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ABSTRACT

With the enormous global growth in electrical power demand and the associated decrease in
conventional power resources, electricity generation from renewable energy sources have
been furiously sought worldwide, as they represent infinite and clean natural resources. Wind
energy is one of the most efficient renewable energy sources. However, due to the fluctuating
behaviour of wind energy and the need of electronic devices to link wind turbine generator
with existing electricity grids, problems such as frequency oscillations, voltage instability and
harmonic distortion may arise. Flexible alternative current transmission system (FACTS)
devices, such as unified power flow controller (UPFC), can provide technical solutions to
improve the overall performance of wind energy conversion systems (WECS). This research
introduces the UPFC as an effective FACTS device to improve the overall performance of
WECS through the development of an appropriate control algorithm. Application of the
proposed UPFC control algorithm is also investigated in this research to overcome some
problems associated with the internal faults associated with WECS- voltage source converter
(VSC), such as miss-fire, fire-through and dc-link faults.
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INTRODUCTION

1.1

Background (Problem)

With the global concerns about environmental issues due to excessive emission of CO2
and other pollutant gases from fossil fuel-based generators, renewable energy sources
have been seriously considered worldwide, as they represent both infinite and clean
natural resources [1, 2]. Wind energy is one of the most efficient and promising
renewable energy resources in the world, which is continuously growing with the
increase of electrical power demand and the associated decrease in conventional
resources of electricity resources [3]. The growth rate in wind power generation
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worldwide was estimated in 2001 to be 21%, and the global wind power capacity is
expected to reach 423 GW and 666 GW by the end of 2015 and 2020, respectively [4].
Integration of wind energy sources (as a non-pollutant energy source) with electricity
grid networks is necessary. On the other hand, the penetration of wind farms into the
power system network can adversely influence the power system; specifically, due to
the fluctuation nature of the wind speed, wind turbine generator tends to result in
voltage fluctuations at the point of common coupling (PCC), which affects the voltage
stability [5]. Moreover, another problem that may arise from the connection of wind
farms into interconnected network is the system frequency oscillations due to
insufficient system damping and/or violations of the transmission capability margin
[6]. And, if variable-speed wind turbines are employed, problems relating to
harmonics will occur [7]. One of the available solutions in regards to prevent the
problems related to the integration of wind turbines with the exciting ac grid is using
proper FACTS devices.
Flexible alternative current transmission system (FACTS) technology plays an
important role in improving utilization of existing power systems. They have been
extensively used for effective power flow control and dynamic voltage support of
systems [8]. As a FACTS device, unified power flow controller (UPFC) allows system
to be more flexible by using high-speed response active and reactive power
compensations to improve the power flow of the transmission system. Thus, installing
a UPFC at critical points of the transmission system will increase both the power
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dispatch (up to the power rating of existing generators and transformers) and the
thermal limits of line conductors, by increasing the stability margin [9]. Shunt and
series converters of the UPFC can control both active and reactive powers smoothly,
rapidly and independently in four quadrant operational moods [10]. The aim of this
thesis is to design an appropriate control algorithm for Unified Power Flow Controller
(UPFC) to solve the above-mentioned problems.

1.2

Objectives

This thesis aims at introducing several new applications of unified power flow
controller (UPFC) to enhance the power quality and stability of electricity grids
subjected to penetration of large wind energy conversion systems (WECS).
Specifically, the key objectives of this project are to:


Develop a new control algorithm for UPFC connected to a large WECS to:

-

Improve voltage stability,

-

Suppress frequency oscillations, and

-

Improve power quality.



Overcome the effects of grid side disturbance on wind turbine generator (WTG),
thereby maintaining its compliance with the recent grid codes.



Extend the application of the proposed controller to prevent the faults that may result
from WECS converter stations in the form of misfire, fire-through and dc-link faults.
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1.3

Significance

This thesis introduces a new control (and hence application) for UPFC systems to
modulate both active and reactive powers at the point of common coupling of wind
turbines with existing electricity grid. Presently, only superconducting magnetic
energy storage (SMES) unit is the only FACTS device that can modulate both active
and reactive powers. However, using SMES units is a very expensive solution in
addition to the fact that they impose significant impact on the surrounding
environment due to the generated magnetic field. Fortunately, UPFCs can be used as a
successful alternative to SMES units without these side effects, while providing the
same technical benefits, at an affordable cost, as will be detailed in this thesis.

1.4

Thesis outline

This thesis is organised in seven chapters as below:

Chapter 1presents a general background, key objectives and significance of the thesis
topic: Application of UPFC to improve the overall performance of WECS
Chapter 2 reviews some of the existing renewable energy sources, with focus on
wind energy conversion systems, which is the main topic of this thesis. The
mathematical modelling and basic control systems of doubly fed induction generator
(DFIG) is presented in Chapter 2. In addition, fault-ride through capability of the
wind turbine generator and some grid codes are discussed in the chapter.
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Chapter 3 introduces the basic concepts of various flexible AC transmission system
(FACTS) devices, along with their applications in power systems. A comparison
between the FACTS devices based on their applications and costs is also presented in
this chapter. Extensive literature review on unified power flow controller including
topology, control system and various applications is presented. The chapter also
discusses the proposed control system for the UPFC to improve the performance of
wind energy conversion system (WECS).

Chapter 4 introduces the simulation results for the applications of UPFCs to improve
the performance of the investigated WECS during intermittent faults (such as voltage
sag, voltage swell and three phase short circuit at the grid side).

Chapter 5 investigates the application of UPFC in mitigating the impact of the faults of
DFIG converter switches. The investigated faults include switching misfire, firethrough and dc link faults.

Chapter 6 concludes the work presented in this thesis and outlines some thoughts
towards future work on the topic covered in the thesis.
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WIND ENERGY CONVERSION SYSTEM

2.1

Introduction

The increase in human population in the last few decades has been associated with
concerns as to the corresponding rise in demand for life-supporting resources, such as
water food and electrical power [11]. As for electrical power, the unparalleled
industrial and technology advances are other factors that call for increasing demand
in electrical consumption [12]. Globally, the power generation sector is facing
significant challenges to meet the increasing demand for power. To date,
conventional energy sources including oil, gas and coal are the world’smainsources
of energy. Unfortunately, these fossil fuel resources are associated with emissions
that can severely harm the environment, with the symptoms being as air pollution,
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climate change, oil spills and acid rain [13]. Interest in harnessing the benefits of
renewable energy has been increasing steadily due to its advantages, which include
sustainability, environmental friendly nature and affordable cost. Solar, geothermal
and wind resources are among the most promising renewable energy alternatives [14,
15].
As a natural energy source, the radiation delivered by the sun is a promising
renewable energy source of electrical power [16]. Nowadays, solar energy is one of
the favourable energy alternatives. Photovoltaic (PV) technology is used for
converting solar energy to electrical energy [17]. Globally, PV installation has
contributed to about 177 GW of electrical power in 2014, and it is expected to deliver
1% of the total global electricity demand by the end of 2015 [18].
The geothermal power has the advantage of using fewer infrastructure
elements for electrical power generation when compared with other energy sources
such as coal or nuclear power [19]. In 2015, the world’s installed capacity of
geothermal power reached 12.635 MW, and this is expected to reach about 21.441
MW by 2020 [20].
Since the early stages of using natural energy resources, wind power has been
considered as a main renewable energy source. And nowadays, there is a rapid
increase in the utilization of wind energy [21], which has led to
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advancement in wind energy technology, including wind turbine design and sizing,
and integration of wind turbines with existing electricity grids.

2.2

Wind Energy System

Wind energy has become one of the most popular renewable energy sources
worldwide. In 2014, there was an additional of 51,473 MW of new wind power
capacity that was brought into service [4]. Figure 2.1 illustrates the top 10 installed
wind power capacity worldwide during the period from January to December 2014.
The diagram shows that China has the highest installed wind power capacity with
23,196 MW generation, followed by Germany at 5,279 MW and USA at 4,279 MW
[4].
Rest of the
France world
13%
2%
Sweden
2%
UK
3%
Canada
4%
India
5%

PR china
46%

Brazil
5%
USA
10%

Germany
10%
Figure 2.1 Distribution of the top 10
installed wind capacity in 2014
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Figure 2.2 shows the magnitude of the globally installed wind- capacity between
1996 and 2014. It can be seen from Figure 2.2 that the capacity increased from
197,943 MW 369,597 MW over this period.

369597

400000

318132

350000

283132
237669

300000

197637

MW

250000

158864

200000

120291
93820

150000

74052

100000

47620
31100

50000
6100

7600 10200 13600

59091
39431

17400 23900

0
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 2.2 Global production of wind power between 1996 and 2014

The installed wind power capacity in Australia reached 3,806 MW by the end of
2014, and the installed wind power capacity in 2014 was 13% less than that installed
in 2013 [4]. Despite the decrease in the newly installed capacity in 2014, the wind
energy market is leading Australia towards its goal of using renewable energy to
supply 20% of the power requirements by 2020 [4].
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2.3

Wind Turbine

Wind turbines capacity ranges from a few kilowatts for standalone units for houses to
several megawatts in a wind farm. Small wind turbines are usually rated below
300kW and have the capability to be combined with other energy sources as
generation system at farms and houses to support the need for electrical power.
However, the integration of small wind turbine with existing grids is difficult and
costly [22]. The wind turbine size and rating have been increasing gradually since
1980 as shown in Figure 2.3, thanks to the fact that increasing the size of the wind
turbine rotor increases the amount of energy harvested by the wind turbine. In the
early stage of wind turbine manufacturing, wind turbine power rating started with 50
kW and a size of 15 m rotor radius but nowadays wind turbines are designed to
produce up to 7.5 MW with up to 126 m rotor diameter. A higher rating of 10 MW
and associated 160 m rotor diameter is available nowadays as well [22].
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160m
10MW

71m
1.65MW

2010

2000

40m
500kW
27m
250kW

17m
100kW

1995

1990

1985

Figure 2.3 Evolution of wind turbine size.

2.4

Wind Energy Conversion Systems

Both fixed speed and variable speed generator can be used in wind energy conversion
systems (WECS). In the early stages of the design of (WECS), wind turbines used to
function at fixed speeds. Nowadays, with the new concept of generators and power
electronics, variable speed wind turbines dominate the wind turbine market. Fig. 2.4
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illustrates different configurations of wind energy conversion systems. A review of
the two types of fixed and variable speed systems follows.

Wind energy Conversion System
Configuration

Variable Speed

FCWECS

DFIG

Fixed Speed

SCIG

No power converter
Reduced capacity power converter

WRIG +Variable
rotor resistance

Full capacity power converter

Figure 2.4 Different Configurations of wind energy conversion systems.

2.4.1 Fixed speed wind turbine
A fixed speed wind turbine (Figure 2.5) comprises a generator that is directly
coupled to the power network and connected to the wind turbine through a low-speed
shaft, a gearbox and a high-speed shaft [23]. It has the advantages of being simple,
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inexpensive plus the fact that it does not need a power electronic interface. However,
fixed speed wind turbines suffer from the limitation of controlling the power quality;
moreover, the uncontrollable reactive power compensation and its shaft experience
high mechanical stress [23].

Figure 2.5 Fixed speed WECS configuration

The oldest wind energy conversion system topology employed a fixed speed
generator (e.g. synchronous generator) that is coupled directly to the ac network,
including mechanical dampers in the drive train. Modern fixed speed wind energy
conversion systems use induction generators [24]. Figure 2.6 shows a conceptual
scheme of the fixed speed wind energy conversion system.
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Gear Box

Soft Starter

IG
Grid

Figure 2.6 Typical configuration of the first generation of WECS

2.4.2 Variable speed wind turbine
Technology advancement has driven the wind turbine operation from being of fixed
speed mode to variable speed. A variable speed wind turbine consists of a generator
driven by a power converter, which facilitates the variable speed operation mode and
aids in improving the WECS dynamic performance [23]. Owing to its variable speed
mode, more power can be captured, enhanced power quality can be achieved and
reduce mechanical stress on the drive train can be accomplished by wind power
generators [23-25]. Comparison between the fixed speed wind turbine and variable
speed wind turbine is summarized in Table 2.1
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Table 2.1 Comparison of fixed and variable speed-based WECS.

