LT (3.44)
By substituting:
V*4.gsc = ~V'd,gsc TWelLlg gsc +Vd s (3.45)
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V ¥4 gscand V *q gsc indicates the reference GSC voltages in dg

frame. It means that the transfer function between current and voltage is (Romlie,
2014):

id,gsc (S) _ lg,gsc (5) __ 1 (3.47)
V'd,gsc(s) V'q,gsc(s) Ls +R

It expresses that PI controllers are used in linear plant defined by (3.47)
shown in Figure 3.12.

For three phase system, the relationship of power of dc link capacitor and
grid is defined as (Romlie, 2014):

Vicide,gsc = Evd,sid,gsc (3.48)
m
Vd gsc = EVdc (3.49)
. 3
ldc ,gsc = Zml d.s (3.50)
Vg .
C TC = ldc,gsc ~ ldc,rsc (3.51)

Where, m is modulation index of inverter in GSC.

DC link control is realized in continuous domain and assume that for ideal
case id(; rsc— 0, the effective transfer function is (Tao, 2004; Romlie, 2014) :
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Vie(s) _ 3m
id,gsc(s) 4Cs

(3.52)

In control, d component of GSC current (id,gsc) controls the dc link
voltage. In addition, reactive power is controlled by using g component of GSC
current (iq,gsd (Aggarwal Archna et al., 2014). Also, reference of reactive power is

adjusted to zero for providing unity power factor.

Crate
Signals
Jfor GSC

Figure 3.12 Vector control based GSC controller
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4. DVR FOR FAULT RIDE-THROUGH

Voltage dip/swell and harmonics are defined as the most hazardous
disturbances in distribution systems. These disturbances cause several serious
problems such as equipment failure and economical loss in critical loads. Voltage
disturbances can disturb the operation of sensitive loads like regulation devices,
computer hardwares and monitoring devices. To compensate these voltage quality
problems, inverter based Custom Power Devices (CPDs) are applied in distribution
systems, where Series Active Power Filter, Dynamic Voltage Restorer (DVR) and
Static Compensator (Statcom) are the most widespread used CPDs. DVR is the
most effective inverter based device which eliminates voltage disturbances among
CPDs.

4.1. Fault Ride Through (FRT) Capability
In grid connected wind energy systems, there are two different fault ride

through capabilities. These are known as:

Low-Voltage Ride Through (LVRT) Capability
High-Voltage Ride Through (HVRT) Capability

4.1.1. Low Voltage Ride Through

Voltage problems at grid-side significantly affect power system stability of
wind energy systems during the interaction with grid. Voltage dips, swells and
harmonics are the most significant issues which affects energy quality in grid
connected wind systems (Kyaw and Ramachandaramurthy, 2011; Sugirtha and
Latha, 2011; Tourou and Sourkounis, 2014). Voltage dips (sags) are known as
voltage variations which cause power losses resulting in damage of power

equipments. Furthermore, generator current and electrical torque reaches to higher

43



4.DVR FOR FAULT RIDE-THROUGH Mustafa INCI

values by losing voltage stability (Hansen and Michalke, 2007; Chouhan, 2010).
After occurrence of grid faults, wind turbines are required to remain grid connected
during voltage variations and to prevent high stator/rotor currents and power losses
without losing the voltage stability of turbine (Mohammadpour et al., 2015). This
condition is defined as low voltage ride through (LVRT) capability.

4.1.2. High Voltage Ride Through

Voltage swell at grid-side causes a transient dc flux component on doubly
fed induction generator (DFIG) stator winding even stronger than grid voltage dip,
resulting in a much more serious stator, rotor current, and torque oscillation (Xie et
al., 2015). Also, swells may lead to the reversal of the power flow in the back-back
converter, and current may flow from the grid into the DC-link which results
voltage rise in dc link voltage (Feltes et al., 2008). In electrical networks, high
voltage ride through (HVRT) is defined as the capability to stay connected in short
durations of voltage swells in order to prevent the negative effects (Boukhris et al.,
2015; Xie et al., 2015).

4.2. FRT Requirements

Wind energy generation systems have to fulfill international standards and
grid codes to be connected to the energy network (Wessels et al., 2010). Grid codes
for wind turbines cover the steady-state and transient state operation as well as the
communication and power dispatch (Wessels et al., 2010). The main dynamic
requirements concern the FRT capability of wind turbines. Transmission system
operators have specified their recent requirements, so that wind turbines must offer
ride through capability from the grid turbines have to stay connected and supply
reactive power to the grid continuously to support the voltage level (Abbey et al.,
2006; Shin et al., 2011). LVRT requirement from the german transmission code is
introduced in Figure 4.1 (Wessels et al., 2010).
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Figure 4.1 LVRT requirement in german VDN transmission code T11-8 (Wessels
etal., 2010)

The International Electro-technical Commission (IEC) developed and
released the IEC standard 61400-21 for testing and accessing power quality
characteristics of grid-connected wind energy converters (Emanuel et al., 2009).
The standards specifiy the measurement of the turbine electrical behavior under
symmetrical/asymmetrical voltage dips of different amplitudes (90%, 50% and
20%) and duration (200 ms to 500 ms) (Wessels et al., 2010).

The effects of grid voltage swell on wind turbine and corresponding high-
voltage ride-through (HVRT) strategy have not been given sufficient attention (Xie
et al., 2015). HVRT capabilities are expected to gradually become a requirement
for wind farms with the continuous improvement of wind power capacity and grid
connection standards (Boukhris et al., 2015). Australia initially formulated the
HVRT guideline for grid-connection wind turbines [12]. In the HVRT guideling,
when the grid voltage swells to 1.3pu, the wind turbine should stay connected for
60ms to provide reactive recovery current as shown in Figure 4.2 (Boukhris et al.,
2015; Xie et al., 2015).
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Figure 4.2 HVRT requirements (Xie et al., 2015)

4.3. DVR for FRT Capability

In this section, the most popular solutions for FRT capability and the
advantages/disadvantages of solution techniques are given. Also, conventional
DVR based systems and capabilities of DVRs in wind systems are explained in this

part.

4.3.1. DVR vs Statcom & Crowbar for FRT

Voltage variations on grid-side voltage such as balanced/unbalanced faults
cause high stator currents due to the direct connection of stator to the grid.
Because of magnetic coupling between stator and rotor, high transient currents
occur in rotor-side of system. The DFIG does have the disadvantage of a direct grid
connection so that voltage dips on the grid can cause significant flux transients and
high rotor current to flow (Romlie, 2014). High transient currents damage solid-
state devices and increase dc-link voltage of back-to-back converters in DFIG. To

prevent these harmful conditions under unstable conditions, protection devices are
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applied in grid connected wind energy systems to support LVRT. The most popular
solutions for DFIG are crowbar (Pannell et al., 2010; Chen et al., 2016; Wenijie et
al., 2016), STATCOM (Qiao et al., 2009; Wang and Truong, 2013), and Dynamic
Voltage Restorer (DVR) (lbrahim et al., 2011; Wessels et al., 2011; Alaraifi et al.,
2013). Among these topologies, crowbar is a resistive network which is connected
to rotor winding in DFIG. In fault conditions, crowbar is short-circuited and DFIG
behaves like an induction generator. But, high short current flows when the
crowbar is active. In this situation, it absorbs a large amount of reactive power
from grid, which is not applicable for grid code requirements (lbrahim et al., 2011).
Other methods called as STATCOM and DVR are power electronics based devices
to support reactive power at point common of coupling. DVR injects less reactive

current to provide voltage stability compared with STATCOM.

tE::TI{j:IM ; Sl'ril.'li d P Sinatt
. RlumELL .
_.' ---‘l.- I ETIR] 'ﬁ;

STATCOM

Figure 4.3 The locations and structures of crowbar, statcom and dvr in grid
connected DFIG wind systems

4.3.2. Advantages/Disadvantages of Crowbar, Statcom and DVR

Table 4.1 provides a brief comparison of the advantages and disadvantages
of each technique. The system properties and functional capabilities show that
DVR is a very effective solution to provide voltage stability during voltage dip

situations.
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Table 4.1 Comparison of Crowbar, Statcom and DVR

Type Advantage Disadvantage

Crowbar *Decrease rotor over current, dc- *During faults, DFIG behaves
link over voltage and torque like an IG. It reduces the power

oscillations rating generated system.
*Simple *High short currents when the
*Low-cost crowbar is active.

*Absorption of large amount of
reactive power from grid

STATCOM * Reactive Power Support *Large Current Injection to
* Voltage Stability Improvement Compensate Voltage
* Phase Jump Compensation Disturbances
*Complex
* More Expensive
DVR *Small Current Injection for *Complex
compensation * Expensive than crowbar

* Voltage Stability Improvement
* Phase Jump Compensation
*Active/Reactive Power Control
*Voltage Controlled

4.3.3. Conventional DVR Based Systems

DVR is located in series between wind turbine and electrical grid
(Gkavanoudis and Demoulias, 2015). A conventional DVR consists of an inverter,
filter, energy storage unit and a series transformer (Leon et al., 2011). Inverter
generates controlled voltage from energy storage unit to compensate voltage dips
occurred at grid-side. Then, generated voltage is filtered through LC filter (Guo

and Liu, 2011), and injected to system via series transformer (inci et al., 2016).

4.3.4. Capabilities of DVRs in Wind Systems

This paper investigates DVR based on grid connected wind turbine to
fulfill simultaneous FRT capability and harmonics compensation. Traditional
DVRs used with GCWS are used to compensation for only voltage dips or
unbalances during symmetrical and/or asymmetrical grid faults in (Flannery and
Venkataramanan, 2009; Abdel-Bagi and Nasiri, 2011; Ibrahim et al., 2011; Leon et
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al., 2011; Ramirez et al., 2011; Wessels et al., 2011; Zhang et al., 2012; Alaraifi et
al., 2013; Amutha and Kumar, 2013; Yao et al., 2013; Chen and Wang, 2014;
Gkavanoudis and Demoulias, 2015) . The compensation capabilities of the
systems are introduced in Table 4.2. However, voltage harmonics cause
overheating of transformers and generators, losses in transmission lines/cables in
GCWES. In traditional DVR based systems, only voltage dips are compensated in
(Flannery and Venkataramanan, 2009; Abdel-Bagi and Nasiri, 2011; Ibrahim et al.,
2011; Ramirez et al., 2011; Wessels et al., 2011; Zhang et al., 2012; Alaraifi et al.,
2013; Amutha and Kumar, 2013; Chen and Wang, 2014; Gkavanoudis and
Demoulias, 2015) for FRT. Compensation of only voltage unbalances is performed
in (Leon et al., 2011) and (Yao et al., 2013) in order to prevent negative sequence
currents in electrical machines which cause unequal overheating and torque in

stator windings of generator.