Variable Speed Wind
Turbine

Maximized captured power

Fixed Speed Wind Turbine

Low cost

Advantages

Simple pitch control

Simple structure

Reduced mechanical stress

Low maintenance

Provides dynamic
compensation for torque and
power pulsation
Improved power quality
Reduced acoustic noise

Disadvantages
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High cost

High mechanical stress

Complex control system

High power fluctuations to the
grid

Relatively low energyconversion
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2.4.2.1

Partly variable speed wind turbine

Partly variable speed wind turbines (Figure 2.7) or the so-called type B wind turbines
operated in a limited variable speed mode. In this concept, the generator is directly
coupled to the ac network and the generator rotor is connected to a variable
resistance to control the generator speed. Depending on the variable resistance size,
the slip can be increased by up to 10% that allows operation at a partly variable speed
in the super synchronous range (i.e. up to 10% above the rated speed). The Danish
manufacturer, Vestas, used this design feature in limited variable speed wind turbines
since mid1990s [23, 24].

Variable Resistance

Gear Box

Soft Starter

IG
Grid

Figure 2.7 Typical configuration of partly variable speed WECS
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2.4.2.2

Full converter variable speed wind turbine

A full converter variable speed wind turbine that is based on a multi-pole
synchronous generator is demonstrated in Figure 2.8. In this type, the generator is
coupled to the ac network through a full-scale converter station that facilitates the
variable speed operation of the wind turbine. The converter station is a combination
of grid side converter and generator side converter connected back to back via a DC
link.Thegenerator’selectricalfrequencychangeswiththechangeinthewindspeed,
whereas the power network frequency remains unaffected [23].

Gear Box

SG
Vdc

Converter station

Grid

Figure 2.8 Typical configuration of full converter variable speed WECS

2.4.2.3

Doubly fed induction generator wind turbine

Typical configuration of a doubly fed induction generator (DFIG) wind turbine is
shown in Figure 2.9. Among the variable speed wind turbine generators, DFIG is the
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most popular technology currently dominating the market of wind turbines, because
of its superior advantages over other wind turbine technologies [26]. In this concept,
the stator circuit is coupled directly with the power network through a coupling
transformer while a back-to-back partial-scale voltage source converter (VSC)
connects to the rotor circuit to the grid via a coupling transformer. The VSC allows
thedecoupledcontrolofthegenerator’sactiveandreactivepower [24].

Gear Box

IG
Grid

Vdc

Converter station

Figure 2.9 Typical configuration of Doubly Fed Induction Generators WECS

In this configuration, the power can be supplied to the grid through both the stator
and the rotor, while the rotor can also absorb power in some operational modes that
are determined by the generator speed. The produced power is supplied to the
existing grid from the rotor via the VSC during the super-synchronous operational
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mode, where the rotor will absorb power from the network through the converter
station during the sub synchronous operational mode as can be seen in figure 2.10.

ωr > ωs

ωr < ω s

P

P

Super-Synchronous
Operation

Sub-Synchronous
Operation

Figure 2.10 Super synchronous and sub synchronous operational modes.

2.4.2.3.1

DFIG model and control system

The induction generator model has been expressed in the d-q reference frame by
decomposing the space-vector (shown in figure 2.11) into their equivalent d-q axis
forms [27].

𝑖𝑠

𝑅𝑠

j𝜔𝑠 𝜆𝑠

𝐿𝑙𝑠

𝐿𝑙𝑟

j𝜔𝑠𝑙 𝜆𝑟

𝑅𝑟

𝑖𝑟

𝑖𝑚

𝑣𝑠

𝑃𝜆𝑠

𝐿𝑚

𝑃𝜆𝑟

𝑣𝑟

(a) IG model in the synchronous frame
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𝑖𝑠

𝑅𝑠

𝐿𝑙𝑠

−𝑗𝜔𝑠𝑙 𝜆𝑟

𝐿𝑙𝑟

𝑅𝑟

𝑖𝑟

𝑖𝑚

𝑣𝑠

𝑃𝜆𝑠

𝐿𝑚

𝑃𝜆𝑟

𝑣𝑟

(b) IG model in the stationary frame
Figure 2.11 Space-vector models for induction generator in the synchronous and stationary
reference frames.

Where:
𝑣𝑠 , 𝑣𝑟 - stator and rotor voltage vectors, respectively
𝑖𝑠 , 𝑖𝑟 - stator and rotor current vectors, respectively
𝜆𝑠 , 𝜆𝑟 - stator and rotor flux-linkage vectors, respectively
𝑅𝑠 , 𝑅𝑟 - stator and rotor winding resistances, respectively
𝜔 – angular rotating speed of the arbitrary reference frame
𝜔𝑟 - rotor electrical angular speed
p - derivative operator (p = d/dt)
𝐿𝑠 - stator self-inductance
𝐿𝑟 - rotor self-inductance
𝐿𝑖𝑠 , 𝐿𝑖𝑟 - stator and rotor leakage inductances, respectively
𝐿𝑚 - magnetizing inductance
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The equations of the voltage of the generator’s stator and rotor in the arbitrary
reference frame can be expressed as:

𝑣𝑠 = 𝑅𝑠 𝑖𝑠 + 𝑃𝜆𝑠 + 𝑗𝜔𝜆𝑠
(2.1)

𝑣𝑟 = 𝑅𝑟 𝑖𝑟 + 𝑃𝜆𝑟 + 𝑗(𝜔 − 𝜔𝑟 )𝜆𝑠
The stator and rotor flux linkages equations are given by:

𝜆𝑠 = (𝐿𝑖𝑠 + 𝐿𝑚 )𝑖𝑠 + 𝐿𝑚 𝑖𝑟 = 𝐿𝑠 𝑖𝑠 + 𝐿𝑚 𝑖𝑟
(2.2)

𝜆𝑟 = (𝐿𝑖𝑟 + 𝐿𝑚 )𝑖𝑟 + 𝐿𝑚 𝑖𝑠 = 𝐿𝑟 𝑖𝑟 + 𝐿𝑚 𝑖𝑠
In terms of the mechanical and electromagnetic torque, the motion equation that
represents the dynamic behaviour of the rotor mechanical speed is given by

𝐽

𝑑𝜔𝑚
𝑑𝑡

= 𝑇𝑒 − 𝑇𝑚
(2.3)

𝑇𝑒 =
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3𝑃
3𝑃
𝑅𝑒(𝑗𝜆𝑠 𝑖𝑠 ∗) = −
𝑅𝑒(𝑗𝜆𝑟 𝑖𝑟 ∗ )
2
2

𝑣𝑠 = 𝑣𝑑𝑠 + 𝑗𝑣𝑞𝑠

𝑣𝑟 = 𝑣𝑑𝑟 + 𝑗𝑣𝑞𝑟

𝑖𝑠 = 𝑖𝑑𝑠 + 𝑗𝑖𝑞𝑠

𝑖𝑟 = 𝑖𝑑𝑟 + 𝑗𝑖𝑞𝑟

(2.4)
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𝜆𝑠 = 𝜆𝑑𝑠 + 𝑗𝜆𝑞𝑠

𝜆𝑟 = 𝜆𝑑𝑟 + 𝑗𝜆𝑞𝑟

Using Eqn. (2.1) and Eqn. (2.4), the equations of the induction voltage of the
generator in the d-q-axis can be derived as follows.

𝑣𝑑𝑠 = 𝑅𝑠 𝑖𝑑𝑠 + 𝑃𝜆𝑑𝑠 + 𝜔𝜆𝑞𝑠
𝑣𝑞𝑠 = 𝑅𝑠 𝑖𝑞𝑠 + 𝑃𝜆𝑞𝑠 + 𝜔𝜆𝑑𝑠

(2.5)

𝑣𝑑𝑟 = 𝑅𝑟 𝑖𝑑𝑟 + 𝑃𝜆𝑑𝑟 − (𝜔 − 𝜔𝑟 )𝜆𝑞𝑟
𝑣𝑞𝑟 = 𝑅𝑟 𝑖𝑞𝑟 + 𝑃𝜆𝑞𝑟 − (𝜔 − 𝜔𝑟 )𝜆𝑑𝑟

Substituting Eqn. (2.4) into Eqn. (2.2) of the stator and rotor flux linkages, the d-qaxis flux linkages are obtained as:

𝜆𝑑𝑠 = (𝐿𝑖𝑠 + 𝐿𝑚 )𝑖𝑑𝑠 + 𝐿𝑚 𝑖𝑑𝑟 = 𝐿𝑠 𝑖𝑑𝑠 + 𝐿𝑚 𝑖𝑑𝑟
𝜆𝑞𝑠 = (𝐿𝑖𝑠 + 𝐿𝑚 )𝑖𝑞𝑠 + 𝐿𝑚 𝑖𝑞𝑟 = 𝐿𝑠 𝑖𝑞𝑠 + 𝐿𝑚 𝑖𝑞𝑟

(2.6)

𝜆𝑑𝑟 = (𝐿𝑖𝑟 + 𝐿𝑚 )𝑖𝑑𝑟 + 𝐿𝑚 𝑖𝑑𝑠 = 𝐿𝑟 𝑖𝑑𝑟 + 𝐿𝑚 𝑖𝑑𝑠
𝜆𝑞𝑠 = (𝐿𝑖𝑟 + 𝐿𝑚 )𝑖𝑞𝑟 + 𝐿𝑚 𝑖𝑞𝑠 = 𝐿𝑟 𝑖𝑞𝑟 + 𝐿𝑚 𝑖𝑞𝑠
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The electromagnetic torque Te can be calculated using currents and flux linkages of
the d-q axis The most commonly torque models are given below[28]:

𝑇𝑒 =

3𝑃
2

𝑖𝑞𝑠 𝜆𝑑𝑠 − 𝑖𝑑𝑠 𝜆𝑞𝑠

𝑇𝑒 =

3PLm
𝑖𝑞𝑠 𝑖𝑑𝑟 − 𝑖𝑑𝑠 𝑖𝑞𝑟
2

𝑇𝑒 =

3𝑃𝐿𝑚
𝑖 𝜆 − 𝑖𝑑𝑠 𝜆𝑞𝑟
2𝐿𝑟 𝑞𝑠 𝑑𝑟

(2.7)

The active and reactive power of the stator and rotor in the d-q reference frame can
be expressed as:

𝑃𝑟 = 𝑣𝑑𝑟 𝑖𝑑𝑟 + 𝑣𝑞𝑟 𝑖𝑞𝑟
𝑄𝑟 = 𝑣𝑞𝑟 𝑖𝑑𝑟 − 𝑣𝑑𝑟 𝑖𝑞𝑟
𝑃𝑠 = 𝑣𝑑𝑠 𝑖𝑑𝑠 + 𝑣𝑞𝑠 𝑖𝑞𝑠

(2.8)

𝑄𝑠 = 𝑣𝑞𝑠 𝑖𝑑𝑠 − 𝑣𝑑𝑠 𝑖𝑞𝑠
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The steady state relationship between the mechanical power and the active power
across the rotor and stator is shown in Figure 2.12, where 𝑃𝑚 is the mechanical power
produced by the turbine, 𝑃𝑟 is the real power supplied by the rotor, 𝑃𝑎𝑖𝑟−𝑔𝑎𝑝 is the
power at the generator air-gap, 𝑃𝑠 is the power delivered by the stator and 𝑃𝑔 is the
total real power provided to the power network [29].

Rotor (r)

Pgap

stator (s)

Rotor loss

Pr

Stator loss

Pm

airgap

Ps

Figure 2.12 Power flow and loss in induction generator.

By neglecting the power losses in the stator and rotor:

𝑃𝑎𝑖𝑟−𝑔𝑎𝑝 = 𝑃𝑠 = 𝑃𝑚 − 𝑃𝑟

(2.9)

In terms of the electrical torque 𝑇, the above equation can be re-written as:

𝑇𝜔𝑠 = 𝑇𝜔𝑟 − 𝑃𝑟

(2.10)

or

𝑃𝑟 = −𝑇(𝜔𝑠 − 𝜔𝑟 )
Accordingly, the rotor active power can be expressed as a function of the slip 𝑠 as:
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𝑃𝑟 = −𝑠𝑇𝜔𝑠 = 𝑠𝑃𝑠

(2.11)

The mechanical power, 𝑃𝑚 , can be stated as

𝑃𝑚 = 𝑃𝑠 + 𝑃𝑟

(2.12)

𝑃𝑚 = 𝑃𝑠 − 𝑠𝑃𝑠
= (1 − 𝑠)𝑃𝑠

The total delivered power, 𝑃𝑔 , is

𝑃𝑔 = 𝑃𝑠 + 𝑃𝑟 = (1 + 𝑠)𝑃𝑠 = (

1+𝑠
1−𝑠

) 𝑃𝑚

(2.13)

The converter size of the DFIG is determined by the controllable range of the slip 𝑠.
The maximum practical speed and slip range (between 0.7 and 1.2 pu) are limited by
mechanical and other constraints [29].
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2.4.2.3.2

DFIG Control system:

A block diagram of a variable wind turbine equipped with a doubly fed induction
generator (DFIG) is shown in Figure 2.13. The block diagram shows the wind
turbine’s aerodynamic and mechanical components, their control, and interaction
with the power grid. In the generic model, the physical component of the wind
turbine is represented as a block, and the arrows indicate the links between the
different model blocks. Such links show the data exchange between the component
blocks within the dynamic wind turbine model and the power flow between the
generator and the power grid [24]. The main components of this model are:


Dynamic wind



Aerodynamic rotor



Shaft system



Induction generator



Rotor side converter, including control



Grid side converter, including control



DC-link



Pitch control
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Dynamic Wind
External signal order
(from Grid)

Power references
Wind

Roto VSC
control

Pitch angle

Shaft system

External signal order

Generator
Rotor speed

Shaft torque

Rotor Reactive
power

Rotor Active
power

Reactive power

Voltage Frequency

Induction
Generator

DC Link

Voltage

Frequency

Grid-side VSC
Grid-side
interface
reactive power

Active power

PWM signal

Reactive power

DC Link Voltage

Grid-side
active power

Pitch control

Generator Rotor speed

Rotor speed

Mechanical
torque

Active power

Reactive power

Rotor current

PWM signal
Roto-side VSC
interface

Grid-side VSC
control

Aerodynamic
rotor

Power Grid

Voltage

Figure 2.13Generic model for a wind turbine equipped with DFIG [24].
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V_mes

PCC

I_mes

IG
Is_mes

Vr

Rotor Side Control
System

Ig_mes

Grid Side
Converter

VDC_mes

Ir_mes

ωr_mes

Rotor Side
Converter

Vg
VDC_ref

Grid Side Control
System

Iq_ref

Figure 2.14 A DFIG control system scheme.

Figure 2.14 shows a schematic of a wind turbine equipped with a doubly fed
induction generator and its overall control system. The converter station consists of
two voltage source converters (VSC): one is connected to the grid side and called the
grid side converter (GSC), and the other is connected to the rotor and called the rotor
side converter (RSC). Both GSC and RSC are connected back to back via a dc link.
The grid side converter controls the reactive power at the point of common coupling
during disturbance events, by injecting or absorbing the reactive power if required.
However, it does not exchange reactive power with the ac system during normal
operation mode. Moreover, the grid side converter is responsible for regulating the dc
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voltage across the DC link capacitor. On the other hand, the rotor side converter
controls the generated active and reactive power independently to improve the
efficiency of the wind turbine output energy during wind gust fluctuations. The rotor
circuit is excited through the rotor side converter control [24].

2.4.3

Impact of wind energy integration into electricity grid

The integration of wind energy into grid has been given more concern in recent years
due to the significant increase in wind power generation level [30]. The high
penetration of WECS into electricity grid leads to technical and power quality issues
that need more concern and consideration by the system operators [30]. Some of
these issues include:


Power variation

Significant change in the power may occur because of the changing nature of the
wind gust or the WECS tower shadow effects. Switching operation can also lead to
power variation phenomena [31].


Harmonics

The use of power electronic converter stations to interface wind turbine generator
with the grid results in distorted voltage and current waveforms [32].
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Voltage fluctuation

Voltage variation at the point of common coupling (PCC) connecting wind turbine
generator with the grid may take place due to the intermittent nature of wind and if
an adequate control scheme to regulate the voltage level is not adopted. Other
causes of voltage variation include significant load changing and fault conditions [3].


Flickers

Flickers may arise because of a rapid and continuous change in the wind generated
power [32].

2.4.4 Fault ride through and grid code
Due to the significant increase in Wind turbine generators (WTGs) and the global
trend to establish reliable smart grids, the transmission system operators (TSOs)
require connection of WTGs with existing grids to provide power support during
maintenance and fault circumstances of the latter. Accordignly, grid codes have been
established in many countries to comply with these new requirements. There are
many international codes related to the fault ride through (FRT) capability of WTGs
[33-37]. The low voltage ride through (LVRT) grid codes for UK, Spain, Denmark,
Germany, Australia, China and the US are shown in Fig2.15 as examples.
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Figure 2.15 Nominated countries low voltage ride-through grid (LVRT) codes.

The allowed voltage sag at the PCC of the United States grid code is 0 pu, which
lasts for a duration of 0.15s from the occurrence of the fault after which the LVRT
profile increases linearly during the following 1.5s to 0.9 pu at which the voltage
level is maintained [33].
The minimum acceptable voltages sag at the PCC for the Spanish grid code at the
instant of fault occurrence is 0.5 pu, which lasts for 0.15s after which it increases to
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0.6 pu and lasts for 0.1s. The LVRT profile then ramps to 0.8 pu during the next
0.75s and remains at this level for 3s [33].
The Australian grid code requires WTG to withstand a PCC voltage level of 0 for 3s
then LVRT increases to 0.8 pu [37]. WTGs are to be disconnected from the grid in
case of voltage levels at the PCC fall outside the area bounded by the LVRT margins
of the grid codes.

Figure 2.16 Nominated countries High voltage ride-through grid codes.

Figure 2.16. shows the technical requirements for the high voltage ride through
(HVRT) capability of wind turbine generators in some countries. The allowed
voltage swell at the PCC of the US grid code is 1.2 pu, whcih lasts for a duration of
1s from the fault occurrence. After that, the HVRT profile decreases by 0.05 pu every
1s during the following 3s, after which the voltage at the PCC has to be maintained
within a safety margin of 0.05 pu from the nominal value [33].
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The maximum voltage rise at the PCC for the Spanish grid code at the instant of fault
occurrence is 1.3 pu which remains for 0.25s after which it decreases by 0.1 pu,
which lasts for 1 s. And then the voltage level at the PCC has to be maintained within
a safety margin of 0.1 pu above the nominal value [33].
The Australian standard allows the voltage to increase by 1.3 pu for 0.98 second after
that the voltage has to be limited to 1.2 pu [37].

Table 2.2 lists the LVRT and

HVRT codes in 7 countries.

Table 2.2 Some parameters for Grid codes in some countries [34, 36, 37].
LVRT
Country
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During Fault

HVRT
Fault Clearance

During Swell

Vmin (pu)

Tmax (s)

Vmin (pu)

Tmax (s)

Vmax (pu)

Tmax (s)

Denmark

0.25

0.1

0.75

0.5

NA

NA

Sweden

0.25

0.25

0.9

0.25

NA

NA

Germany

0

0.15

0.9

1.5

1.2

0.1

Spain

0

0.15

0.85

1

0.3

0.25

USA

0

0.15

0.9

1

1.2

1

Australia

0

0.45

0.8

0.45

1.3

0.98

China

0.2

0.625

0.9

3

NA

NA
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3

FLEXIBLE AC TRANSMISSION
SYSTEMS

3.1

Overview of FACTS Devices

The concept of FACTS (flexible ac transmission systems) was envisioned in the
late of 1980s [38]. The technology consists of a variety of power electronic devices
with the aim of controlling both power and voltage at a certain location of the
electricity grids during disturbances. In general, the FACTS devices were invented to
improve the existing transmission line capacity and provide a controllable power
flow for a selected transmission direction [39].
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The FACTS devices are primarily divided into two groups. The first group involves
quadrature tap-changing transformers, including conventional thyristor-switched
capacitors and reactors, and the the second group involves voltage source converters
based on gate turn-off (GTO) thyristor-switched converters [40]. The first group has
introduced Thyristor-Controlled Phase Shifter (TCPS), Static Var Compensator
(SVC) [41] and the Thyristor- Controlled Series Capacitor (TCSC) [42]. The second
group has resulted in the Static Synchronous Series Compensator (SSSC) [42], the
Static Synchronous Compensator (STATCOM) [43], the Interline Power Flow
Controller (IPFC) [44] and the Unified Power Flow Controller (UPFC) [44]. Each
generation of the FACTS devices has its own performance and characteristics [45].

Capacitor and reactor banks along with fast solid-state switches are used in the
first group of FACTS devices, which can be connected in series or shunt with the
power system to compensate for the reactive power at the PCC. However, real power
exchange with the system is not possible with such systems.

The devices of the FACTS group that is based on voltage source converter (VSC)
utilises self-commutated converters equipped with GTO thyristor switches. Through
a proper control scheme, this group is able to generate capacitive and inductive
reactance internally [40]. In addition to the independent reactive power control, the
voltage source converter can be integrated with energy storage system to enable
decoupled control of active and reactive power exchange with the system it is
connected to [39]. Fig. 3.1 illustrates an overview of the main FACTS devices.
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Figure 3.1 Overview of the main FACTS Devices

To explain the reactive power compensation process of a shunt FACTS, a shunt
connected compensator (simulated as an ideal ac voltage source of voltage V m) is
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connected to the middle of a lossless transmission line for the system shown in
Figure 3.2.

Figure 3.2 Two-machine system with shunt compensator

For an assumed lossless system, the real power can be written as :
𝛿

𝑉𝑠𝑚 = 𝑉𝑚𝑟 = 𝑉 cos 4 ;

𝐼𝑠𝑚 = 𝐼𝑚𝑟 = 𝐼 =

4𝑉
𝑋

𝛿

sin 4

(3.1)

The transmitted power is
𝛿

𝛿

𝑃 = 𝑉𝑠𝑚 𝐼𝑠𝑚 = 𝑉𝑚𝑟 𝐼𝑚𝑟 = 𝑉𝑚 𝐼𝑠𝑚 𝑉 cos 4 = 𝑉𝐼 cos 4
𝑃=2

𝑉2
𝑋

(3.2)

𝛿

sin 2

(3.3)

Similarly
𝛿

𝑄 = 𝑉𝐼 sin 4 =

4𝑉 2
𝑋

𝛿

(1 − cos 2 )

(3.4)

On the other hand, the basic function of the series compensation technique is to
reduce the series inductive reactance of the transmission line. For simplicity, Figure
3.3 shows a two-machine power system with series capacitive compensation that is
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assumed to be composed of two identical parts. For the same end voltages, the
magnitude of the total voltage across the series line inductance (𝑉𝑋 = 2𝑉𝑋/2 ) is
increased by the magnitude of the opposite voltage 𝑉𝑐 , which is developed across the
series capacitor, because of the increase in the line current.