Table 4.2 Generator types, properties and compensation capabilities of DVR
connected wind energy generation systems in studies

Reference Type P, V/f Functions

(Ibrahim et al., 2011) DFIG 2 MW LVRT

(Wessels et al, 2011) 0.69 kV/60Hz

(Ramirez et al., 2011)

(Leon et al., 2011) SCIG 24 MW Voltage
0.69 kV/50 Hz Unbalances

(Zhang et al., 2012) DFIG 1.5 MW LVRT
0.575 kV/50 Hz

(Amutha and Kumar, 2013) SCIG - LVRT
-/50Hz

(Alaraifi et al., 2013) DFIG 1.5 MVA LVRT

(Hussein and Ali, 2016) 0.575 kV/ 60 Hz

(Sivasankar and Kumar, IG 3 MVA LVRT

2014) 0.69 kV/ 50 Hz

(Gkavanoudis and DFIG 25 kVA LVRT

Demoulias, 2015) 0.4 kV/50 Hz

(Jiang et al., 2016) SCIG 2 MW LVRT
0.4 kV/50 Hz

(Zhu et al., 2016) DFIG 2 MW LVRT
380 V/50 Hz
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4.4, DVR Structure
A conventional DVR system consists of

an inverter
injection transformer
energy storage unit

output filter

4.4.1. Inverter Topologies

Inverter is one of the most important components in dynamic voltage
restorer. Inverter generates controlled voltage to compensate voltage sag/swell and
harmonics. There are several inverter topologies to compensate voltage problems
in DVR systems.
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Figure 4.5 The most common converter topologies used in dynamic voltage
restorers

The most common inverter topology is known as three phase three wire
inverters (Zhan et al., 2001; Vilathgamuwa et al., 2006; Shi et al., 2010; Islam and
Pota, 2013; Rauf and Khadkikar, 2015). These inverters are used to compensate
only balanced problems. In order to eliminate the disadvantages of three phase

three wire inverters, there are generally two alternative types: split-capacitor and
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four leg inverters. In split capacitor inverter based DVRs, the neutral point is
connected directly to the midpoint of the dc link capacitors. In Figure 4.5, the
neutral of the injection transformer is connected with the inverter ground in order
to provide a zero-sequence current path for a system to operate under unbalanced
conditions (Vilathgamuwa et al., 2002; Li et al., 2007; Omar and Rahim, 2012).
The four leg topology which requires additional power switches (Naidu and
Fernandes, 2009; Ebrahimzadeh et al., 2015), also needs a more complex control
strategy compared to split capacitor inverters. But it provides several advantages
such as a reduction of neutral currents and the possibility of neutral point voltage
control. In both single phase systems and three phase balanced/unbalanced
systems, H-bridge (Newman et al., 2003; Ghosh et al., 2004; Li et al., 2006;
Ramasamy and Thangavel, 2012; Gonzalez et al., 2014) and half-bridge (Silva et
al., 2005; Ho and Chung, 2010) inverters are used to generate pwm signals for
DVRs. Two-level voltage source inverters are inadequate for high power
applications due to their voltage rating. Multilevel inverters allow high voltage
levels instead of these inverters. The most popular topologies among multilevel
inverters implemented in DVR are Cascade (Wang et al., 2006; Al-Hadidi et al.,
2008; Al-Hadidi et al., 2008; Massoud et al., 2010; Marei et al., 2012; Babaei et al.,
2014), Diode Clamped (Barros and Silva, 2010; Leon et al., 2011; Bhumkittipich et
al., 2013) and Flying Capacitors (Roncero-Sanchez and Acha, 2009). Recently,
AC-AC converters which don’t need an energy storage unit, are alternative
topologies to compensate voltage disturbances in utility systems instead of
inverters (Sree and Mohan, 2000; Sree and Mohan, 2000; Wang and
Venkataramanan, 2009; Babaei et al., 2010; Babaei et al., 2010; Babaei and
Kangarlu, 2011; Babaei and Kangarlu, 2012).

4.4.2. Energy Storage Components
Conventional DVRs stand an energy storage unit which supplies active

power for compensation of voltage dips and harmonics. The voltage of energy
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storage unit is in dc form, and inverter converts this energy into ac form. The most
used energy storage units are lead-acid batteries (Zhan et al., 2003), capacitors (Li
et al., 2002; Ghosh et al., 2004), super capacitors (Omar and Rahim, 2012),
flywheels (Wang and Venkataramanan, 2009), superconducting magnetic energy
storage (SMES) (Shi et al., 2010).

4.4.3. Output Filter

Solid-state devices are implemented in different areas with nonlinear loads.
The nonlinear characteristics of these switching devices cause distorted voltage
waveforms with high-order harmonics. In order to mitigate the high order
harmonics of switching, LC filters are commonly used in DVR structures (Choi et

al., 2000). These filters also have following issues:

The first is parameter design of components in LC filter. The filter is
designed to prevent the passing of high frequency harmonics, and voltage
drop should be fairly small on filter. Also, inductance value should be as
small as possible for low-cost (Guo and Liu, 2011).

Another important issue for LC filter is the resonance problem. In
resonance condition, the control system may have transient distortions and

affect the overall system stability (Li, 2009).

4.4.4. Injection Transformer

The injection or series transformers are located in series to inject controlled
voltages to system. The power rating of injection transformer is adjusted to
compensation level of voltage dip/swell. The main functions of series transformer

are explained as:
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It also provides electrical isolation (Li et al., 2007).

It reduces the voltage magnitude at input of inverter (Perera et al., 2006).

It can also achieve to prevent noise and transients from the primary side to
secondary side (Zhan et al., 2001).
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5. THE PROPOSED SYSTEM AND CONTROL

In this chapter, the modeled system topologies called as Topology | and
Topology Il, power flow in DVR tied GCWES, design of DVR and proposed
reference generation methods for multifunctional compensation are explained.

Proposed study is briefly explained in the following topics.

In this section, two DVR topologies called as Topology | and Topology 11
are presented. Topology | ensures dc energy from a battery. In Topology I,
it shares the dc-link capacitors of back-back converters in DFIG.

The power flow is analyzed under voltage dips and swells.

Five level H-bridge diode clamped multilevel inverter (H-DCMI) is
selected due to generated low THD values at injected voltages. Five level
H-DCMI based DVR system is designed to generate controlled voltages for
compensation operation.

The switching of H-DCMI, voltage ratings at the dc-link capacitors, filter
design and transformer design for proposed study is explained in detailed.
In control part of DVR, different reference generation methods are
proposed. The system is designed and simulated to compensate voltage
dips/swells and voltage harmonics occurred at grid-side. The common
property of these methods are that they can generate reference signals for
voltage dips/swell and harmonics. Also, they are applicable for each phase,
separately.

The proposed DVR tied GCWES is implemented in PSCAD/EMDTC
program. The implementation of modeled system in PSCAD is presented at

the end of this section.
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5.1. The Proposed Topologies
The structures of Topology | and Topology Il are detailed in 5.1.1
and 5.1.2, respectively.

5.1.1. Topology-I

In first topology called as Topology-I, DVR is tied between grid and DFIG
and wind system. In topology I, the structure consists of three single-phase series
transformers, a DC/AC converter and a DC-link energy storage (battery). The DVR
is controlled in order to keep stator terminal voltages of the DFIG at desired (pre-

fault) magnitude. The equivalent circuit of Topology-I is shown in Figure 5.1.
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Figure 5.1 The power flow of Topology-I for LVRT and HVRT

5.1.2. Topology-I1I
In Topology-11, DVR is tied between grid and DFIG and wind system. The
main difference of Topology-Il is that it provides energy from dc link capacitor of

back-back converter. The equivalent circuit of Topology-Il is shown in Figure 5.2.
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Figure 5.2 The power flow of Topology-II for LVRT and HVRT

5.2. Power Flow in DVR tied GCWES

The single line circuit diagram of power flow for DVR tied GCWES is
shown in Figure 5.3. In GCWES, the current flows from wind system to grid. The
power flow in these systems are contrary to conventional DVR systems based on

sensitive loads.

................. Dip Condition ... ..............SwellCondition ________ ...
: +DVR H +DVR ;
: A i A ;
E = U= 1 — U — :
' Pwind 1 Pgrld E: Pwind T Pgnd E
: N i g :
| DFIG r\) B, 6, Grid' | DFIG r\) Py 6, Grid |
o ®

Figure 5.3 The power flow during (a) dip condition, (b) swell condition

According to the power flow, DVR is used to provide LVRT capability
under voltage dip (sag) conditions. In this condition, active power flow is absorbed

from inverter to dc-link (battery). As a result, the power exchange ( Py, ) during

voltage dips is negative.

Pivr = Ruind — Pgria <0 (5.1)
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In swell conditions, power flow is realized from battery to inverter. Active
power is injected to compensate voltage swell problem and provide HVRT

capability, and the value of pg, is positive.

Pavr = Pwind ~ Pgria >0 (5.2)

5.3. Design of DVR
In this part, the following subjects which are the main components of DVR

will be detailed:

Inverter design
Energy Unit
Filter Design

Transformer Design

5.3.1. Inverter Design

In this thesis, five level H-DCMI topology ise used and tested in inverter
part of DVR. The inverter consists of three legs for each phase with common-dc
link (Wang et al., 2006) and it is applicable for compensation of both symmetrical
and asymmetrical problems.

The five level H-DCMI is composed by the H-bridge connection of two
traditional three-level diode clamped legs (Rojas et al., 2014), as shown in Figure
5.4. A single leg of three level DCMI generates three voltage levels (-Vdc/2, 0,
+Vdc/2). By combination of two legs in H-bridge structure, five different voltages
(-Vdc, -Vvdc/2, 0, +Vdc/2, +Vdc) are generated at the output-side voltage of five
level H-DCMI (Nami et al., 2011).

Five level HDCMI based DVR structure is shown in Figure 5.4. The
switching states of a single phase five level H-DCMI are presented in Table 5.1.
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Table 5.1 Switching states of five level H-DCMI (Rojas et al., 2014)

State

S1

S2

S3

S4

Vout

1

+Vdc

+Vdc/2

+Vdc/2

0

0

0

-Vdc/2

-Vdc/2
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-Vdc

(81,82,83,84)are the fundamental switching components. (8_18_28_38_4)

are triggered by the inverse switching signals of (81,82,83,84).
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5.3.2. Energy Storage

In Topology |, battery is selected as energy storage unit to provide dc
energy for inverter, as presented in Figure 5.5. In Topology Il, the dc-link
capacitors of back-to-back converter in DFIG based wind system are shared with
DVR, as illustrated in Figure 5.6. For this reason, the dc-link voltage of DVR is

arranged to dc-link voltages of back-back converters.
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Figure 5.5 The scheme of battery based DVR called as Topology |
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Figure 5.6 The scheme of Topology Il with common dc-link capacitor
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5.3.3. Filter Design

In this part, the filter design is explained for suitable inductor and capacitor
values which are based on the fundamental voltage drop, cut-off frequency and
small inductance for low-cost. The equivalent circuit for design of LC filter is
shown in Figure 5.7.

In DVR structure, the series transformer has a leakage inductor which
analyzed in filter design (Guo and Liu, 2011). Actually, the output LC filter
consists a LCL filter with leakage inductor. In order to design output filter, leakage
inductance is firstly calculated. In order to estimate the actual values of leakage
inductance, base values of resistance and inductance are calculated by using (5.3-
6).

Vi

Rpase = Sbase (5.3)
ase

Ro
Lpase = 5.4
base =~ of (5.4)
Lieak = Ljeak ,pu " Lpase (5.5)
Zeq = 2pfleax (5.6)
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Figure 5.7 The equivalent circuit of system

LC filter is used to prevent the harmonic components occurring in the filter
output voltage. The fundamental principle in the filter design is to provide a shunt
way for the harmonic current and a series impedance to carry the harmonic
voltages (Choi et al., 2002). To perform this aim, the fundamental current flowing

through capacitor should be far less than the transformer current.

iif =lcf +iwing (5.7)

Assume that Ic is very smaller than iwing (Guo and Liu, 2011). So,
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x 1.1 . % 1
100 Zeq  Zgr 100 Zgg

(5.8)

x; and x, are real numbers.

Secondly, the inductor value is calculated for LC filter design. The
fundamental voltage in inductor should be far less than the injected voltage value

(Guo and Liu, 2011). The equivalent inductance of transformer is relatively small

than the voltage across Zeq .