Figure 3.3 Two-machine system with series compensator

The effective transmission impedance 𝑋𝑒𝑓𝑓 with the series capacitive compensation
is obtained from
𝑋𝑒𝑓𝑓 = 𝑋 − 𝑋𝐶

(3.5)

𝑋𝑒𝑓𝑓 = (1 − 𝐾 ) 𝑋

(3.6)

where K is the amount of allowable series compensation
𝐾=

𝑋𝐶
𝑋

0≤𝐾<1

(3.7)

Assuming 𝑉𝑠 = 𝑉𝑟 = 𝑉 in Figure 3.7, the current in the compensated line, the
corresponding real power transmitted and the reactive power delivered by the series
capacitor can be written as follow
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2𝑉

𝛿

𝐼 = (1−𝐾) 𝑋 sin 2

𝑉2

𝑃 = 𝑉𝑚 𝐼 = (1−𝐾) 𝑋 sin δ

𝑄𝐶 = 𝐼 2 𝑋𝐶 =

2𝑉 2

𝐾

𝑋

(1−𝐾) 2

(1 − cos 𝛿 )

(3.8)

(3.9)

(3.10)

FACTS devices introduce a wide operational range to increase the thermal limits of a
power system and improve its stability. FACTS devices have been used for:
•ActiveandreactivePowercontrol[46]
•VoltagecontrolstabilityandSubsynchronousresonancemitigation[47]
•Poweroscillationdamping[48]
•Transientsanddynamicsstability[49]
•Faultcurrentlimiting[50]
•Flickermitigation [51]
•Powersystemsecurityenhancement [52]
Investments into such complex devices have to carefully consider many aspects such
as the practical requirements and benefits of the application. Some FACTS devices
can perform multi tasks as given in
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FACTS

SVC

STATCOM

TSCS

SSSC

UPFC

Table 3.1 FACTS Applications and cost Comparison

Reactive power control











Active power control











Voltage control











Voltage stability
improvement











Power oscillations damping











Transients and dynamic
stability











Fault current limiter











Var compensation











Application

Approximate Costs (US $)
[53]

Chapter 3

40/kVar 50/kVar 40/kVar 20/kVar 50/kVar

40

FLEXIBLE AC TRANSMISSION SYSTEM

Among the FACTS devices listed in Table 3.1, UPFC has the capability to cover all
the listed applications due to its ability to control all the parameters affecting the
transmission line power flow, including voltage, phase angle and impedance [44].

3.1.1 Static VAR compensator (SVC)
Static VAR compensator is a shunt reactive power compensation device that
modulates reactive power at the connection point, by exchanging the needed reactive
power with the system [38]. The first SVC was introduced in 1960s; before the
introduction of such device, the reactive power compensation was performed using a
synchronous generator [40]. Figure 3.4 shows the basic configurations of the static
VAR compensator [43].

Figure 3.4 SVC basic configrations
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The SVC is designed to operate in both inductive and capacitive modes to
facilitate bidirectional reactive power compensation with the grid. The voltage
current characteristic of SVC is illustrated in Figure 3.5 [43].

V(p u)

IL (pu)

Ic (pu)
Ic ma x

Capacitive

0

IL ma x

Inductive

Figure 3.5 SVC V-I charactrastics

A number of studies investigated the use of SVC to increase the power system
quality and stability [54-56]. Li et al. studied the use of SVC to improve the
integration of an offshore wind farm and a marine current farm [56]. The application
of SVC to improve an induction motor performance was demonstrated in [54].
Application of SVC for damping power system oscillations was studied in [55].
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Series
3.1.2 Static synchronous compensator
Converter

Shunt
Converter

Static synchronous compensator (STATCOM) is a shunt connected reactive
power compensation controller. The advancements in power electronics, in particular
the GTO thyristor, enabled implementation of such technology as a competitive
alternative to conventional SVC [57]. A schematic configuration of STATCOM is
shown in Figure 3.6.

V

DC

AC System

VSC

Figure 3.6 Basic configration of STATCOM

The interaction between the AC system voltage and the voltage at the STATCOM
AC side terminals provides the control of the reactive power flow. If the voltage at
the STATCOM terminals is higher than the system voltage, reactive power will be
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injected from STATCOM to the system and will therefore behave as a capacitor.
When the voltage at the STATCOM is less than the AC voltage, STATCOM will
behave as an inductor and the reactive power flow will be reversed. Under normal
operating conditions, both voltages will be equal and there will be no power
exchange between the STATCOM and the system [58]. Figure 3.7 shows the
characteristics of the STATCOM voltage and current.

V(pu)

pu)

Ic (pu)

IL (pu)
Ic ma x

Capacitive

0

IL ma x

Inductive

Figure 3.7 STATCOM V-I charactrastics

Several studies proved that STATCOM is capable of improving power system
dynamics and system stability for renewable energy applications [59-66].
STATCOM was introduced for flicker mitigation in [65], while the application of
STATCOM in mitigating the effects of sub synchronous response in wind farms
based on a series compensated induction generators was investigated in [63]. More
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studies were conducted to investigate the application of STATCOM with wind
turbine generators and its integration with the ac grid [60-62, 64, 66].

3.1.3 Thyristor- controlled series capacitor
Thyristor controlled series capacitors (TCSC) is a series controller device that was
proposed in 1986 [42]. Figure 3.8 shows the basic configurations of TSCS, which
consists of a Thyristor Controlled Reactor in parallel with a compensating capacitor
[42].

Figure 3.8 Basic configration of TCSC

The TCSC voltage and current characteristics is shown in Figure 3.9. In the
capacitive region, the minimum delay angle (α) sets the limit for the maximum
compensating voltage (up to a value of the line current) at which the maximum rated
voltage constrains the operation until the rated maximum current is reached. In the
inductive region, the maximum delay angle (alpha) limits the voltage at a low line
current and the maximum rated thyristor current at high line currents [42].
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Figure 3.9 TCSC V-I charactrastics

Studies in the literature have introduced the TCSC for power quality enhancement
[67-72]. The application of TCSC to improve transmission capacity and mitigate sub
synchronous resonance has been introduced in [67, 72]. The impact of using TCSC
to reduce the effect of in rush current of a transformer and to enhance power system
quality is investigated in [71]. The application of TCSC in improving system stability
including wind turbine generators performance has been studied in [68-70].
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3.1.4 Static synchronous series compensator
Static synchronous series compensator (SSSC) is a series connected FACTS device
that was introduced in 1989 [42]. The basic configuration of SSSC is shown in
Figure 3.10. It consists of a voltage source converter coupled to a dc voltage source
and connected with the ac system via a series transformer.

VSC

AC System

V

DC

Figure 3.10 Basic configration of SSSC

Figure 3.11 shows the voltage and current characteristics of the SSSC during voltage
control operation. The SSSC has the capability to deliver capacitive or inductive
compensating voltage independent of the transmission line current and up to the rated
current limits. Therefore, during the voltage control mode the SSSC maintains the
capacitive or inductive compensating voltage during the change in the line current
from zero to Imax.
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Figure 3.11 SSSC V-I charactrastics

SSSC has been involved in several studies to investigate its applications for stability
improvement [73-77]. Damping of Sub-Synchronous resonance by installing static
synchronous series compensator was presented in [74, 75]. The application of SSSC
to dampen the low frequency oscillations of the power system in [76]. The power
flow control and stability improvement of integrating wind farm with an ac grid was
presented in [77]. Moreover, the Application of a SSSC to improve stability of a SGbased power system with an offshore wind farm is introduced in [73].
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3.2 Unified power flow controller
The unified power flow controller (UPFC) is a complex power electronic device that
was developed to control and optimize the power flow in electrical power
transmission systems [41]. Gyugyi introduced the UPFC in 1991 as a versatile device
capable of controlling all the parameters affecting the power flow in the transmission
line, including voltage, impedance and phase angle [44]. As shown in Fig. 3.12 a
UPFC is mainly a combination of a static compensator (STATCOM) and a static
synchronous series compensator (SSSC) coupled through a common dc link. The
application of the UPFC to power systems has been extensively considered by the
power industry due to its many advantages, which include smooth control of both
active and reactive power of the system at the PCC and its rapid and independent
performance in four quadrant operational moods [38], [78].

Bus B

Bus A

Series
Converter

Shunt
Converter

Figure 3.12 Basic configration of UPFC.
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3.2.1 The basic voltage source converter concept

N

Figure 3.13 Basic configuration of voltage source converter

A basic configuration of a three-phase, IGBT-based voltage source converter is
shown in Figure 3.13, in which the voltages across the converter legs are represented
by VA, VB, and VC and the load voltage is represented by van, vbn, and vcn. Assuming
a star connected load, the relationship between the voltage across the converter legs
and the phase to the neutral load voltage can be expressed as [79]:

(3.11)

where
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vnN

is the voltage difference between the negative point of the voltage (N) across the dc
busandtheload’sstarcommonpointn.
The values of the line voltages along with the sequence of VSC switches are listed in
table 3.1.
Table 3.2 Line voltages for six-step mode of operation

The basic function of a VSC-based reactive power compensator is to exchange the
reactive power with the system it is connected to, according to the difference in the
voltage level at the VSC and system terminals. When the AC (OR ac?) voltage of the
converter behind the leakage reactance lower than the AC bus voltage, the
compensator acts as an inductance connected to the AC system terminals, where it
absorbs the reactive power from the system. On the other hand, if the AC voltage of
the converter behind the leakage reactance is higher than the AC bus voltage, the
compensator will act as a capacitance, where it injects the reactive power to the AC
system. During normal operation, the voltage at the terminal of the converter and the
AC bus system voltage are equal and no reactive power exchange between the VSC
and the system takes place [80]
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By adjusting the switching angle of the VSC valves, the magnitude of the voltage
across the converter terminals can be controlled according to the reactive power
requirement of the system. On the other hand, adjusting the phase angle of the
converter terminal voltages controls the active power could flow from or to the
converter [80].

3.2.2 Shunt converter

Figure 3.14 Configurations of the UPFC shunt converter and voltage compensation
technique.
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To compensate for the voltage of the ac network controlled bus, the shunt converter
shown in Fig. 3.14 is used to produce a controlled imaginary current that lags or
leads the fundamental component of the voltage by 90º. Inductive current (ic)
produces a positive value of the reactive power (i.e. q 1 ˃ 0) in order to reduce the
magnitude of the voltage across the ac bus, as shown in Fig. 3.15; this mode of
operation takes place when there is a surplus reactive power generated as a result of
significant load shedding that leads to voltage swell in the system. On the other hand,
capacitive current (ic) produces negative reactive power (i.e. q 1 ˂ 0) in order to
increase the amount of the voltage across the ac network bus. This operational mode
takes place in case of voltage sag and short circuit faults.

Figure 3.15 Phasor diagram of the voltage compensation mode by the UPFC shunt converter
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3.2.3 Series converter

Figure 3.16 Power flow control by the series converter of the UPFC.

The UPFC series converter controls the active and reactive power by controlling the
voltage at the ac network bus and the current (is) of the transmission system. The
voltage at the generator bus (vs) is regulated by controlling the series voltage (vc),
which in turn will regulate the magnitude of the current (is) to meet the required
active power reference PREF and reactive power reference QREF (Fig. 3.16).
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Figure 3.17 Phasor diagramoftheUPFC’sseriesconverterintheoperationalmodeofactive
and reactive power control.

To produce the required demand of the active P REF and the reactive QREF power, the
UPFC controls the voltage components VC(qC) and VC(pC) in series with the
transmission line, which in turn control p and q, as shown in Fig 3.17. The real power
P decreases when the voltage component VC (qC) leads the voltage V by 90º, while
the opposite occurs when the voltage VC (qC) lags the voltage component V by 90º. In
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contrast, the reactive power decrease and the current phasor I S becomes more
capacitive when the compensating voltage is greater than zero, V C (pC ˃ 0), whilst the
reactive power increases and the current phasor I S becomes more inductive when the
compensating voltage is less than zero, VC (pC ˂ 0).

3.2.4 UPFC Control System
In [81] an adaptive neuro-fuzzy controller was designed for UPFC. The results show
that the settling time and amplitude of the low frequency oscillations are reduced by
the proposed adaptive neuro-fuzzy controller. A Lyapunov-based adaptive neural
controller was proposed in [82] for the UPFC to improve the transient stability of the
studied system. In this study, the dynamic characteristics of the UPFC were
investigated and a supplementary control system was developed to suppress power
swings. Damping of the power system oscillation using UPFC based on a simple PI
controller was presented in [83]. The fuzzy-logic control scheme was presented in
[84] to improve the power system stability during transient conditions. In [85],
application of UPFC based on nonlinear PID and tracker controller was introduced.
Table 3.2 summaries the various applications of the UPFC along with the proposed
controllers that are published in the literatures.
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Table 3.3 Summary of the applications of UPFC along with the proposed controllers

published in the literatures.

Controller
1

Neuro Fuzzy

2

Gravitational Search
Algorithm (GSA)

3

Lyapunov

4

Neuro Controller

5
6

PI controller

7
8

9
10
11

12

13

Chapter 3

Radial Basis Function
Neural Network
(RBFNN)
Nonlinear
Variable-gain Fuzzy
Controller
Nonlinear PID
(NLPID) Controller
Feed-Back
Linearization
Controller (FBLC)
Nonlinear Optimal
Predictive
Controller
Based on H2 method

Application
Damping Low Frequency
Oscillations
Transient Stability Enhancement
Damping Power System
Oscillation
Power-Flow Control Performance
Analysis of UPFC
Real and Reactive Power
Coordination for a UPFC

Ref.
[81]
[86]
[82]
[87]
[83]
[88]
[89]
[90]

[84]
[85]
Improving Transient Stability
Performance
of Power System

[91]

[92]
Damping of Oscillation in
Distribution System

[93]
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3.2.4.1 Proposed control system
IGBTs-based converters are implemented in the proposed UPFC due to its
advantages over GTOs, since IGBT has a higher switching frequency range (2-20
kHz), compared with GTO (1 kHz [94]). In the proposed system, the shunt and the
series converters of the UPFC are controlled using a hysteresis current controller
(HCC) and a proportional Integral controller (PI), respectively, as will be elaborated
below.Thewidelyusedpark’stransformationortheso-called dq transformation that
was introduced by Park in 1929 [95] is used in the controller proposed herein. It is a
mathematical transformation that can be applied to any arbitrary three-phase system
to calculate the two equivalent components in the dq reference frame; this
arrangement has the advantage of transforming the main component of waveform to
a constant DC term under steady state conditions. The transformation equation is
given below:

𝑐𝑜𝑠𝜃𝑑
𝑥𝑑
[𝑥𝑞 ] = √2⁄3 [−𝑠𝑖𝑛𝜃𝑑
𝑥0
1⁄√2

Chapter 3

𝑐𝑜𝑠(𝜃𝑑 − 2𝜋⁄3)
−𝑠𝑖𝑛 (𝜃𝑑 − 2𝜋⁄3)
1⁄√2

𝑐𝑜𝑠(𝜃𝑑 + 2𝜋⁄3) 𝑥𝑎
−𝑠𝑖𝑛(𝜃𝑑 + 2𝜋⁄3)] [𝑥𝑏 ]
𝑥𝑐
1⁄√2

(3.12)
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Quantities in the dq reference frame can be transferred to three-phase using the
inverse transformation of (3.12) as:

𝑐𝑜𝑠𝜃𝑑
−𝑠𝑖𝑛𝜃𝑑
𝑥𝑎
[𝑥𝑏 ] = √2⁄3 [𝑐𝑜𝑠(𝜃𝑑 − 2𝜋⁄3) −𝑠𝑖𝑛 (𝜃𝑑 − 2𝜋⁄3)
𝑥𝑐
𝑐𝑜𝑠(𝜃𝑑 + 2𝜋⁄3) −𝑠𝑖𝑛 (𝜃𝑑 + 2𝜋⁄3)

1⁄√2 𝑥𝑑
1⁄√2] [𝑥𝑞 ]
𝑥0
1⁄√2

(3.13)

Where

𝜃𝑑 = 𝜔𝑑 + 𝜃
𝜔𝑑 is the angular velocity of the signals to be transformed
𝜃

is the angle of the initial state.

3.2.4.1.1 Hysteresis current controller
The hysteresis current control (HCC) method has the advantages of being effective
and simple, in addition to the fact that it does not require complex processor to
implement. The main concept of the HCC is that switching pattern generated by the
convertor, which is effected by comparing the actual values of the phase current with
a fixed tolerance band around the reference value of the current associated with that
phase. Figure 3.18 shows the HCC scheme in the position where the measured load
current is maintained within the hysteresis band by controlling the switching state of
the respective converter node voltage. However, the other two phases can affect this
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type of band control, which may give rise to high frequency in the switching signal in
consequence of the interference between the phases (referred as inter-phases
dependency) [96]. Inter-phases dependency can be reduced by applying the phaselocked loop technique to keep the converter switching at a fixed predetermined
frequency level [97].

Figure 3.18 Basic concept of Hysteresis current control for a three phase converter

As shown in Fig. 3.19, the deriving signals for the switches of the UPFC shunt
converter are generated by comparing the values of the reference currents (Iabc*) with
the three-phase line currents (Iabc), which are derived using Id* and Iq* references.
The values of Id* and Iq* are generated based on the error values of the voltage
across the dc-link capacitor (VDC) and the generator terminal voltage (Vg) by a
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traditional proportional integral (PI) controller.

The values of Id* and Iq* are

converted using the Park transformation (dq0-abc) to create the reference values of
the current (Iabc*).

Figure 3.19 Shunt converter HCC system
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3.2.4.1.2 The proportional integral controller
The main role of the UPFC series converter is to control the active and reactive
power flow through the transmission line, by inserting a compensated voltage with
controllable magnitude and phase in series with the transmission line. The a-b-c
components at the point of common coupling (PCC) and the transmission line current
are converted to the d-q reference frame using the Clarke-Park transformation
technique. As shown in Figure 3.20 the differences between the generator active and
reactive powers and their pre-set values are used as input signals to the PI controllers,
which are tuned to generate the reference voltage values in the d-q reference frame
(Vd* and Vq*) required for controlling the series converter switches using pulse width
nodulation (PWM). The active power P and reactive power Q in the d-q reference
frame can be calculated as follows [32]:
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(3.14)

Q = Vq Id −Vd Iq

(3.15)
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Figure 3.20 Series converter control system
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4

Application of UPFC to Improve the
Overall Performance of a DFIG-based
WECS during Grid Side Faults

4.1

Introduction

In a Doubly Fed Induction Generator (DFIG)-based Wind Energy Conversion
System (WECS) as shown in Fig. 4.1, the DFIG stator circuit is connected directly to
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the ac network at the point of common coupling (PCC) via a transformer, whereas
rotor circuit is connected to the PCC via a back-to-back partial-scale voltage source
converter (VSC) and the coupling transformer. The voltage source converter
facilitates the variable [24] speed operation of the DFIG [98],[99]. During the initial
stage of introducing WECS to the electrical energy market, the disconnection of a
wind turbine generators (WTGs) from the grid during a fault event at the ac network
side was allowed to protect the wind turbine and the converter switches form any
possible damages [36]. Currently, the developed grid codes require WTGs to ridethrough intermittent fault conditions to remain connected, thereby supporting the grid
under such events. This will assure sustainable power delivery to the grid during
faults and abnormal operating conditions [36]. Improving DFIG fault ride through
(FRT) capability can be achieved by implementing new control schemes for WECS
to make them comply with the various grid codes that have been established by
transmission system engineers as shown in the literature [100-104]; however this
approach is only effective for new WECS installations. A cost effective approach to
improve the FRT capability of the existing WECS is by connecting flexible ac
transmission system (FACTS) device to the PCC [105]. A proper FACTS controller
can also aid in overcoming some of the drawbacks of the DFIG (which include its
high sensitivity to grid faults [23, 106]). Reference can be made to previous studies
on the low voltage ride through capability of the DFIG-based WECS [100-104].
Unfortunately, the problem of voltage swell has not been investigated thoroughly in
the literature, despite the fact that its occurrence can cause a surge in the the voltage
at the point of common coupling and consequently violate the upper safety margin of
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the grid code requirements [107-109]. If not carefully mitigated, these faults may
lead to voltage fluctuation across the terminal of the DFIG, high current within DFIG
converter switches and voltage swell within the dc link capacitor of the converter
station.
As previously mentioned in Chapter 3 application of the UPFC in power systems
was investigated by many researchers [9, 38, 78, 83, 85, 110-118]. However, studies
concerning application of UPFC to WECS are limited. Moreover, majority of the
existing studies limit the use of UPFC to smoothen the output power of fixed speed
WECS during wind speed fluctuation to avoid system instability [110].
Following on from the limitations discussed above concerning UPFC, this chapter
introduces new applications of it to improve the overall performance of DFIG-based
WECS during fault events at the grid side. A new UPFC control approach that
combines the hysteresis current control (HCC) and proportional integral control (PI),
as explained in Chapter 3 is proposed herein. Simulation was carried out using the
Simulink/Matlab software and the results obtained are analysed to examine the
performance of WECS with and without the connection of UPFC.
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Figure 4.1 Schematic of the Proposed System

Fig. 4.1 shows the proposed system, which consists of a wind farm of six DFIGbased wind turbines integrated with the ac grid at the point of common coupling
(PCC), with each DFIG being rated at 1.5 MW. The DFIG rotor winding is
connected to a bi-directional back to back voltage source converter, while the stator
winding is connected directly to the ac network via a step up transformer. The wind
turbines are connected to the grid via a 30 km transmission line and a step up
transformer. During modelling, the ac network is simulated as an ideal three-phase
voltage source of constant frequency and voltage. Under normal operating
conditions, the reactive power delivered by the DFIG is controlled at zero MVar to
maintain a unity power factor connection at the PCC. In the proposed case study, the
averagewindspeedisassumedtobe15m/sandthegenerator’snominalspeedis1.2
pu, while output active power of the turbine is 1.0 pu. The proposed UPFC is
connected to the PCC bus.
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4.2

Case study 1: Low Voltage Ride Through

A significant voltage drop of 0.4 pu of the nominal value is assumed at the grid side of
the proposed system (Fig. 4.1) at t = 6s, and this drop is assumed to last for 5 cycles. The
simulation results shown in Figure. 4.2, indicate that the voltage across the PCC will
decrease to 0.43 pu when the UPFC is not connected. On the other hand, this voltage
drop is regulated to a value of 0.87 pu by connecting the UPFC to the PCC bus. Based
on the grid codes requirements, the regulated voltage (using UPFC) is assumed to work
provide a safety margin by wind turbine designers, as can be seen in Fig. 4.2 [106]. Fig.
4.3 shows that, during the voltage drop and with the presence of UPFC, the reactive
power support provided by the DFIG to the grid is decreased by an amount equivalent to
that compensated for by the UPFC. Consequently, the steady state condition is reached
faster, compared with the system without UPFC. In the absence of UPFC, the active
power delivered by the wind turbine generator is significantly decreased by about 0.45
pu during the sag event as shown in Fig. 4.4, while with the presence of the UPFC, the
active power can be also modulated and the settling time reduces. The DFIG power
reduction results in acceleration of the shaft to stabilize the imbalance in the delivered
power as can be seen in Fig. 4.5. However, with the presence of the UPFC, the drop in
the power generated by the DFIG decreases, which leads to a reduction in both the speed
overshooting and settling time. The voltage across the dc link capacitor of the DFIG
(VDC) experiences an oscillation of 60 Hz frequency during and upon the fault clearance,
as shown in Fig. 4.6. With the UPFC being connected at the PCC, voltage overshooting
across the capacitor of the dc link decreases.
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Figure 4.2 Voltage at the PCC with and without UPFC during voltage sag

Figure 4.3 DFIG reactive power response with and without during voltage sag

Figure 4.4 DFIG active power response with and without UPFC during voltage sag
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Figure 4.5 DFIG shaft speed response with and without UPFC during voltage sag

Figure 4.6 DC Voltage link of DFIG with and without UPFC during voltage sag
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4.3