Vie <<Vt (5.9)
Y1 Y2
Top(Zeq 1 Zeg )E Zeg £ 0(Zeg H Zer ) (5.10)

In third step, the cut-off frequency of the filter is designed. The cut-off
frequency of LC filter could be designed according to the following equations (Guo
and Liu, 2011):

SWeg o f SW _
3 cut-off 2 (5.11)

1

feut —off = ————
cut - off ZPW

(5.12)

fout—off and fqy are cut off frequency and switching frequency,

respectively.
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5.3.4. Transformer Design

There are some significant issues in order to make an appropriate series
transformer design (Li et al., 2000). In transformer based DVRs, power rating and
the turn ratio of series transformer is designed dependent to single phase grid-side

peak voltage (Vs,peak ), dip/swell depth (Mag dip, swell ) and inverter output peak
voltage (Vinv,peak ) (Jimichi et al., 2008). The peak value of inverter voltage is also

equal to dc link voltage. The power rating of a single phase is selected as

dependent to depth of dip/swell (Maggi, swen) @nd system power. The power of a
system ( Psystem ) is the sum of phase a, phase b and phase c. The power rating of

a single phase transformer is defined as:

Mag gip,swell ~ Psystem
Piransforme r = 3 (5.13)

Injected voltage must be:

Vinj, peak = Maggip swell Vs, peak (5.14)
The generated inverter output peak voltage is:

Vinv,peak = Ve link (5.15)

The inverter voltage is transformed into suitable value via transformer. By

using Vn_ and Vinv, peak, turn ratio is calculated as (Jimichi et al., 2008):
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ny _ Vinj,peak _ MaQgip swellVs, peak (5.16)

N Viny, peak Ve link

Where, n; andn, indicates the windings of transformer.

5.4. Proposed Controller Scheme for DVR

Several controller methods are presented in literature in order to
compensate voltage problems. In proposed controller method, it includes five main
steps to generate injected voltages for dip/swell and harmonics compensation.

The general scheme of proposed controller methods is introduced in Figure

5.8. According to flowchart:

Firstly, grid-side voltages are converted into per unit values.

Secondly, the voltage magnitude and harmonics of grid-side voltages are
extracted by using detection methods.

Then, reference signals for dip/swell and harmonics are calculated,
separately.

In next process, final reference signal is determined by using r f gip - swell

and R efharmonics

And finally, reference signals are compared with carrier signals in order to

generate pwm signals.
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Figure 5.8. The flowchart of reference signal generation for voltage dips/swells and
voltage harmonics
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5.4.1. Per Unit Transform

According to the control scheme, grid voltages are firstly converted to per
unit (pu) values. Then, pu values of grid-side voltage signals are used as inputs of
detection or extraction method to generate voltage magnitudes at grid-side. This
process is explained in (5.17):

Vgrid—n
the peak value of nth phase

Vgrid—n,pu -

n=a,b,c (5.17)

5.4.2. Used Methods for Dip/Swell Detection and Harmonic Extraction

In this section, different multi-output methods are explained to detect
voltage dips/swell and extract voltage harmonics at grid-side voltages. The
examined methods are ISRF, EPLL, SOGI-PLL, FFT and SDFT in order to

generate signals of dips/swells and harmonics.

5.4.2.1. ISRF
SRF theory or dg transform is the most common method to extract the
components of three phase voltage signals. In SRF theory, three phase voltages (

V,. Vp and v, ) are converted to d and g components (Al-Hadidi et al., 2008;

Ezoji et al., 2010; Jayaprakash et al., 2014; Rauf and Khadkikar, 2015; Sadigh and
Smedley, 2016). The square root of sum of square of d and g components defines
the average magnitude of input voltages. Due to average value at the output of dg
transform, this method can detect the magnitudes of balanced voltages. But it
cannot achieve the detection of voltage disturbances in unbalanced conditions. In
order to eliminate the disadvantage of dq transform, Improved SRF (ISRF) is used
for unbalanced situations by applying for each phase, separately (inci et al., 2016).
The transformation in ISRF is made by using balanced system theory. According to

balanced three phase system, phase difference of 120° is available between phases.
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Relationship in balanced three phase voltages is presented in (5.18-20) (inci et al.,
2016).

input_1=V,,D(0) (5.18)
input_2=VsaD(—2?p) (5.19)
input_3 =vsaa(2?p) (5.20)

ISRF detects voltages and extracts the components of voltages for each
phase, separately (inci et al., 2016). In addition, it can generates phase information
for each input voltage, separately. In reference frame, the inputs of dqg transform
must be in identical magnitude value and phase difference of 120° between phases
to calculate the voltage magnitude accurately. In ISRF method, reference inputs are
constructed using only single-voltage information for each phase (Wang et al.,
2012), as shown in Figure 5.9. In dg-transform, virtual signals for input_2 and
input_3 are derived using mathematical expressions. Therefore, input_2 and
input_3 are again derived using Vsa. According to (1-3), reference signals for
input_2 and input_3 are derived in phasor form. Because of £ =-1, the value of
input_2 is to be delay n/3 multiplying by (-1) (inci et al., 2016). In a balanced
system, the sum of phasor voltages is zero (input _1+ input 2+ input _3=0).
As a result, the value of input_3 becomes the negative of the sum of input_1 and
input_2 due to (input_3=-(input_1+input_2)) (inci et al., 2016). Phasor
presentations of input_2 and input_3 are given in (5.21) and (5.22).
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input _2 = VsaD(‘T == -VsaE)( =) (5.21)

input _3= —(input _1+input _2): -Vgsa +VsaD(%) (5.22)

i:_:!.',‘:VirtuaI Signal Generation and dq Transform :;%}‘Phase Locked Loop

‘-'\%,‘:Magnitude Information 2:_4_,‘:'Voltage Harmonics Extraction

Figure 5.9 ISRF

dg transformation in multiple frame is applied for each phase, separately.
In d-q transform process of controller method as shown, phase voltage and its
symmetric reference signals are firstly transformed to d and g components for
phase-a, phase-b and phase c, separately (inci et al., 2016). Sine based Park

transformation is used to generate d- and g- components of input voltage.

g"\/d,n: esn(wt) sifwt-2p/3) sn{wt+2p/3)ue Vin

U
f:—ﬁcoivv() co:{wt 20/3) coM+2p/3) SnEJ(p/?») H (5.23)

0

u

gVO,nH @ 12 12 12 HS Vsn +Vsndp/3)

Where n=a, b and c.
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The magnitude of a single phase voltage (Vd,n) is equal to d- component in
pu (inci et al., 2016). Then, Vd,n is subtracted from 1 pu to calculate the depth of

voltage dip/swell. The magnitude of phase voltage is expressed in (5.24).
Mag=Vy4, n=ahb.c (5.24)

In harmonic signal generation, high pass filter (HPF) is used to extract the
harmonic components in dq coordinates (inci et al., 2016). As a result of this
process, the harmonic components are separated from fundamental component.
Then, these signals are again applied for dg-abc transformation, and harmonics
reference signals are generated for each phase.

Vd,n and Vq,n consist of fundamental and harmonic components. In dg
frame, harmonics components behave as AC components while the fundamental

component is in DC form. The equations to define these terms in dq frame:

Nynl & o +Vy ol
évd’nu=‘—d’n ~d’n@ n=abc (5.25)
&any 8Ygn *Van(

Where \7d,n- \7q,nare dc components and \7d,n, \7q,nare AC components.

\7d,n- \7q,nare separated from Vd,n and Vq,n using HPF. Following, \7d,n- \7q,n are

converted to a components expressed in (5.26) by using inverse dq transform.

pa,n]z [cos(wt) Sin(Wt)]g\id’"H (5.26)
8Va.ng
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Finally, the output of inverse dq transform is used to generate reference
harmonics voltage. But, single reference signal is necessary, and generated in
ISRF. Only first output signal of inverse dq transform process is used in reference
generation (inci et al., 2016). According to inverse Clarke transformation,

harmonics components are obtained as (5.27) (inci et al., 2016).

Refharmonics(N) =Van n=ab,c (5.27)

After the extraction of the dg components of input voltage in
reference frame, a simple structure PLL generates phase information which
contains a Pl regulator in synchronous dg reference frame applied to Vq
component. When the angle traced by PLL is close to the actual voltage vector
angle (o*t- 0) is small or close to zero then sin(wt- 0)~ (ot- 0) (Karimi-Ghartemani
et al., 2004). Therefore, it can be observed that for a balanced three- phase system,
the g-axis component in the rotating reference frame reduces to zero when PLL is
locked, and it has small error when it is not locked (Karimi-Ghartemani et al.,
2004). So, it can be defined as:

Vo»(wt-J) (5.28)

The phase angle generated by ISRF is defined in (5.29).

J=Vq ()Kp +Dwt +w it (5.29)
Where
Dwt = Vg (K, dt (5.30)
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5.4.2.2. EPLL

Enhanced phase locked loop (EPLL) is a non-linear adaptive filter in terms
of its structure, which can generate from the input signal its magnitude, phase and
frequency. The block diagram of EPLL is shown in Figure 5.10. EPLL is able to
get the fundamental component of its input that contains power quality problems
(Karimi-Ghartemani and Iravani, 2002; Karimi-Ghartemani et al., 2005). Besides,
it is not affected from other disturbances (Karimi-Ghartemani, 2014). EPLL
consists of phase detection (PD), low pass filter (LPF) and voltage controlled
oscillator (VCO).

----------------------------------------------------------------------------

+ Error (1) _ - + & o
\érid-rm’, '? »

n=abc ~ :((t)

<

&

E
|+A\

Figure 5.10 EPLL

The voltage magnitude of the input signal which is given in (5.31).

Mag (t) = ¢ Error(t) .sinq (t). K 4 .dt (5.31)

And the error and phase angle equations are obtained from its block

diagram as:
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Re fharmonics= EFTor(t) =Vgrig-n, pu () =Y (t) (5.32)
Y (t) =sinq(t); Erront).sinq (t).K 5.dt (5.33)
q (t) =-p/2+[Error(t).cosq (t).Kp + Dwt +wp]dt (5.34)
Dwt = Error (t).sin(q +p /2)(t).Ki.dt (5.35)

The error signal is the total distortion in input signal defined in time-
domain as (5.32). The error signal is used as reference harmonics signal in
controller scheme. Where, KA, KI, KP are gains and integral constants which
affect determination of magnitude and phase of the input signal. Thus, the speed
and performance of EPLL are determined by these parameters (Karimi-Ghartemani
et al., 2004).

5.4.2.3. SOGI-PLL

SOGI-PLL is a phase locked-loop which can be applied in both single
phase and three phase systems, as shown in Figure 5.11. In addition to obtain phase
information of a signal, it achieves the generation of amplitude of measured signal.
It can also extract the amplitudes of asymmetrical voltage signals due to
implementation for each phase, separately (inci et al., 2016).

Electrical signals are usually distorted by harmonics. Adaptive filters are
better way in order to be avoided from the harmonics since they are not affected
too much from the harmonic characteristics and automatically adapt their
parameters according to harmonic characteristics (Inci et al., 2016). They are also

applicable under three-phase asymmetrical conditions.
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+
Error °_>

Vgrid—n,pu

0p ‘ T
SOGI-PLL

Figure 5.11 SOGI-PLL
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L)
.

The characteristic functions of SOGI, in-phase signal and quadrature signal

can be derived as (Inci et al., 2016):

SOGI(s)=— 2 =W (5.36)
K Error (s? +w?)

\V; Errorw s

D(s)=—2—(s)= > 5 (5.37)
grid-n (s© +Errorw s+w*)
Vi Errorw?

Q(s) = ®)=— 5 (5.38)

Vorid-n (s© +Errorw s+w®)

Then, a-p to dg transform is realized in (5.39).

&Vgnl écos(wt) sinwt)uéVy i

v d,n,:’\ ( ) ( ),,\ 1 ’ n:a,b,C (539)

u . A
NVani §-singwt) coswt)iSqvi
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Magnitude of a single phase voltage is calculated by using Vy  and Vq,n

components of SOGI-PLL. The magnitude of a voltage signal is equal to the square

root of sum of squares of d- and g- components in pu (inci et al., 2016).

Mag=Vqn :deZn +V(:12,n n=ab,c (5.40)

Error signal indicates total distortion in input voltage. The error signal is
used as reference harmonics signal in controller scheme for SOGI-PLL based

controller.

Re fharmonics = Error (5.41)

5.4.2.4. FFT

In this study, FFT based harmonic detection technique in (Wang et al.,
2012) is used to obtain the components of the grid voltage. FFT which consists of
small discrete fourier transform (DFT) pieces has a rapid response due to less
complex calculations. Among FFT techniques, Cooley-Tukey is the most
commonly applied algorithm (Asiminoaei et al., 2005; Lutfu Saribulut et al., 2013),

as illustrated in Figure 5.12.
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V= Vgrid-n pu
' \even(0)
VO—> \bven (1) \ A i V[O]i\éven(O) +WO*VOdd o
O d N/2 Point T —> V[1]=\even(1) +W1*Vodd (1)

.

DFT y
.

Veven(N/2-1)

V(N-2) e V[N/2-1]

Vodd (0)

V(1) =— . » V[N/2]=\bven(0) - WO*Vodd (0)
Vodd (1) 9’ S _ .
V(3)ﬁ N/2 Point S W1 P V[N/2+1]=\bven (1) - W1*Voqd (1)
' DFT :
V(N-1)——p Voo (N/2°1) > VIN-1]
Figure 5.12 N/2-point DFTs approach of FFT )
The DFT form of the grid voltage is,
N-1 nk
VIK]= & v(nW™ k =01,2,.....N -1 (5.42)
n=0
Where
k: harmonic frequency index
N: number of sampling points
WK=gi2ikN
(5.42) can be written in polar form as,
VK] =V (k)e 1K) (5.43)

Where, v, and® indicate the magnitude and phase angle of kth

harmonic.
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In Cooley-Tukey algorithm, the voltage samples are categorized as odd
samples (2n+1) and even samples (2n) (LGtfG Saribulut et al., 2013). Thus, (5.42)

is rewritten as,

E_ E_l
VK= & v2w?™ 2wk % vizn+ w2k (5.44)
n=0 n=0
12p2nk - Jﬁnk

Where Wﬁnk_e N —=e N/2 :WIQII(Z

The equation (5.44) becomes as (5.45) through writing W,{]l/(zinstead of

W’\%nk

N_; E_l
2
V[k] = a v(2nw i rwk % v(2n+1)W”k (5.45)
144244% 14442444&
Veven (k) Vodd (k)
VLK1 =Veyen (k) +W Voqq (k) (5.46)
kN k+

2

By using symmetric (Wy :—WN) and periodic (Wy,5 —WNk/2)

properties, (5.45) is written as
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E_l E_l
VK +?] = a vn)W i -w k2 a v(2n + )W ¢ (5.47)
14424£B 144424443
Veven (k) Vodd (k)
N k
VI[k + 7] =Veven (K) =W "Vg4q (k) (5.48)

N/2-point DFTs can be reduced by half DFTs in order to decrease
calculations further. If the sample number is selected the power of 2 (N=2r), then it
can be degraded until 2-point DFTs which is known as radix-2 FFT algorithm.
Therefore, the calculations are decreased, and FFT becomes faster. In this study,
1024 points are exploited in 1-period. As a result, radix-2 FFT algorithm is applied
as illustrated in Figure 5.13.

V= Vgrid-n,pu

P
V(0) 2- point
V(512) DFT 4-point

V(256) = DFT
V(768) =P
%:: 4-point

2- point
DFT 4-point

V(511) =] DFT
V(1023) =3

Figure 5.13 Radix-2 FFT with 1024 samples of the grid voltage

¢ " eecccccccccccccccccccccccnccccccncncaas
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The magnitude of a fundamental signal is defined as:
(5.49)

Mag =V[1]

To generate reference signal of voltage harmonics, FFT extracts the

selective components (kth) of voltage harmonics for each phase, separately.
(5.50)

Harmonic (k) =V [k]Sin(wt +q; )

In proposed system, 5th, 7th, 11th and 13th components of voltage

harmonics are compensated. Therefore, Re fy,,,(n) iS rewritten as:

M ={5,7,11,13} (5.51)

Ref o (n) = & Harmonic (k)
kT M

5.4.25. SDFT

The sliding DFT (SDFT) or Recursive DFT algorithm performs an N -
point DFT on time samples within a sliding-window (Jacobsen and Lyons, 2003).
The principle used for the SDFT is known as the DFT shifting theorem or the

circular shift property (Springer, 1988).
A single DFT output (the kth bin of an N-point DFT) is defined by (Limin

etal., 2007):

w =el2P/N (5.52)

N-1 )
Vo(k)= &V (nw ™™,

n=0
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Where Vv, (k) represents the kth order harmonic component of the N-point

sequence. When the rectangular window of N- point data moves one step forward,

the kth order harmonic component is updated by (Limin et al., 2007):

No_l -nk
V(0= &V (n+ 1w (5.53)
n=

From (5.52) and (5.53), a recursive way of computing DFT is obtained as:
Kk - :
Vi (k) =W Vi1 () +V(i) -V - N)] (5.54)

Calculating DFT in this way is called a recursive DFT. RDFT updates the
specific kth order harmonic component each sampling time with one complex
multiply and two real adds (Limin et al., 2007). If the input signal V(n) is real

sequence, then:

Re Vi(K)=Re Vi (N-K) (5.55)
Im Vi (k) ==Im V,(N=K) (5.56)

Thus, to calculate M (M<N/2) harmonic components, RDFT requires M
complex multiply and 2*M real adds (Limin et al., 2007).

Due to the narrowband nature of the estimated spectrum coefficients,
update of harmonic components calculation at each sampling period is not
necessarily required. Consider an N-point wide sliding window move forward

through the signal every p step forward (1<p<N) (Limin et al., 2007).
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N -1 —nk
Vp(k)= & V(n+ pWw (5.57)
n=0

From (5.52) and (56), the recursive way of calculating the kth harmonic

component at the pth sampling time can be got as (Limin et al., 2007):

p-1 i
& V(n+N)-V(mw ko Pk (5.58)
n=0

1

Vp (k) = Vo (k) +
[

The magnitude of a fundamental signal is defined as:

Mag =Vp [1] (5.59)

To generate reference signal of voltage harmonics, FFT extracts the

selective components (nth) of voltage harmonics for each phase, separately.
Harmonic (n) =V, [k]Sin(wt +qN) (5.60)

In proposed system, 5th, 7th, 11th and 13th components of voltage

harmonics are compensated by using SDFT. Therefore, Re f,, (n) is rewritten as:

Refpy (n) = &Harmonicn) k ={5711,13} (5.61)
kTM

5.4.3. Reference Signal Generation

The depth of dip/swell (Maggip, swell ) is in pu:
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Mag gip,swell (N) = |1 - Mag (n)| n=a,b,c (5.62)

Then, reference signal of voltage dip/swell is determined multiplying by

sine function in same phase. Reference signal for voltage dip/swell is calculated as:

Reference gip sweil (N) = Mag gip swenn (0)-P@n -p/2) n=a,b,c (5.63)

where, ¢, is instantaneous phase angle.

Reference signal in multifunctional compensation consists of harmonics
and dip/swell components. The compensation of harmonics is achieved with

injection of inverse voltage in addition to dip/swell compensation. Therefore,

reference signal is the sum of Refgi sweni(n) and inverse of R ef,rmonics (M) -

Reference (n) = Reference gip swen (N) - Reference narmonics ()~ (5.64)

Where, n = a,b,c.
The reference signals (Reference (n)) for each phase are compared with

carrier signals to generate injected controlled voltages.

5.4.4. Generation of Switching Signals

Reference signals are used to generate controlled voltages at the output of
inverters. In order to perform these process, references are compared with carrier
signals in pulse width modulation (PWM) and switching signals are generated, as
shown in Figure 5.14. In this thesis study, Sinusoidal PWM is used to generate the

switching signals of multilevel inverter topologies.
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Figure 5.14 Pulse width modulation for five level HDCMI

In generation of switching signals, (81,82,83,84) are the fundamental
switching signals. (3_13_255) are obtained by the inverse switching signals of

(81,82,83,84) in five level H-DCMI.

5.5. The Implementation in PSCAD
In this part, PSCAD models of the system model, turbine and DVR are

presented.

5.5.1. The System Model

In order to present the performance results for DVR tied DFIG wind
turbine, simulation of modelled controller system has been performed by using
PSCAD/EMDTC. The performance results are tested to fulfill FRT under grid
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voltages with harmonics up to 9% THD. The voltage and frequency of grid are
selected as 0.69 kV and 50 Hz. DVR is used to protect approximately 1 MVA
DFIG from symmetrical/asymmetrical faults in addition to voltage harmonics. The
schemes of DVRs tied grid connected DFIG wind systems for Topology | and
Topology Il are shown in Figure 5.15 and Figure 5.16, respectively.

Simulation parameters used in PSCAD/EMTDC are given in Table 5.2.

Parameters of grid voltages are presented in Table 5.3.

Table 5.2 PSCAD/EMTDC simulation parameters

Parameter Value
Solution Time Step 20 ps
Channel Plot Step 50 ps
Duration of Simulation Run 10s

Table 5.3 Grid parameters

Parameter Value
Fundamental Frequency 50 Hz
Voltage Source 0.69 kV (line-line,

rms), phase angle 0°
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Figure 5.15 The implementation of Topology | in PSCAD
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Figure 5.16 The implementation of Topology Il in PSCAD
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5.5.2. Turbine Modeling

The structure of doubly fed induction generator implemented in
PSCAD/EMDTC is presented in Figure 5.17. As shown in structure, DFIG model
in PSCAD includes three inputs called as initial machine angular speed (W),
machine control mode (S) and input torque (TL). In torque control mode, it
requires too interval to initialize the system. In starting of the machine, the speed
mode control is used and then it is passed to torque control mode in order to enable
it to generate power based on the existing wind conditions. The importance of the
initial machine speed is set to a suitable value which reduces the machine transients
caused shifting from speed control to torque control. In this way, the starting
duration and performance of simulation is accelerated compared to the starting of
torque control mode. After the starting of simulation, the machine controller passes
from speed control to torque control mode within 0.5 seconds. Input torque from
wind turbine must be negative in generation mode of DFIG. In PSCAD, MOD-2
and MOD-5 are two models designed for wind turbines. In modeling studies,

MOD-2 is selected because of suitable for three blades based wind turbines.

A constant power
coefficient is
assumed

Determine torque from
the wind turbine.

\ IfoTMO’I?E iy ﬁ(\( Co E

Istator

WindTRQ
= D+ wspd

Wind Park
W Al
< TIME D
CImE > :#: B

StoTMODE

Wout

Figure 5.17 DFIG system in PSCAD

DFIG systems use back-to-back bidirectional converters at the rotor end of

the machine. Figure 5.18 shows the scheme of bidirectional converter modeled in
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PSCAD program. The system parameters of designed DFIG are given in Table
5.4.
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Figure 5.18 Stator and rotor side converters in PSCAD

88



5. THE PROPOSED SYSTEM AND CONTROL

Mustafa INCI

Table 5.4. The system parameters of the DFIG

Input parameters Values
Rated power 0.9 MVA
Rated voltage (L-L) 0.69 kv
Base angular frequency 50 Hz
Stator/rotor turns ratio 0.3
Angular moment of inertia 0.85s
Mechanical damping 0.0001 pu
Stator resistance 0.0054 pu
Wound rotor resistance 0.00607 pu
Magnetizing inductance 4.5 pu
Stator leakage inductance 0.01 pu
Wound rotor leakage resistance 0.01pu

5.5.2.1. RSC Controller

The control of real and reactive power is dependent to d and g components
of rotor current. In order to realize this process, d and g components of rotor
current are generated by using Pl controllers which is dependent to error between
reference and actual stator real and reactive powers. These reference d and g axis
currents are again used to generate the reference phase currents through the inverse
dqg transformation (Saraf, 2012). These reference currents for each phase are used
to generate switching signals of rotor side converter by using hysteresis controller.