Case Study 2: High Voltage Ride Through

Voltage swell occurs due to switching on a large capacitor bank or switching off a
large load. A 1.4 pu voltage swell was simulated at the grid terminals and was assumed
to last for 5 cycles, starting at t = 6s. Fig. 4.7 reveals that this fault causes the voltage at
the PCC to increase by more than 30% without the connection of the UPFC, while this
voltage is settled to a level less than 1.1 pu when the UPFC is connected to the PCC.
Without UPFC, the voltage at the PCC is compensated by the DFIG, as it absorbs the
excessive reactive power as shown in Fig. 4.8. By the connection of the UPFC to the
PCC bus, the reactive power profile of the DFIG is significantly improved and the unity
power factor operation is almost maintained. The delivered power by the DFIG will
increase during the voltage swell fault event and will be decreased when the fault is
cleared, as can be seen in Fig. 4.9. The maximum power overshooting and settling time
are substantially reduced when the UPFC is connected to the system. Due to the
increment of DFIG generated power during a voltage swell event, the generator shaft
speed is slightly retarded through fault duration and settles at a lower steady state level
than the pre-set level (1.2 pu), as shown in Fig. 4.10. This figure also shows that the
generator shaft speed profile is significantly improved with the connection of the UPFC.
As can be seen in Fig. 4.11, the voltage across the dc link capacitor of the DFIG exhibits
significant overshooting and oscillations during the voltage swell event when the the
UPFC is not connected to the system. This overshooting may eventually result in
blocking of the converters [106]. It is noted that, with the proposed UPFC controller, the
voltage overshooting levels are significantly reduced.
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Figure 4.7 Voltage at the PCC with and without UPFC during voltage swell

Figure 4.8 DFIG reactive power response with and without during voltage swell

Figure 4.9 DFIG reactive power response with and without during voltage swell
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Figure 4.10 DFIG shaft speed response with and without UPFC during voltage swell

Figure 4.11 DC link Voltage of DFIG with and without UPFC during voltage swell

4.4

Case Study 3: Three Phase Short Circuit

A fault of a three-phase short circuit is simulated at the grid side of the system under
study at t = 6 s and is assumed to last for 3 cycles. Figs. 4.12 through Figure 4.16 show
the dynamic response of the DFIG with and without the connection of the UPFC. The
voltage magnitude at the PCC drops to 0.1 pu in the case when the UPFC is not
connected, as shown in Fig. 4.12. On the other hand, when the UPFC is connected, the
voltage drop at the PCC is modulated to 0.8 pu, which is attributed to the reactive power

Chapter 4

73

Application of UPFC to Improve the overall performance of (DFIG) During Grid Side Faults

support of the UPFC as clearly seen in Fig. 4.13. In fact, the DFIG output active power is
significantly reduced due to the short circuit fault at the grid side (when the UPFC is not
connected) and this gets improved with the connection of the UPFC, as shown in Fig.
4.14. Due the drop in the generated power (if the UPFC is not connected), the DFIG
shaft speed is accelerated to compensate for the power imbalance and the shaft will
experience oscillations; these otherwise oscillations are substantially reduced when the
proposed UPFC controller is connected (Fig. 4.15).

The voltage across the DFIG dc

link capacitor is affected during the three-Phase short circuit event (in the base case of no
UPFC), as shown in Figure 4.16. When the UPFC is connected to the system, the voltage
overshooting is reduced through fault duration.

Figure 4.12 Voltage at the PCC with and without UPFC during 3Phase SC
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Figure 4.13 DFIG reactive power response with and without during 3Phase SC

Figure 4.14 DFIG active power response with and without UPFC during 3Phase SC

Figure 4.15 DFIG shaft speed response with and without UPFC during 3Phase SC
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Figure 4.16 DC link Voltage of DFIG with and without UPFC during 3Phase SC

4.5

UPFC Response during fault events

Depending on the fault type, UPFC has three modes of operation, as explained
below.
Standby mode: this mode of operation occurs during normal operating conditions,
where there will be no energy exchange between the system and the UPFC.
Capacitive operating mode: this mode of operation occurs during voltage sag and
short circuit faults at the grid side. When the voltage drop takes place at the PCC at t
= 6 s in the studied cases, the UPFC is function in a capacitive mode, where the
UPFC terminal current leads the bus voltage, as shown in Fig. 4.17 and Fig. 4.20. As
a result, the reactive power is instantly injected by the UPFC to support the grid and
to regulate the voltage at the PCC, as shown in Figs. 4.18. As the shaft speed will be
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slightly impacted during and upon the clearance of the voltage sag fault, the UPFC
aids in improving the active power profile at the PCC, as can be seen in Figure 4.19.
The active power modulation is substantially higher in the case of the three phase
short circuit fault, as shown in Fig. 4.22. The phase angle and magnitude of UPFC
current and voltage control the amount of active and reactive power support. After
clearing the fault, the UPFC controller acts to retain the standby mode of operation
by reducing its current to zero level as shown in Figs. 4.17.

Figure 4.17 UPFC terminal voltage and current during voltage sag

Figure 4.18 UPFC reactive Power during voltage sag
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Figure 4.19 UPFC active Power during voltage sag

Figure 4.20 UPFC terminal voltage and current during three-phase short circuit

Figure 4.21 UPFC reactive Power during three-phase short circuit
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Figure 4.22 UPFC active Power during three-phase short circuit

Inductive operating mode: this mode is activated when voltage swell disturbance
occurs at the grid side. During a voltage swell event, the UPFC controller acts to
absorb the excessive amount of the reactive power from the grid to maintain the
voltage constant at the PCC within pre-determined safety margins. In this mode of
operation, the UPFC terminal current lags the terminal voltage, as shown in Fig.
4.23, and this facilitates transfer of the reactive power from the PCC to the UPFC, as
can be observed in Fig. 4.24. Also, active power modulation will occur due to the
impact of the voltage swell on the generator shaft (Fig. 4.25).
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Figure 4.23 UPFC terminal voltage and current during voltage swell

Figure 4.24 UPFC reactive Power during voltage swell

Figure 4.25 UPFC active Power during voltage swell

Chapter 4

80

Application of UPFC to Improve the overall performance of (DFIG) During Grid Side Faults

4.6

Case Study 4: Sub-Synchronous Resonance

Power systems are becoming larger and more interconnected, and as a consequence,
the transient stability problem has become more serious. If the stability is lost,
network collapse may occur with annihilating economical losses and severe power
grid damages that may lead to overall blackout [119, 120]. Stability problems can
occur due to the increase in the power demand with overloading the transmission
lines; therefore, transmission line operators are required to increase the power
transfer capability of the existing transmission lines. In this context, they have two
options: the first one is to build an additional parallel transmission line, which is not
a cost effective, especially for long transmission lines. The second option is to use a
series capacitor as a partial compensation reactance to the transmission line, which
has been extensively used as a very effective method to increase power transfer
capability of transmission systems and improve the steady state and transient stability
limits of a power system [121, 122]. Series capacitor is, however, not without
problems, as it may cause sub-synchronous resonance (SSR) when the mechanical
frequency of the generator mechanical shaft and the electrical frequency of the
transmission system are added to the power frequency [123]. There are three ways in
which a system and generator can interact with sub-synchronous effects: induction
generator effect, torsional interaction and transient torques [123]. SSR due to
transient torque can be developed if the electrical resonant frequency of the network
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is complementary to any of the natural torsional oscillating frequencies of the
turbine-generator shaft during system disturbance events. The electric resonance of
the transmission system and the torsional oscillations of the mass-spring system of
the turbine generator will be mutually excited and might get augmented, causing
serious shaft oscillations and shaft fatigue and possibly damage and failure [124].
The first two shaft failures due to SSR occurred at the Mohave power station in 1970
and 1971, respectively [125-127]. It is important to investigate the sub-synchronous
resonance when planning to include series capacitors for new or existing
transmission lines. Extensive research was undertaken to increase the damping of the
torsional mode and many countermeasures were suggested to dampen the SSR. Some
suggested solutions include use of the synchronous-machine-based Energy Storage
System (ESS) [128], static var compensator (SVC) [129, 130], superconducting
magnetic energy storage (SMES) unit [131-134], Static Synchronous Compensator
(STATCOM) [135], shunt reactor controller [136, 137], Thyristor-controlled
dynamic resistance braking [126, 138], excitation control of synchronous generator
[139, 140], and gate controlled series capacitors [141, 142].
The case study presented in this section investigates the use of Unified Power Flow
Controller (UPFC) to enhance transient stability and to dampen the SSR of a steam
turbine-generator connected to a large interconnected AC grid via a series capacitor
compensated transmission line.
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Figure 4.26 The system proposed in this study

The system proposed in this study is modified to the one shown in Fig. 4.26. It
consists of a synchronous generator and wind farm that includes 6 wind turbines of
type D connected to the grid (simulated as infinite bus via a Y/∆ step down
transformer) and two parallel transmission lines: one of which is series compensated.
The UPFC is connected to bus-1 between the compensated transmission lines and the
generators to provide adequate damping for the turbine generator set.
The shaft system of the turbine generator set consists of four masses; a highpressure turbine (HP), a low-pressure turbine (LP), a generator rotor (Gen) and an
exciter (Ex). The system is simulated with inclusion of all non-linearities, such as
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exciter ceiling voltage limit. A three phase short-circuit fault is simulated at bus-2 at t
= 12 s and is assumed to be cleared at t = 12.035 s. The compensation degree (Xc/Xl)
is assumed to be 55%. Figure 4.27 to Figure 4.35 show the dynamic response of the
studied system with and without the UPFC. The effect of the SSR and the UPFC
controller is investigated through time domain waveforms of various system
variables such as the synchronous generator speed deviation, deviation in torsional
torque induced on the shaft sections between the high- pressure, low-pressure
turbines (THP-LP) and the low-pressure turbine and generator (TGen-LP), the DFIG
electromechanical torque (Tem), the PCC voltage, the DFIG converter DC voltage
and the DFIG speed.
Without the UPFC and due to lack of damping, the system is unstable as evinced
by the high torsional forces induced in the generator mechanical shafts and the
significant increment in the shaft speeds, as can be seen in Fig 4.27.

Figure 4.27 Deviation of the generator speed deviation for the cases with and without
UPFC
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Figure 4.28 LP speed deviation for the cases with and without UPFC

Figure 4.29 HP speed deviation for the cases with and without UPFC

Figure 4.30 LP to Gen Torque deviation with and without UPFC
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Figure 4.31 HP to LP Torque deviation for the cases with and without UPFC
When the UPFC is connected, damping of the synchronous generator and the DFIG is

greatly enhanced and the stability margin can be extended, as shown in the Figure
4.32 to Figure 4.35. It can also be shown that using a UPFC unit reduces the high
torsional forces on the turbine-generator shaft sections approximately to the normal
steady state values; it also decreases the settling time substantially. Connecting the
UPFC also reduces the generator shaft speed oscillations and maintains the speed at
the nominal value, as clearly shown in Fig4.35.

Figure 4.32 The PCC voltage for the cases of with and without UPFC
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Figure 4.33 DFIG Electromechanical Torque for the cases of with and without UPFC

Figure 4.34. DFIG VDC response for the cases of with and without UPFC

Figure 4.35 DFIG Speed for the cases of with and without UPFC
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4.7

Summary

In this chapter, new applications for UPFC have been proposed to improve the
overall performance of a DFIG-based WECS during voltage sag/swell and short
circuit faults at the grid side. Results from simulation work show that the proposed
UPFC controller succeeded to improve the dynamic performance of the studied
DFIG-based WECS during various fault events. The proposed control algorithm is
simple, easy to implement and is able to improve the fault ride through the DFIG.
Moreover, the chapter has investigated application of the UPFC to stabilize multimode torsional oscillations of sub-synchronous resonance. The simulation results
indicated that the proposed UPFC controller is actually very effective in damping all
SSR modes of the proposed system and in minimizing the potential disconnection of
the wind farm during the studied faults.
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5

Application of UPFC to Improve the
Performance of DFIG During Converter
Station Faults
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5.1

Introduction

While there are some studies about the effect of internal converter station faults
( such as misfire and fire-through) on the performance of high-voltage direct-current
systems [143, 144], only limited attention has been given to investigation of the
impact of such faults on the overall performance of the DFIG-based WECS and the
compliance of the DFIG with the recent developed grid codes during such faults
[145, 146]. Misfire is the failure of the converter switch in taking over conduction at
a scheduled programmed conducting period. On the other hand, fire through is the
failure of the converter switch to block during a scheduled, non-conducting period
[147]. These internal converter faults are caused by various malfunctions in the
control and firing equipment [148]. Industrial survey about failure distribution in the
converter stations that interface HVDC lines with ac network shows that converter
faults due to malfunctions within the control circuit represent about 53.1% while about
37.9% of the converter faults are attributed to converter power parts (Figure 5.1)
[149, 150].
Converter power part

Improper use of converter

Control circuit

External auxiliaries
7.7%
37.9%

53.1%
1.3%

Figure 5.1 Distribution of failure types in the converters [150].
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Some of the converter faults are self-clearing if the causes are of transient nature;
however, they can still have a detrimental impact on the system, particularly when they occur
within the inverter station rather than within the rectifier station [ 1 5 1 ] . The use of an the
use of insulated-gate bipolar transistor ( IGBT) in both DFIG converters is preferred due
to it is switching frequency advantages when compared with gate turn-off thyristor (GTO),
as previously mentioned in Chapter 3 [94]. When a malfunction occurs on the IGBT-based
converter station, it can cause catastrophic breakdown to the device, if the fault remains
undetected [152].