The active power exchange between rotor and grid is measured via angular
speed of the rotor. The reference angular speed is based on a fixed tip speed ratio
calculated using the initial wind speed and angular speed ‘W’ (when the machine is
in speed control mode). The reference angular speed signal is generated by using

wind speed signal (v,, ), as shown in Figure 5.19. In study, initial wind speed is 12

m/s and the initial speed of the machine is 1.2 pu. In this way, constant tip speed
ratio is calculated as 9.6 (12/1.2).
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wre

Figure 5.19 Generation of reference angular speed

The calculation of stator flux angle information is presented in Figure 5.20.

I - A
3to2 |alfa X M I
Valfa ) M Vsmag

phsmag
Vsb Transform beta _ i
Vbeta l P phis phis
phisy
C
Is¢'10.00257

Figure 5.20 The calculation of stator flux angle

The block diagrams to generate the references of d and q axis rotor currents
are illustrated in Figure 5.21. The signal “StoTMODE” in Figure 5.21 is provided
as a control signal to a two input selector. This signal controls the inputs to the two
proportional integral controllers meant for stator active and reactive powers. When
the machine is operated in the speed control mode, the input to the both the
proportional - integral controllers is zero and as soon as the machine is switched to
torque control mode, the inputs change from zero to the respective error signals
(Saraf, 2012). The PI parameters of reference dq components for rotor current are
given in Table 5.5 and Table 5.6.
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Figure 5.21 Generation of reference d and q components for rotor-side current
(Hosseini et al., 2005)

Table 5.5 Parameters of the PI controller for generating | rq, ref

Input parameters Values
Proportional gain (Kp) 0.5
Integral time constant (Kp/Ki) 1
Maximum limit 5
Minimum limit 0
Initial output of the integrator 0.207

Table 5.6 Parameters of the PI controller for generating | rd, ref

Input parameters Values
Proportional gain (Kp) 0.25
Integral time constant (Kp/Ki) 0.5
Maximum limit 3
Minimum limit 0
Initial output of the integrator 0.075

The switching of solid state devices (IGBTSs) in rotor side converter is

achieved by using dg components of rotor currents in hysteresis current controller.
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The scheme of hysteresis controller is presented in Figure 5.22. In order to generate
reference rotor current signals, d and g components are firstly transformed into
three phase signals by using inverse dq transform. The angle called as slpang is
difference between the stator flux angle and the rotor angle. This angle is used to
transform reference rotor currents in dq frame into three phase reference currents in
phase frame (Saraf, 2012). Table 6.6 has the values for the hysteresis band

selected for the controller.

slpang
ho A
% alfa alf; 2103 Ira_ref
Rotor
% to beta bet: Transform Irb_ref
Stator c .
Irc_ref
phis
C

Angle
Theta D Resolver

Figure 5.22 Generation of switching signals using hysteresis control (Hosseini et
al., 2005)

Table 5.7 Hysteresis controller bandwidth in PSCAD
Parameter Range
Hysteresis band 0.001 to -0.001

5.5.2.2. GSC Controller
A significant part in GSC control is generation supply side voltage angle
information. In order to calculate this information, o and 3 components of supply

side voltage angle information are used in calculation given in (5.65) (Kog, 2010).
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qyg =tan E—g (5.65)

In PSCAD, voltage signals of supply side are firstly transformed to o and 8
signals. After this process, phase information is obtained by using polar rectangular

coordinate conversion module, as shown in Figure 5.23.

alfa
Vsa 3to2 X y M °
Ed
Vsb Transform e .
— O
Y P phi
Vsc

Figure 5.23 Supply side voltage angle determination in PSCAD [12]

After obtaining the stator voltage angle, the three phase currents flowing
between the GSC and grid are transformed to the grid-side voltage oriented frame
using the supply voltage angle. The block diagram in PSCAD has been shown in
Figure 5.24 (Saraf, 2012).

In next process, three phase currents in GSC and grid are converted to dq
components by using supply side voltage phase angle information. Figure 5.24

illustrates the modules of dqg transformation constructed in PSCAD.

93



5. THE PROPOSED SYSTEM AND CONTROL Mustafa INCI
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Figure 5.24 abc to dg conversion of currents

Thus, PI controllers are used to reflect the error in id on V'y ,grid and

iq on V'q,grid respectively (Saraf, 2012). In PSCAD, the control system is built

as shown in Figure 5.25.

.H. ~ idref
Ecapref

Ecap

Figure 5.25 Generation of gref based on the error in capacitor voltage

The PI parameters to generate Igreffor GSC are given in Table 5.8.

Table 5.8 Parameters of the Pl controller for capacitor voltage

Input parameters Values
Reference capacitor voltage, Ecapref 0.8 kV
Proportional gain, Kp 5
Integral time constant, Ti 0.01
Maximum limit 2
Minimum limit -2
Initial output of integrator 0
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In Figure 5.26, the modeling scheme is presented to generate d component

of reference GSC voltage.

Figure 5.26 Generation of d-axis reference for grid side converter output voltage
The PI parameters to generateV 'd,grid are given in Table 5.9.

Table 5.9 Parameters of the PI controller for generation Vg grig

Input parameters Values
Proportional gain, Kp 10
Integral time constant, Ti 0.01
Maximum limit 15
Minimum limit -15
Initial output of integrator 0

Figure 5.27 Generation of g- axis reference for grid side converter output voltage
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The reference value selected for 1. is zero since the wind generator is
made to operate at a power factor close to unity (Saraf, 2012)._The PI parameters to

generateV g grid are given in Table 5.10.

Table 5.10 Parameters of the PI controller for generation V'q grid

Input parameters Values
Proportional gain, Kp 10
Integral time constant, Ti 0.01
Maximum limit 15
Minimum limit -15
Initial output of integrator 0

The reference signal generation of GSC voltages is realized using inverse

dq transform, as shown in Figure 5.28.

phi
(8 A
= Rotor alfa alfa 2t03 . Varef
to beta betﬂ Transform Vboref
vgref Stator c
Vcoref

Figure 5.28 Conversion of reference voltages from d- g to phase frame

In PWM process, switching signals are generated by using the reference
voltage signals compared with carrier signals. Figure 5.29 shows the construction
of PWM structure in PSCAD.
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Figure 5.29 PWM for GSC

5.5.3. DVR Modeling

The power circuit of DVR constructed in PSCAD/EMTDC is shown in
Figure 5.30. It consists of an inverter, dc-link capacitors and LC filter and
injection transformers. The parameters of LC filters and injection transformers are
introduced in Table 5.11.

Table 5.11 The values of inductor and capacitor in output filter

Parameter Value
Filter inductor (Ly) 0.1 mH
Filter Capacitor (Cy) 50 pF
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Figure 5.30 DVR Model in PSCAD

Table 5.12 The parameters of injection transformers

Parameter Value
Transformer MVA 200 kVA
Base Operation Frequency 50 Hz
Leakage reactance 0.1pu

No load losses 0.1 pu
Winding Voltages (RMS) 800 V/280 V
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Grid-side voltages are firstly converted to per unit (pu) values, as shown in
Figure 5.31. Then, the converted values of grid-side voltage signals are used as
inputs of detection or extraction method to generate voltage magnitudes in the page

module of reference signal generation.

@ * —g
Varid_A Varid_A_per
1.7857

@ * —g
Vgrid_B Vgrid_B_per
1.7857
@ * —g
Vgrid_C Vgrid_C_per

Figure 5.31 Per unit transformation in PSCAD

By using pu grid-side voltages, reference signals of voltage dips/swells and
harmonics are generated as shown in Figure 5.32. According to reference
generation block, magnitude information, references and dip/swell detection
signals are generated through different methods. In proposed study, ISRF, EPLL,

SDFT, SDFT and FFT are separately tested in reference signal generation process.
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Figure 5.32 Block (page module) of reference signal generation in PSCAD

The generated reference signals are compared with carrier signals in order

to generate switching signals for five level H-DCMI, as shown in Figure 5.33.
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Figure 5.33 PWM of DVR in PSCAD
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6. PERFORMANCE COMPARISON OF METHODS

In this section, the performance results of different reference signal
generation method based DVR are presented. In order to compare the performance
results of reference generation methods, Topology | is used to compensate voltage
problems at grid-side voltages. The single line scheme of Topology | with

controlled different reference generation methods is introduced in Figure 6.1.

'
1
:

" L R B N N '-'-'-gh
Tnverter

Referrroes

frrid
Firfrares
{ru

Carriers
Figure 6.1 Single line scheme of Topology | with controlled different reference
generation methods

In this section, these topics will be analyzed:

Three phase asymmetrical dips and its affects in DFIG

Performance analysis for voltage compensation by using EPLL, ISRF,
SOGI-PLL, FFT and SDFT reference methods

Detection speeds of examined methods for starting time and ending time

THD values according to controller methods
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6.1. 3-¢ Asymmetrical Dips and Its Affects

Three phase asymmetrical voltage dips occur at grid-side voltages between
t=3.0 s and t=3.2 s. Voltage dip magnitudes of phases are 0.3 pu, 0.5 pu and 0.4 pu
for phase-a, phase-b and phase-c, respectively. Voltage magnitudes reduce to 278.6
Vrms, 199 Vrms and 238.8 Vrms from 398 Vrms phase-neutral voltage. In the
absence of voltage dip compensation, the fault at grid-side induces higher
rotor/stator currents and torque oscillations during fault and immediately after the
fault as shown in Figure 6.2.

Table 6.1 introduces the values of nth components of grid-side phase peak
voltages. As presented in values, the harmonic components are balanced for 3-¢

grid voltages.

Table 6.1 The components of distorted grid-side voltages with selective harmonic
components for performance comparison study

Phase A Phase B Phase C

Dip Depth 0.3 pu 0.5 pu 0.4 pu
THD at grid-side 7.45% 7.45% 7.45%

f1=50 Hz 560 V 560 V 560 V
g f;'f’ f5=250 Hz 0V 30V 0V
s =
S S | 72350 Hz 25 \V/ 25 V/ 25 \V/
g 3
g 9 f11=550 Hz 13V 13V 13V
o 2
: -
= O f13=650 Hz 9V 9V 9V

THD values of three phase voltages are identical and equal to 7.45%. The
waveforms of grid-side voltages and THD values are presented in Figure 6.3 and

Figure 6.4, respectively.
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Figure 6.3 Grid-side voltages with harmonics (THD:7.45%)
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Figure 6.4 THD values for phase-a, phase-b and phase-c, respectively

After the occurrence of voltage dips, transient THD values appear in three

phase voltages of grid side voltages. THD values in these phases are nearly 16 %
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for phase a, 36% for phase b and 25.5 % for phase c. The THD values belong to

phases are shown in Figure 6.5.
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Figure 6.5 THD values under transient conditions

6.2. Comparison Results of Examined Methods for Determination of Starting-
time/Ending-time of Voltage Dips
Figure 6.6 presents the amplitude information of 3-¢ grid-side voltages by
using ISRF, EPLL, SOGI, SDFT and FFT methods.

105



6. PERFORMANCE COMPARISON OF METHODS Mustafa INCI

10 = Mag_A_ISRF = Mag_B_ISRF = Mag_C_ISRF
00
90
5 0.80
20.70
60
50 SR
40
10 = Mag A_EPLL = Mag_B_EPLL = Mag_C_EPLL
00
90
5 0.80
20.70
60
50
40

= Mag_A_SOGI = Mag_B_SOGI = Mag_C_SOGI

pu

= Mag_A_SDFT = Mag_B_SDFT = Mag_C_SDFT

pu

L

= Mag A_FFT = Mag B_FFT = Mag_C _FFT

pu

COO0CO0ORkE 0000O0ORE 000000RE 000000RE 000O0O0ORE

AUIONO0OOEKE AUIONO0OOER AUIONO0OOEK
[elelololololele] [elelololololole] [elelolololeolole]

L

2.900 2.940 2.980 3.020 3.060 3.100 3.140 3.180 3.220 3.260 3.300
Time (s)

Figure 6.6 Magnitude waveforms in pu for performance comparison results

Figure 6.7 presents the detection speed of 3-¢ asymmetrical voltage dips at
grid-side voltages by using ISRF, EPLL, SOGI, SDFT and FFT methods for

starting times of voltage dips.
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Figure 6.7 Detection speed of starting of voltage dips for different methods
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Figure 6.8 presents the detection speed of 3-¢ asymmetrical voltage dips at

grid-side voltages by using ISRF, EPLL, SOGI, SDFT and FFT methods for

ending times of voltage dips.

mmEpPl | =mpET =m|SRE = SDFT = SOGI
Ehding df Voltage Dipsi

1.0

Phase A

0.0 A

I
I
I
I
|
3.1980 3.2POO 3.2020 3.2040 3.2060 3.2080 3.2100 3.2120 3.2140 3.2160 3.2180 3.2200

1.0

Phase B

0.0

3.1980 3.2p00 3.2020 3.2040 3.2060 3.2080 3.2100 3.2120 3.2140 3.2160 3.2180 3.2200

1.00

Phase C

0.00 -

1

3.1980 3.2000 3.2020 3.2040 3.2060 3.2080 3.2100 3.2120 3.2140 3.2160 3.2180 3.2200
Time (s)

Figure 6.8 Detection speed of ending of voltage dips for different methods

108



6. PERFORMANCE COMPARISON OF METHODS Mustafa INCI

Figure 6.9 presents the generated reference signals by using ISRF, EPLL,
SOGI, SDFT and FFT methods for 3-¢ asymmetrical voltage dips at grid-side

voltages.

Figure 6.9 Generated reference signals by using different detection methods
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After asymmetrical voltage dip situation starts, ISRF achieves the detection
of voltage dips within 3.1 ms, 0.2 ms and 1.1 ms for phase-a, phase-b and phase-c,
respectively. When voltage dips finish, ISRF detects the ends of voltage dips
within 2.3 ms, 1 ms and 3.2 ms. The results show that ISRF based dip/swell
detection give faster response compared to other methods.

The performance comparison results and detection speeds of start/end

times of proposed method and SCSRF are given in Table 6.2 and 6.3, respectively.

Table 6.2 Performances of examined methods for detection of starting time of

voltage dips
Phase-a Phase-b Phase-c
ISRF 3.1 ms 0.2 ms 1.1 ms
EPLL 3.8 ms 0.2ms 1.9ms
SOGI 6.9 ms 0.8 ms 4.8 ms
SDFT 14.5 ms 2.3 ms 7.6 ms
FFT 15.8 ms 3.1 ms 8.7 ms

Table 6.3 Performances of examined methods for detection of ending time of

voltage dips
Phase-a Phase-b Phase-c
ISRF 2.3 ms 1ms 3.2ms
EPLL 3.5ms 1.7ms 5.8 ms
SOGI 5.5 ms 10.2 ms 9.1 ms
SDFT 14.1 ms 13.0 ms 17.3 ms
FFT 14.9 ms 13.6 ms 18.2 ms

6.3. Performance Results of Simultaneous Compensation of Voltage Dips and
Voltage Harmonics

In this section, the performance results for compensation of voltage
harmonics+dips, performance results of ISRF, EPLL, SOGI-PLL, SDFT and FFT

based controllers are presented.
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Figure 6.10 shows the performance results for ISRF controlled DVR in
order to provide LVRT during voltage dips and continuous voltage harmonic
compensation, simultaneously.

Figure 6.11 shows the performance results for EPLL controlled DVR in
order to provide LVRT during voltage dips and continuous voltage harmonic
compensation, simultaneously.

Figure 6.12 shows the performance results for SOGI-PLL controlled DVR
in order to provide LVRT during voltage dips and continuous voltage harmonic
compensation, simultaneously.

Figure 6.13 shows the performance results for SDFT controlled DVR in
order to provide LVRT during voltage dips and continuous voltage harmonic
compensation, simultaneously.

Figure 6.14 shows the performance results for FFT controlled DVR in
order to provide LVRT during voltage dips and continuous voltage harmonic

compensation, simultaneously.
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6.3.1. ISRF

Figure 6.10 Compensation of voltage harmonics+dips by using ISRF method
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6.3.2. EPLL

Time (s)
Figure 6.11 Compensation of voltage harmonics+dips by using EPLL method

113



6. PERFORMANCE COMPARISON OF METHODS Mustafa INCI

6.3.3. SOGI-PLL

s)
Figure 6.12 Compensation of voltage harmonics+dips by using SOGI-PLL
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6.3.4. SDFT
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Figure 6.13 Compensation of voltage harmonics+dips by using SDFT method
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6.3.5. FFT

Time (s
Figure 6.14 Compensation of voltage harmonics+dips by using FFT method
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6.4. THD Values According to Controller Methods
In performance results, THD values are tested for steady-state and transient

conditions.

6.4.1. THD Values for Steady-State Conditions

THD values at grid-side voltages are equal to 7.45% for phase- a, phase-b
and phase-c. Figure 6.15 presents the performances of harmonic compensation by
using ISRF method. It is shown that ISRF achieves the mitigation of harmonics
from 7.45% to nearly 1.55 %. Figure 6.16 and Figure 6.17 introduces the
performance results for EPLL and SOGI-PLL methods. It is shown that these
methods can mitigate to nearly 1.8 % and 2.1% at wind-side voltages, respectively.
Also, the performances of SDFT and FFT are presented in Figure 6.(18-19),
respectively. SDFT and FFT reduce THD levels less than 2% at wind-side.

= THD_windA
2.80 1
2.40

2.00 1
01.60 _W
5120+

0.80
0.40
0.00-
= THD_windB
2.801
2.40

2.00-
160
1.20

0.80 -
0.40
0.00-

3.20 1 THD_windC

2.80 1
2.40 1
2.004
1.60 WW
1.20 1
0.80 1
0.40
0.00-

2.900 2.920 2.940_ 2.960 2.980 3.000
Time (s)

Figure 6.15 THD values for ISRF method
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Figure 6.16 THD values for EPLL method
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Figure 6.17 THD values for SOGI-PLL based method

118



6. PERFORMANCE COMPARISON OF METHODS Mustafa INCI

= THD_windA

2.001
.1.60-
>
= THD_windB

2.00
,1.60 4W
$1.20
= THD_windC

2.001
1.60
1.201

2.900 2.920 2.940 2.960 2.980 3.000
Time (s)

Figure 6.18 THD values for SDFT based method
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Figure 6.19 THD values for FFT based method
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THD value at grid-side voltages is equal to nearly 7.45%. After
compensation, THD values at wind side voltages by using different reference

generation methods are introduced in Table 6.4.

Table 6.4 THD values at wind-side voltages according to different methods
THD:7.45% | ISRF EPLL SOGI SDFT FFT

Wind-side | 1.55% 1.8% 2.1% 1.8% 1.45%

6.4.2. THD Values for Transient Conditions

In transient conditions, THD values in grid-side voltages are nearly 16 %
for phase a, 36% for phase b and 25.5 % for phase c. Figure 6.20 presents ISRF
based harmonic compensation under transient conditions. It can achieve superior
performance for transient condition and keeps THD values less than 2%. Figure
6.21 and Figure 6.22 introduce the transient performance results of EPLL and
SOGI-PLL, respectively. The results show that EPLL and SOGI-PLL have the
worse performances compared to ISRF. The performances of SDFT and FFT are
presented in Figure 6.23 and Figure 6.24, respectively. These methods show the

worst performances among all examined methods.

120



6. PERFORMANCE COMPARISON OF METHODS Mustafa INCI

= THD_windA

= THD_windB

= THD_windC

e

2960 2980 3000 3.020 3.040 3060 3.080 3.100
Time (s)

Figure 6.20 Transient condition: THD values for ISRF method
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Figure 6.21 Transient condition: THD values for EPLL method
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Figure 6.22 Transient condition: THD values for SOGI-PLL method
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Figure 6.23 Transient condition: THD values for SDFT method
122



6. PERFORMANCE COMPARISON OF METHODS Mustafa INCI

_= THD_windA

=

%
PNWORON®OOON
NPoODOND DO
VRN

_= THD_windB

= THD_windC

el

%
ONAPOONAD G
ooboooboooo
P

2960 2980 3.000 3.020 3.040 3.060 3.080 3.100
Time (s)

Figure 6.24 Transient condition: THD values for FFT method

After compensation, THD values at grid side and wind side voltages by
using different reference generation methods for transient conditions are introduced
in Table 6.5.

Table 6.5 THD values at grid-side and wind-side voltages by using different
methods under transient conditions

Phase A Phase B Phase C
Before THD 16 % 355 % 25%
After ISRF 1.7% 1.7% 1.7%
EPLL 1.8% 1.8% 1.8%
SOGI 5.6 % 2.3% 5.4%
SDFT 9.2% 18.1 % 16.4 %
FFT 11.9% 21.9% 17.9%
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6.5. Discussion

In this chapter, the compensation results of 3-¢ asymmetrical voltage dips
at grid-side voltages with harmonics and their affects have been presented in order
to fulfill voltage stability at wind-side voltages. In order to prevent the negative
influences like high stator/rotor currents and torque oscillations, ISRF, EPLL,
SOGI-PLL, SDFT and FFT are used to generate reference signals for compensation
of voltage dips/swells and harmonics. The main property of all methods is that they
are applicable for each phase, separately. Also, they can compensate voltage
dips/swell and voltage harmonics simultaneously. However, they shows different
responses against voltage dips/swells and voltage harmonics. In Table 6.5, the

general properties and capabilities of examined methods are presented.

Table 6.6 Comparison of examined methods

ISRF EPLL SOGI SDFT FFT
Speed for detection of | +++ +++ ++ + +
dips/swell
Harmonic mitigation +++ + ++ +++ +++
Mitigation of Harmonics All All All Selective  Selective
Types
Additional PLL Yes No No No No
Magnitude information Yes Yes Yes Yes Yes

+++=Very Good, ++=Good, += Not Good

According to comparison values of examined methods, ISRF and EPLL are
the fastest methods to detect voltage dips after the occurrence of faults. The
responses of ISRF, EPLL, SOGI are enough to compensate voltage dips and
prevent the occurrence of high generator currents. However, performance results
show that SDFT and FFT aren’t fast enough to detect voltage dips after the faults.
In harmonic compensation capabilities, ISRF achieves the better harmonic
mitigation compared to other methods. SDFT and FFT can compensate selective
voltage harmonics in contrast to other methods.
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7. PERFORMANCE RESULTS AND CASE STUDIES

In this section, different case studies are tested to show the performance
results of Topology-1 and Topology-Il for LVRT/HVRT capability under dip/swell
conditions and harmonic compensation. ISRF based controller method is used to

generate reference signals for compensation processes in case studies.