3

Figure 5.2 Proposed System

5.2

Faults within Rotor Side Converter

In this section, the DFIG dynamic performance under misfire and fire-through fault
intermittent faults within the RSC are investigated. The two aforementioned faults
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are assumed to take place on switch S1 within the RSC at 4.1 s and cleared at 4.15 s,
as shown in Fig. 5.3.

Figure 5.3 Basic configuration of wind turbine based on DFIG

Figure 5.4 Fire-through fault in IGBT-1
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Figure 5.5 Misfire fault in IGBT-1

Figs. 5.6 shows the dynamic performance of the DFIG during the two switch faults.
As can be seen in Fig. 5.6(a), the fire-through fault causes the voltage at the PCC to
drop to 0.45 pu, while the misfire fault impact on the voltage at the PCC is
insignificant. During steady state condition, DFIG delivers 1 pu active power and 0
pu reactive power to the ac network, as shown in Figs 5.6 (b) and (c). However,
when the fire-through fault takes place in one of the switches, a significant drop in
the delivered active power will occur and the reactive power will be absorbed from
the grid. On the other hand, the impact on DFIG power is insignificant when misfire
fault takes place. The shaft speed behaviour can be seen in Fig. 5.6 (d), where the
shaft speed will experience oscillations and overshooting during the two faults; the
impact is more pronounced in the case of fire-through fault. As can be observed in
Fig. 5.6 (e), the fire through fault will cause short circuit across the DC capacitor
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when switch S4 takes over conduction along with the faulty switch (S1), and as a
result, the voltage across the DC capacitor link will drop to zero level. The impact of
misfire on this voltage is insignificant. The voltage cross the capacitor is designed
with safety requirements set by the designers; in [24] this safety level is between 0.25
pu and 1.25 pu. If this safety level is violated, the converter station protection system
must act to disconnect the converter to avoid possible damages to the switches.

(a)

(b)
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(c)

(d)

(e)

Figure 5.6. DFIG performance during fire-through and misfire within the rotor side
converter: (a) PCC voltage, (b) reactive power, (c) active power (d) shaft speed, and (e) DC
link Voltage of DFIG.
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The impact of misfire and fire-through faults on converter terminal voltages is shown
in Fig. 5.7. Spikes are introduced to the converter terminal voltages when switch S1
of the RSC experiences misfire. However, the fire-through fault on switch S1 causes
short circuit across the converter terminals, causing the voltage to drop to zero level
during the fault.
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Figure 5.7 Voltage change across RSC terminals during fire-through and misfire in S1 within
RSC

5.3

Faults Within the Grid Side Converter

In this case study, the GSC switch S1 is assumed to experience misfire and firethrough within the period 4.1 s to 4.15 s. As shown in Fig.5.8 (a), due to the firethrough fault, the voltage at the PCC decreases by 0.55 pu, whereas the impact of
misfire fault is negligible. During the event of fire-through the DFIG will absorb a
significant amount of the reactive power from the ac network and the real power
produced by the DFIG will be significantly decreased, as shown in Fig. 5.8 (b) and
5.8 (c), respectively. In contrast, both the reactive and active powers are slightly
affected during the misfire fault event. The DFIG power drops cause acceleration to
the shaft speed to compensate for the power imbalance during the fire-through fault,
as can be shown in Fig.5.8 (d), with no impact due to the misfire fault. It can be seen
from Fig.5.8 (e) that the fire-through fault causes the DC voltage across the capacitor
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to drop to zero level; while in the case of misfire, the dc voltage experiences slight
fluctuation.

(a)

(b)

(c)
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(d)

(e)

Figure 5.8 DFIG performance during fire-through and misfire within the grid side converter;
(a) PCC voltage, (b) reactive power, (c) active power (d) shaft speed, and (e) DC link voltage
of DFIG.

The fire-through fault causes a voltage collapse to zero level across the converter
terminals, as shown in Fig 5.9. Similar to RSC, the impact on the converter terminal
voltages is negligible when the misfire fault takes place on switch S1 of the GSC.
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Figure 5.9. Voltage change across GSC terminals during fire-through and misfire in S1 within
GSC

Chapter 5

100

Application of UPFC to Improve the performance of DFIG During Converter station faults

The voltage across the IGBT switches during the fire-through fault is as shown in
Fig. 5.10. The fire-through fault on switch S1 causes a short circuit across the
converter terminals when the other upper switches S3 and S5 take over conduction,
causing a voltage drop to zero level during the fault. Furthermore, when switch S4
takes over conduction, a short circuit will be established across the dc-link capacitor,
and the voltage across the capacitor will reduces to zero level. Fig. 5.11 shows the
voltage pattern across the converter switches during the misfire fault.
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Figure 5.10. Voltage change across converter switches during fire-through in switch S1.
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Figure 5.11. Voltage change across converter switches during misfire in switch S1.

5.4

Impact of UPFC During Converter Station Faults

Figure 5.12 Proposed System with UPFC

To mitigate the adverse impacts of fire-through faults on the DFIG performance,
the UPFC is connected to the PCC, as shown in Fig.5.12. As the misfire fault has
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insignificant impact, it is not included in this section. Fire-through fault studied in the
previous section is re-investigated but with connection of the UPFC and the proposed
controller discussed in Chapter 3.

5.4.1 Fire-through fault

When a fire-through fault takes place within the RSC S1, the voltage at the PCC drops
by 0.5 pu when the connection of UPFC is not connected. On the other hand, this
voltage drop is regulated to 0.69 pu by connecting the UPFC to the PCC bus, as
shown in Fig. 5.13(a). As discussed in the previous section, without any
compensation, the generated active power will drop and the shaft speed will
accelerate, as shown in Fig. 5.13(b) and (c). With the connection of the UPFC, the
drop in DFIG generated power is reduced, leading to a reduction in the speed
overshooting and settling time. There is a slight reduction in the overshooting levels
in the voltage across the DC link when the UPFC is connected to the PCC, as shown
in Fig. 5.13(d).

(a)
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(b)

(c)

(d)
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Figure 5.13 Effect of RSC Fire-through on DFIG dynamic performance with and wothout
UPFC: (a) Voltage at PCC. (b) Reactive power, (c) Shaft speed. (d) DC link Voltage of DFIG.

When the fire-through takes place within the Grid side converter, the same trend
can be observed when the UPFC is connected to the PCC bus. Fig.5.14 (a) shows
that the UPFC can rectify the voltage drop at the PCC from 0.47 pu to 0.97 pu. This
regulation is critical, since without this compensation, the DFIG m u s t be
disconnected according to some grid codes such as, t he Spanish grid code, whcih
specifies a 0.5 p.u. maximum voltage sag a t t h e P C C to maintain the wind
turbine’s connection to the grid. The generator’s shaft speed is slightly retarded
through the fault duration, and it experiences overshooting upon recovery of the
fault and settles at a lower steady state level than the pre-set level (1.2 pu), as shown
in Fig. 5.14(c).WiththeconnectionoftheUPFC,thegenerator’sshaftspeedprofile
is improved. Similar to the previous case study, the UPFC introduces a slight
improvement to the voltage across the dc link (Fig. 5.14(d)).

(a)

Chapter 5

108

Application of UPFC to Improve the performance of DFIG During Converter station faults

(b)

(c)

(d)

Figure 5.14 Effect of GSC Fire-through on DFIG dynamic performance without and with
UPFC: (a) Voltage at PCC. (b) Reactive power, (c) Shaft speed. (d) DC-link Voltage
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5.4.2 Fault Across the DC-Link
In order to assess the robustness of the proposed UPFC controller in improving the
overall performance of a DFIG-based WECS under study, two intermittent fault
scenarios of a short circuit and an open circuit across the dc link are simulated and
analysed with and without the connection of the proposed UPFC controller as
elaborated below.

5.4.2.1

Short Circuit Fault

In this case study a short circuit event was applied across the dc-link at t = 4 s and
was assumed to last for 5 cycles. As shown in Fig.5.15 (a), when the UPFC is not
connected, application of this event causes the voltage at the to decrease to a constant
value of 0.37 pu. On the other hand, when the UPFC is connected to the PCC bus,
the voltage drop is regulated to 0.7 pu, which satisfies the safety requirement of some
wind turbine designers [11, 33, 34, 36, 37]. In the absence of the UPFC, the drop in
the generated power causes unwanted acceleration and oscillation of the DFIG shaft.
As can be seen in Figure 5.15 (b), connection of the proposed UPFC reduces these
adverse effects to acceptable levels.
Similarly, in the base case of no UPFC, the voltage across the DFIG dc link capacitor
is affected significantly during the short circuit event as shown in Fig. 5.15 (c). With
the UPFC connected to the system, this voltage impact is reduced. The converter
terminal voltages drop to zero level as a result of the short circuit across the dc-link
as can be seen in Figs. 5.16
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(a)

(b)

(c)

Figure 5.15 Effect of DC link Short Circuit on DFIG dynamic performance with and without
UPFC. (a) Voltage at PCC. (b) Shaft speed. (c) DC-link Voltage.
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Figure 5.16 Voltage change across GSC terminals during DC link Short Circuit.
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5.4.2.2

Open circuit fault

In this case study, an open circuit fault was simulated within the dc-link and was
assumed to last for 5 cycles, starting at t = 4 s. The results presented in Fig. 5.17 (a)
reveals that this fault causes the voltage at the PCC to drop slightly and exhibits
oscillations in the case when the UPFC was not connected, and these adverse effects
were improved when the UPFC the connected to the PCC. By connecting the UPFC
to the PCC bus, the voltage oscillations and the settling time of the DFIG shaft speed
were reduced slightly, as shown in Fig. 5.17(a) and Fig. 5.17(b). Fig. 5.17(c) shows
that the voltage across the capacitor experiences a slight drop. However, the
magnitude of the drop is still within the acceptable safety margin of 1.25 pu that will
not cause damages to the capacitor of the dc link. The converter terminal voltages
increase by more than 5 pu during such fault, as shown in Fig. 5.18.

(a)
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(b)

(c)

Figure 5.17 Effect of DC link Open Circuit on DFIG dynamic performance with and without
UPFC: (a) Voltage at PCC. (b) Shaft speed. (c) DC-link Voltage.
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Figure 5.18 Voltage change across GSC terminals during DC link Open Circuit.