7.1. Performance of Topology-I
The single line scheme of ISRF controlled Topology | is presented in

Figure 7.1. As shown in scheme, the dc-link capacitor is supplied through a battery.

Hirnd

e

—> ef(Q
_."" Gear box

Switehlm YR
Nigmrdy

Referenies
kg
pu Veluges

Carrivrs

Figure 7.1 Single line scheme of ISRF controlled Topology |

Different case studies are presented for voltage stability of wind system by
using Topology I. These case studies are:

Case I: Simultaneous compensation of symmetrical 3-¢ voltage dips and
symmetrical voltage harmonics (THD=6.91%).

Case Il: Simultaneous compensation of asymmetrical 2-¢ voltage dips and
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asymmetrical voltage harmonics.

Case I1I: Simultaneous compensation of symmetrical 3-¢ voltage swells for
HVRT and symmetrical voltage harmonics.

Case IV: Simultaneous compensation of asymmetrical single-¢ voltage

swells and asymmetrical voltage harmonics.

7.1.1. Casel

In Case I, a symmetrical fault situation and its effect on DFIG are
analyzed. A voltage dip of 30%, symmetrical fault occurs at three phases for 5
cycles which starts at t=3.6 s. Also, voltage harmonics (THD for all phases is
6.91%) distorts voltage waveform continuously at grid-side voltages. The rms
value of three-phase grid side voltage decreases to 278.6 VVrms (0.7 pu) from 398
Vrms (1 pu) at all phases. Figure 7.2 presents the influence of three-phase 30%
voltage dips with harmonics voltage at grid-side voltages. In the absence of
voltage dip compensation, the fault at grid-side induces higher rotor/stator currents
during fault and immediately after the fault. Additionally, the oscillations of
electrical torque are other important problems. With compensation by using DVR,
generator side voltages are kept almost constant by an in-phase injection of voltage
in series. As shown in Figure 7.3, the results show that DVR prevents current
transients of rotor/stator by compensation of faults. In addition to mitigation of the
high values in stator/rotor currents and it keeps electrical torque at prior values
during faults. Figure 7.4 presents clear voltage waveforms for voltage harmonic
compensation between t=3.52 s and t=3.58 s. The general information on Case | is
given in Table 7.1. The THD values at grid-side and wind-side voltages are
presented in Figure 7.5. As shown in THD values, DVR reduces THD values to

approximately 1.55% for three phases at wind side voltages.
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Table 7.1 Dip depth, THD, the fundamental and selective components of distorted
grid-side voltages for Case |

Phase A Phase B Phase C
Dip Depth 0.3 pu 0.3 pu 0.3 pu
THD at grid-side 6.91% 6.91% 6.91%
THD at wind-side ~1.6% ~1.55% ~1.5%
f1=50 Hz 560 V 560 V 560 V

; f;'f’ f5=250 Hz 28V 28V 28V
c +

S 35

& > | f7=350 Hz 23V 23V 23V
e 3

g 9 f11=550 Hz 12V 12V 12V
o 2

c -

F O | f13=650 Hz 8V 8V 8V
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Figure 7.3 Compensation results of symmetrical 30% voltage dips and harmonics
for Case |
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Figure 7.4 Compensation of voltage harmonics for Case |
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Figure 7.5 THD values of grid- and wind-side voltages for Case |
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7.1.2. Casell

In second case called as Case I, asymmetrical fault situation and its effect
on DFIG are analyzed. Voltage dips of 0.3 pu and 0.5 pu occur at phase a and
phase b and start at t=4.4 s with 160 ms duration. Also, asymmetrical voltage
harmonics (THD for phase a is 5.78%, THD for phase b is 9.52% and THD for
phase c is 8.23%) distorts voltage waveform continuously at grid-side voltages.
The rms value of grid side voltage at phase-a decreases to 278.6 Vrms (0.7 pu)
from 398 Vrms (1 pu). The grid side voltage at phase-b decreases to 199 Vrms (0.5
pu) from 398 Vrms (1 pu). Figure 7.6 presents the influence of two-¢ voltage dips
with harmonics voltage at grid-side voltages. In the absence of two-¢ voltage dip
compensation, the fault at grid-side induces higher rotor/stator currents during fault
and immediately after the fault, as shown in Figure 7.6. Additionally, the
oscillations of electrical torque are other important problems. With compensation
by using DVR, generator side voltages are kept almost constant by an in-phase
injection of voltage in series. As shown in Figure 7.7, the results show that DVR
prevents current transients of rotor/stator by compensation of faults. In addition to
mitigation of the high values in stator/rotor currents and it keeps electrical torque at
prior values during faults. Figure 7.8 presents clear voltage waveforms for voltage
harmonic compensation between t=4.30 s and t=4.36 s. The general information on
Case Il is given in Table 7.2. The THD values at grid-side and wind-side voltages
are presented in Figure 7.9. As shown in THD values, DVR reduces THD values

below 1.5% for three phases at wind side voltages.
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Table 7.2 Dip depth, THD, the fundamental and selective components of distorted

grid-side voltages for Case Il

Phase A Phase B Phase C

Dip Depth 0.3 pu 0.5 pu No dip
THD at Grid-side 5.78% 9.52% 8.23%
THD at Wind-side ~1.25% ~1.3% ~1.45%
4 f1=50 Hz 560 V 560 V 560 V
a @ f5=250 Hz 24V 38V 33V
s 2
& S | f7=350Hz 19V 32V 28V
g— >
S B f11=550 Hz 9V 16V 14V

w
2 2 | f13=650 Hz 7V 13V 10V
F O
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Figure 7.7 Compensation results of asymmetrical 2-¢ voltage dips and harmonics

for Case Il
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Figure 7.8 Compensation of voltage harmonics for Case Il
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Figure 7.9 THD values of grid- and wind-side voltages for Case Il
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7.1.3. Case Il

In Case Ill, a symmetrical fault situation and its effect on DFIG are
analyzed for HVRT requirement. Symmetrical 30% voltage swell occurs at three
phases for 5 cycles which starts at t=5.4 s. Also, voltage harmonics (THD for all
phases is 9.08%) distorts voltage waveform continuously at grid-side voltages.
The rms value of three-phase grid side voltage increases to 517.4 Vrms (0.7 pu)
from 398 Vrms (1 pu) at all phases. Figure 7.10 presents the influence of three-
phase 30% voltage swells with harmonics voltage at grid-side voltages. In the
absence of voltage swell compensation, the fault at grid-side induces higher
rotor/stator currents during fault and immediately after the fault, as shown in
Figure 7.10. Additionally, the oscillations of electrical torque are other important
problems. With compensation by using DVR, generator side voltages are kept
almost constant by an in-phase injection of voltage in series. As shown in Figure
7.11, the results show that DVR prevents current transients of rotor/stator by
compensation of faults. In addition to mitigation of the high values in stator/rotor
currents and it keeps electrical torque at prior values during faults. Figure 7.12
presents clear voltage waveforms for voltage harmonic compensation between
t=5.32 s and t=5.38 s. The general information on Case Il is given in Table 7.3.
The THD values at grid-side and wind-side voltages are presented in Figure 7.13.
As shown in THD values, DVR reduces THD to less values than 2% for three

phases at wind side voltages.
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Table 7.3 Swell depth, THD, the fundamental and selective components of
distorted grid-side voltages for Case 11

Phase A Phase B Phase C

Swell Depth 0.3 pu 0.3 pu 0.3 pu
THD at Grid-side 9.08% 9.08% 9.08%
THD at Wind-side ~1.6% ~1.2% ~1.3%

f1=50 Hz 560 V 560 V 560 V
Z f@'f’ f5=250 Hz 36V 36V 36V
% E—
S S | 72350 Hz 31V 31V 31V
e 3
g 9 f11=550 Hz 15V 15V 15V
o 2
c -
F O | f13=650 Hz 12V 12V 12V
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Figure 7.10 The effects of symmetrical 30% voltage swells with distorted grid
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Figure 7.11 Compensation results of symmetrical 30% voltage swells and
harmonics for Case Il
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Figure 7.12 Compensation of voltage harmonics for Case Il
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Figure 7.13 THD values of grid- and wind-side voltages for Case IlI
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7.1.4. Case IV

In fourth case called as Case IV, single phase voltage swells and its effect
on DFIG are analyzed. Asymmetrical single phase of 0.3 pu voltage swell occurs at
phase — b. Voltage swell starts at t=6.1 s and its duration is 120 ms. Also,
asymmetrical voltage harmonics (THD for phase a is 6.75%, THD for phase b is
7.54% and THD for phase c is 5.85%) distorts voltage waveform continuously at
grid-side voltages. The rms value of grid side voltage at phase-b increases to
517.4 Vrms (1.3 pu) from 398 Vrms (1 pu). Figure 7.14 presents the influence of
two-¢ voltage dips with harmonics voltage at grid-side voltages. In the absence of
single-¢ voltage swell compensation, the fault at grid-side induces higher
rotor/stator currents during fault and immediately after the fault, as shown in
Figure 7.14. Additionally, the oscillations of electrical torque occur in DFIG.
Thanks to compensation by using DVR, generator side voltages are kept almost
constant by an in-phase injection of voltage in series. As shown in Figure 7.15, the
results show that DVR prevents current transients of rotor/stator by compensation
of faults. In addition to mitigation of the high values in stator/rotor currents and it
keeps electrical torque at prior values during faults. Figure 7.16 presents clear
voltage waveforms for voltage harmonic compensation between t=6.0 s and t=6.06
s. The general information on Case IV is given in Table 7.4. The THD values at
grid-side and wind-side voltages are presented in Figure 7.17. As shown in THD
values, DVR reduces THD values nearly 1.55%, 1.6% and 1.35% for phase-a,

phase-b and phase-c, respectively.
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Table 7.4 Swell depth, THD, the fundamental and selective components of
distorted grid-side voltages for Case IV

Phase A Phase B Phase C
Swell Depth No swell 0.3 pu No swell
THD at Grid-side 6.75% 7.54% 5.85%
THD at Wind-side ~1.6% ~1.6% ~1.4%
f1=50 Hz 560 V 560 V 560 V
Z %’ f5=250 Hz 27V 30V 23V
S =
S S | 72350 Hz 22V 25 V/ 20V
e 3
g 9 f11=550 Hz 12V 13V 0oV
o 2
c -
F O | f13=650 Hz 10V 11V 8V
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Time (s)
Figure 7.15 Compensation results of asymmetrical single-¢ voltage swell and
voltage harmonics for Case IV
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Figure 7.16 Compensation results of asymmetrical voltage harmonics for Case 1V
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Figure 7.17 THD values of grid- and wind-side voltages for Case IV
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7.2. Performance of Topology-I1
The single line scheme of ISRF controlled Topology Il is presented in

Figure 7.18. It is shown that DVR uses the common dc-link capacitors of back-

back converters in DFIG.
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Figure 7.18 Single line scheme of ISRF controlled Topology Il

Two different case studies are presented for voltage stability of wind
system by using Topology Il. These case studies are:

Case V: Simultaneous compensation of asymmetrical two-¢ voltage dips
and asymmetrical voltage harmonics.

Case VI: Simultaneous compensation of asymmetrical two-¢ voltage

swells and asymmetrical voltage harmonics.

7.2.1. CaseV
In Case V, asymmetrical 2-¢ voltage dips and their effects on DFIG are

analyzed. Two phase voltage dips at two phases (a and b) occur for 220 ms which
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starts at t=4.1 s. Also, voltage harmonics (THD for all phases are 6.27%, 8.06%
and 7.38%, respectively) distorts voltage waveform continuously at grid-side
voltages. The rms value of grid side voltage decreases to 199 Vrms (0.5 pu) from
398 Vrms (1 pu) at phase-a. Figure 7.19 presents the influences of two-phase
voltage dips at grid-side voltages with harmonics voltage. In the absence of
voltage dip compensation, the fault at grid-side induces higher rotor/stator currents
during fault and immediately after the fault, as shown in Figure 7.19. Additionally,
the oscillations of electrical torque occur at generator-side. With compensation by
using DVR, generator side voltages are kept almost constant by an in-phase
injection of voltage in series. As shown in Figure 7.20, the results show that DVR
prevents current transients of rotor/stator by compensation of faults. In addition to
mitigation of the high values in stator/rotor currents and it keeps electrical torque at
prior values during faults. Figure 7.21 presents clear voltage waveforms for voltage
harmonic compensation between t=4.04 s and t=4.1 s. The general information on
Case V is given in Table 7.5. The THD values at grid-side and wind-side voltages
are presented in Figure 7.22. As shown in THD values, DVR reduces THD values

nearly 1.7%, 1.65% and 1.8% for three phases at wind side voltages.
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Table 7.5 Dip depth, THD, the fundamental and selective components of distorted
grid-side voltages for Case V

Phase A Phase B Phase C

Dip Depth 0.4 pu No dip 0.2 pu
THD at grid-side 6.27% 8.06% 7.38%
THD at wind-side ~1.7% ~1.65% ~1.8%

f1=50 Hz 560 V 560 V 560 V
é f;'f’ f5=250 Hz 25V 32V 29V
s =
S S | 72350 Hz 20V 26 V 24V
e 3
g 9 f11=550 Hz 12V 15V 14V
o 2
: -
F O | f13=650 Hz 9V 12V 11V

148









7. PERFORMANCE RESULTS AND CASE STUDIES Mustafa INCI

= \/gri - i - i
0.60 grid_A Vgrid_B Vgrid_C
0.40
0.20
< 0.00
-0.20
-0.40
-0.60

2 = Vdvr_A = Vdvr_B = \/dvr_C

4.040 4.060 4.080 4.100
Time (s)

Figure 7.21 Compensation results of voltage harmonics for Case V
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Figure 7.22 THD values of grid-side and wind-side voltages for Case V

151



7. PERFORMANCE RESULTS AND CASE STUDIES Mustafa INCI

7.2.2. Case VI

In Case VI, 2-¢ voltage swells and its effects on DFIG are analyzed for
Topology Il. Asymmetrical two-¢ swells for 0.2 and 0.3 pu occur at phase a and
phase b. Voltage swell starts at t=6.1 s and its duration is 160 ms. Also,
asymmetrical voltage harmonics (THD for phase a is 6.14%, THD for phase b is
7.93% and THD for phase c is 7.26%) distorts voltage waveform continuously at
grid-side voltages. The rms value of grid side voltage at phase-b increases to
517.4 Vrms (1.3 pu) from 398 Vrms (1 pu). Figure 7.23 presents the influence of
two-¢ voltage dips with harmonics voltage at grid-side voltages. In the absence of
2-¢ voltage swell compensation, the fault at grid-side induces higher rotor/stator
currents during fault and immediately after the fault, as shown in Figure 7.23.
Additionally, the oscillations of electrical torque occur in DFIG. Thanks to
compensation by using DVR, generator side voltages are kept almost constant by
an in-phase injection of voltage in series. As shown in Figure 7.24, the results show
that DVR prevents current transients of rotor/stator by compensation of faults. In
addition to mitigation of the high values in stator/rotor currents and it keeps
electrical torque at prior values during faults. Figure 7.25 presents clear voltage
waveforms for voltage harmonic compensation between t=6.02 s and t=6.08 s. The
general information on Case VI is given in Table 7.6. The THD values at grid-side
and wind-side voltages are presented in Figure 7.26. As shown in THD values,
DVR reduces THD values nearly 1.8%, 1.75% and 1.7% for phase-a, phase-b and

phase-c, respectively.
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Table 7.6 Dip depth, THD, the fundamental and selective components of distorted
grid-side voltages for Case VI

Phase A Phase B Phase C
Swell Depth 0.2 pu 0.3 pu No swell
THD at grid-side 6.14% 7.93% 7.26%
THD at wind-side ~1.8% ~1.75% ~1.7%
f1=50 Hz 560 V 560 V 560 V
2 f;'f’ f5=250 Hz 24V 31V 28V
% E—
S S | 72350 Hz 20V 26 V 24V
e 3
g 9 f11=550 Hz 12V 15V 14V
o 2
: -
F O | f13=650 Hz 9V 12V 11V
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Time (s)
Figure 7.24 Compensation results of asymmetrical 2-¢ voltage swells and voltage
harmonics for Case VI
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Figure 7.25 Compensation of voltage harmonics for Case VI
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Figure 7.26 THD values of grid-side and wind-side voltages for Case VI
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7.3. Discussion

In this chapter, different case studies are tested for Topology | and
Topology Il. The performance results are obtained up to 50% voltage dips, 30 %
voltage swells and 9.52 % THD at grid-side voltages. Topology | uses a battery in
dc-input of inverter in order to enhance LVRT, HVRT and voltage harmonic
compensation. In topology IlI, back-back converter in DFIG and DVR shares
common dc-link capacitors for fault ride through capabilities and harmonic
compensation. In this way, it eliminates an extra dc energy storage unit compared
to Topology I. But, it can achieve limited compensation due to power rating of
back-back converter in DFIG system. Due to battery usage in Topology |, it can
achieve more severe and long-term voltage dips/swells compared to Topology II.
In harmonic compensation capability, two topologies achieves effective harmonic

mitigation which reduces to approximately 1.6 % for different THD levels.
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8.1. Concluding Remarks and Discussion

This thesis investigates the power quality (PQ) problems, their affects and
their compensation results in grid connected wind energy systems (GCWES) by
using multilevel dynamic voltage restorer. Among PQ problems, the most
hazardous voltage problems which affect the stability of wind turbine are known as
voltage dips and swells. Voltage dips and swells cause high generator currents and
electrical torque by losing voltage stability in GCWESs. After occurrence of grid
faults, wind turbines are required to remain grid connected during voltage
variations and to prevent high stator/rotor currents and power losses without losing
the voltage stability of turbine. This condition is defined as low voltage ride
through (LVVRT) capability for voltage dips and high Voltage ride through (HVRT)
for voltage swells. Besides, voltage harmonics is a serious voltage problem which
cause over heating of transformer/generators and fault operation of protective
equipments. The PQ standards and grid requirements of grid connected systems are
specified by IEC Standard 61400-21 of IEC-Technical Committee 88.

In GCWES, Doubly fed induction generator (DFIG) is the most widely
used generator type. In DFIG structure, it includes two back-back converters
named as rotor-side converter (RSC) and grid-side converter (GSC). The main
functions of RSC is to control active/reactive power and speed of machine. GSC is
used to provide fixed dc-link voltage and unity power factor.

DFIG wind energy generation systems have to fulfill international
standards and remain connected to the energy network. The most hazardous
voltage problems (voltage dips and swells) provoke high stator/rotor currents and
electrical torque oscillations during fault. Crowbar, Statcom and Dynamic voltage
restorer (DVR) are the most common solution techniques in DFIG in order to
prevent the negative effects of severe voltage disturbances. Compared to Crowbar

and Statcom, DVR is more effective tool to provide voltage stability at wind-side
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voltages  with  voltage controlled inverter based  structure.  The
advantages/disadvantages of solution techniques are compared in thesis, and
capabilities of conventional DVR tied GCWES are expressed in study. DVR is tied
between grid and wind-turbine, and injects controlled voltage to grid voltage for
compensation of only voltage dips.

In this thesis, multilevel DVR is tied between grid and wind system in
order to compensate multi-voltage problems such as voltage dips, voltage swell and
voltage harmonics at wind-side voltages. In order to test DVR tied wind system,
DFIG based GCWES is first implemented in PSCAD program. It is designed
according to 0.69 kV/50 Hz wind turbine model. It generates approximately 700
kKW active power at output of generator. In modeling system, vector control
scheme is applied to control RSC and GSC. In second part, DVR is designed
according to wind turbine model. In beginning, it is connected between grid and
sensitive load. It is tested to keep constant voltage at load-side against voltage dips,
swells and voltage harmonics. In final part of modeling, the optimization of DVR
and DFIG system is achieved. The optimization of DVR tied system is realized in
two topologies. In first topology called as Topology I, DVR provides active energy
from a separate battery. In Topology Il, the dc-link capacitor of back-back
converter in DFIG is shared to compensate voltage problems. The system is
designed and performed to compensate up to %50 voltage dips and voltage
harmonics with approximately %9 total harmonics distortion (THD). The
performance results of the system is tested and verified for different case studies in
PSCAD/EMDTC 4.2.

In proposed system, five level H-bridge diode clamped multilevel inverter
(H-DCMI) is used to obtain low THD values at injected voltages. Multilevel DVR
is first tested to compensate different voltage problems called as voltage
dips/swells and voltage harmonics, simultaneously. For this purpose,
multifunctional controller algorithm is improved in order to compensate different

voltage problems. Different controller schemes are first analyzed to compare
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performance results during severe voltage dips in multifunctional algorithm. The
common property of examined detection methods is that they can be applied in
compensation of both symmetrical and asymmetrical problems. In order to realize
this comparison, ISRF, EPLL, SOGI-PLL, SDFT and FFT based detection methods
are performed to obtain the depth of voltage dip and extract the voltage harmonics.
After the generation of reference signals for voltage dip/swell and voltage
harmonics, reference signals are compared with carrier signals to generate
controlled injection voltages for compensation of voltage dips and harmonics. The
modeled controller methods gives different responses to compensate voltage dips
in order provide fault ride through capability. Among these methods, ISRF based
controller algorithm shows superior performance results compared to other
methods. ISRF achieves faster response for detection of voltage dips/swells and
reduces to THD levels less than 1.8%. for different THD levels at grid-side
voltages.

DVR topologies with battery (Topology 1) and dc-link capacitor of back-
back converter in DFIG (Topology II) are also performed for LVRT, HVRT and
voltage harmonics. In compensation of voltage problems, ISRF method is applied
in Topology | and Topology Il. Topology | provides energy requirement from an
additional energy storage unit to compensate voltage problems. Topology Il shares
the common dc-link capacitor with back-back converter. Topology | and Topology
Il are performed for symmetrical and asymmetrical case studies at grid-side
voltages. Both topologies are tested to compensate voltage dips, voltage swells and
voltage harmonics. As shown in case studies, they can prevent the high stator/rotor
currents during voltage dips and swell after the occurrence of faults. Due to battery
usage in Topology I, it can achieve more severe and long-term voltage dips/swells
compared to Topology Il. However, Topology Il eliminates an additional energy
storage unit. In harmonic compensation capability, two topologies achieves
effective harmonic mitigation which reduces to 1.5-1.8 % from 9.52 % for up level

THD results.
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8.2. Future Work

Numerous original contributions have been tested and accomplished in this
thesis, In addition, several future research topics are interesting. In order to
improve the performance of grid connected wind energy systems, various subjects

for future studies are listed in the following.

The effects of voltage dips/swells with phase jump can be analyzed in
GCWES.

High-speed voltage detection methods can be improved to reduce detection
time of voltage dips/swells.

Unified power quality conditioner (UPQC) can be performed to
compensate current harmonics in addition to voltage dips/swells and
voltage harmonics.

Switch reduces inverters can be used in DVR structures in order to reduce
cost.

The power quality issue can be considered in popular trends such as smart

grid and micro-grid.
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