5.4.3 UPFC Response
The performance of the UPFC during fire-through and dc-link fault events can be
examined through Figs. 5.19 to 5.21. The figures show that when a converter station
fault is applied, the UPFC controller acts to instantly exchange the reactive power
with the grid to maintain the voltage at the PCC within the safety level required to
avoid violation of the limits of transmission line operator codes. As discussed in the
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previous chapter, three UPFC operating conditions can be observed, as follows.
(i) Standby mode: this mode takes place during normal operating conditions, where
there is no power exchange between the UPFC and the grid. During this mode, the
reactive power generation of the wind turbine is maintained at zero level to achieve
unity power factor operation and the voltage across the dc link capacitor of the UPFC
configuration is maintained at a constant level. This mode of operation is shown in
Figs 5.19- 5.21 prior to and after application of the fault event.
(ii) Capacitive operating mode, Voltage drop at the PCC activates the UPFC
capacitive mode: in this mode the terminal current will lead the bus voltage to
support the system by exchanging the required amount of power with the system.
The required active and reactive powers are controlled by the phase angle and
magnitude of UPFC current and voltage, respectively as shown in Figs. 5.19 to 5.21.
iii) Inductive operating mode: During the fault clearance and when the voltage at the
PCC increases beyond the pre-set limits, the UPFC controller acts to make the
terminal current lagging the terminal voltage and hence the grid’s surplus reactive
power is absorbed by the UPFC to maintain the voltage at the PCC within the
designed safety margins (Figs. 5.19 to 5.21)
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(a)

(b)

Figure 5.19 UPFC transient responses during RSC (a) Fire-through (b) misfire

(a)
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(b)

Figure 5.20 UPFC transient responses during GSC: (a) Fire-through (b) misfire

(a)

(b)

Figure 5.21 UPFC transient responses during fault across the DC link: (a) short circuit (b)
open circuit.
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5.5

Summary

This chapter has investigated the impacts of converter station faults and DC link
faults on the dynamic performance of DFIG based wind energy conversion system.
Fire-through, misfire and DC link faults were simulated and the results were
investigated. Simulation results show that the fire-through and DC link faults have
severe impact on the DFIG dynamic performance and may result in the
disconnection of the wind turbine from the grid to prevent any damage. Misfire fault
has a slight and insignificant impact. The UPFC can be successfully introduced to
the system to improve the performance of a DFIG-based WECS during fire-through,
and dc-link fault. The proposed controller is based on hysteresis current and
proportion integral controllers. The simulation results show that the proposed UPFC
controller is indeed effective in improving the dynamic performance of the studied
DFIG-based WECS during the investigated faults.
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6

CONCLUSIONS AND FUTURE WORKS

6.1

Summary

This thesis has introduced a new application of Unified power flow controller (UPFC)
to improve the overall performance of a DFIG-based WECS through modulating both
active and reactive powers at the point of common coupling during various disturbance
events. The proposed control system of the UPFC is based on hysteresis current and
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proportion integral controllers. The key conclusions of this research are summarised
below:


The dynamic performance of the DFIG is affected significantly by the voltage
sag/swell and the three-phase short circuit at the grid side. Simulation results showed
that, in some faults, the voltage at the point of common coupling violates the limits of
some of the existing codes, indicating the undesirable calls for disconnecting the
WECS from the grid. Introducing the proposed UPFC was shown to improve the
dynamic performance of the DFIG during the investigated fault events to the extent
with which the connection of the wind turbine to the grid during such faults will be
retained.



Occurrence of sub-synchronous resonance will have a noticeable (significant?) impact
on the DFIG performance. This issue was shown to be resolved by adopting the UPFC
proposed in this thesis, which was proven to be very effective in damping all SSR
modes of the system under study.



Simulation results of the converter station faults showed that fire-through and short
circuit across the dc link can have severe impacts on the dynamic performance of the
DFIG, and this in turn can result in severe damages to the WTG. However, with the
introduction of UPFC the system performance improves and the impacts of the faults
are mitigated. The analysis showed that misfire and open circuit across the dc link
have minor effects on the DFIG performance.
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The proposed control algorithm is simple, easy to implement and is able to improve
theperformanceoftheDFIGduringfaulteventsatthegridsideorwithintheDFIG’s
converter station.



Although the proposed UPFC was shown to be successful in improving the overall
performance of the DFIG, it is still a costly piece of equipment at this stage. Wide
application of the proposed UPFC is expected in the near future due to the rapid
development of power electronics.

6.2 Contributions
This thesis presents new applications for the unified power flow controller to enhance
power system quality and stability with high penetration level of wind energy
conversion systems (WECS). The key contributions are summarised as below:


Development of a new control algorithm for UPFC based on PI and HCC to improve
the overall performance of DFIG- based WECS.



Investigating the robustness of the developed control algorithm through investigating
the impact of various disturbances at the grid side on the performance of the studied
system with and without the proposed controller. Investigated faults included:
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Voltage sag

-

Voltage swell

-

Three-phase short circuit
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Investigating the effects of Sub- synchronous resonance on DFIG and improve the
system by installing the proposed UPFC controller.



Introducing a novel application for the UPFC to improve system performance under
DFIG converter station faults. Investigated grid side and rotor side converter station
faults included:

-

Misfire

-

Fir-through

-

Open circuit across the DC link

-

Short circuit across the DC link

6.3

Future Works

A further research might be needed to extend the work presented in this thesis and
improve the control system of the DFIG based WECS; this will improve the fault
ride through capability during the faults at the grid side, voltage sag, voltage swell
and three phase short circuit. Other fault events at the grid side may consider such as
flickers and load variations. In a large interconnected system with penetration of
wind energy in more than one location, optimization study to identify the number,
best location and controller feedback signals is to be undertaken.
Applications of UPFC can be extended to other wind turbine types such as full
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converter variable speed wind turbine generator (FCWTG). It is recommended to
study the dynamic performance of the FCWTG during fire-through, misfire and dclink failure with and without the proposed UPFC.
More research is also suggested to improve the UPFC performance by designing
other control systems and comparing their performance with the one proposed in this
research. Control approaches based on fuzzy logic [153] and Lyapunov [154] can be
investigated. In designing such controllers, complexity and practicality of
implementation must be considered.
Integration of storage systems with FACTS devices has been given more concern in
recent studies [155]. It would be interesting to investigate the integration of storage
system with UPFC to extend its applications in renewable energy systems in
particular and in power systems in general.
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Appendix A-1
Parameters
Number of pair poles, p
Mutual Inductance, Lm (p.u.)
Stator Leakage Inductance, Lσs (p.u.)
Rotor Leakage Inductance, Lσr (p.u.)

Generator

0.16

0.016

Frequency(Hz)
Wind Turbine Inertia Constant, H (s)
Shaft Spring Constant (p.u. of Mechanical
Torque/Rad)
Shaft Mutual Damping(p.u. of Mechanical Torque/pu
dw)
Turbine Initial Speed (p.u.)
Initial Output Torque (p.u.)
Grid Side Coupling Inductor, L (p.u.)
Grid Side Coupling Inductor R (p.u.)
Nominal DC bus Voltage (V)
DC Bus Capacitor (F)
Wind speed at nominal speed and at Cp max (m/s)
Wind

0.18

Rotor Resistance, Rr (p.u.)

Stator Voltage (V)

Converters

2.9

0.23

Rated Power MW

Drive Train

3

Stator Resistance, Rs (p.u.)

Moment of Inertia (s)

DFIG
based
WECS

Value

Initial wind speed (m/s)

0.685
1.5
575
60
4.32
80.27
1.5
1.2
0.8
0.3
0.003
1150
10000e-6
11
11
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Appendix A-2
Parameters
Positive sequence resistances R1 (Ohms/km)
Zero sequence resistances R0 (Ohms/km)
Positive sequence inductances L1 (H/km)
Transmission
Line
Zero sequence inductances L0 (H/km)

Value
0.1153
0.413
1.05 x 10-3
3.32 x 10-3

Positive sequence capacitances C1 (F/km)

11.33 x 10-9

Zero sequence capacitances C0 (F/km)

5.01 x 10-9

143

Appendix A-3
Parameters
Transformer rating MVA
UPFC

Transformer Primary (KV)
Transformer secondary (KV)

Value
5
25
1.25
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Appendix B-1
Parameters
VLL ( Kv)
IL (Kv)
ωb (rad/s)
Ra (pu)
XL (pu)
Xd (pu)
Xq (pu)
Synchronous
generator

X’d (pu)
X”d (pu)
X”q (pu)
T’do (s)
T”do (s)
T’qo (s)
T”qo (s)

Value
22
15.746
376.99
0.0045
1.65
1.59
0.25
0.20
0.46
0.20
4.5
0.040
0.55
0.09
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Appendix B-2
Parameters
Exc-Gen ( Ibf-ft /rad)
Spring
Constant

Gen-LP ( Ibf-ft /rad)
LP-HP ( Ibf-ft /rad)

Exc ( Ibm-ft2)
Gen ( Ibm-ft2)

Torsional
System Data

inertia

LP ( Ibm-ft2)
HP ( Ibm-ft2)

Exc ( Ibf-ft-sec/rad)
Gen ( Ibf-ft-sec/rad)
Damping

LP ( Ibf-ft-sec/rad)
HP ( Ibf-ft-sec/rad)

Value
4.39 x 106
97.97 x 106
50.12 x 106
1383
176204
310729
49912
4.3

547.9
966.2
155.2
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Appendix B-3
Parameters
R1 (Ohms)
R2 (Ohms)
Transmission L1 (H)
Line
L1 (H)
C (µF)

Value
18.5
16.75
0.49006
0.5305
24.11
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Appendix B-4
Parameters
Number of pair poles, p
Mutual Inductance, Lm (p.u.)

2.9
0.18

Rotor Leakage Inductance, Lσr (p.u.)

0.16

Stator Resistance, Rs (p.u.)

0.23

Rotor Resistance, Rr (p.u.)

0.016

Moment of Inertia (s)
Rated Power MW
Stator Voltage (V)
Frequency(Hz)
Wind Turbine Inertia Constant, H (s)
Shaft Spring Constant (p.u. of Mechanical Torque/Rad)
Drive Train

3

Stator Leakage Inductance, Lσs (p.u.)

Generator

DFIG
based
WECS

Value

Shaft Mutual Damping(p.u. of Mechanical Torque/pu
dw)
Turbine Initial Speed (p.u.)
Initial Output Torque (p.u.)
Grid Side Coupling Inductor, L (p.u.)
Grid Side Coupling Inductor R (p.u.)

0.685
1.5
575
60
4.32
80.27
1.5
1.2
0.8
0.3
0.003

Converters
Nominal DC bus Voltage (V)
DC Bus Capacitor (F)
Wind speed at nominal speed and at Cp max (m/s)
Wind

Initial wind speed (m/s)

1150
10000e-6
11
11
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Appendix B-5
Parameters
Transformer rating MVA
UPFC

Transformer Primary (KV)
Transformer secondary (KV)

Value
100
500
15
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Appendix C-1
Parameters
Number of pair poles, p
Mutual Inductance, Lm (p.u.)
Stator Leakage Inductance, Lσs (p.u.)
Rotor Leakage Inductance, Lσr (p.u.)

Generator

0.16

0.016

Frequency(Hz)
Wind Turbine Inertia Constant, H (s)
Shaft Spring Constant (p.u. of Mechanical
Torque/Rad)
Shaft Mutual Damping(p.u. of Mechanical Torque/pu
dw)
Turbine Initial Speed (p.u.)
Initial Output Torque (p.u.)
Grid Side Coupling Inductor, L (p.u.)
Grid Side Coupling Inductor R (p.u.)
Nominal DC bus Voltage (V)
DC Bus Capacitor (F)
Wind speed at nominal speed and at Cp max (m/s)
Wind

0.18

Rotor Resistance, Rr (p.u.)

Stator Voltage (V)

Converters

2.9

0.23

Rated Power MW

Drive Train

3

Stator Resistance, Rs (p.u.)

Moment of Inertia (s)

DFIG
based
WECS

Value

Initial wind speed (m/s)

0.685
3
575
60
4.32
80.27
1.5
1.2
0.8
0.3
0.003
1150
10000e-6
11
11
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Appendix C-2
Parameters
Positive sequence resistances R1 (Ohms/km)
Zero sequence resistances R0 (Ohms/km)
Positive sequence inductances L1 (H/km)
Transmission
Line
Zero sequence inductances L0 (H/km)

Value
0.1153
0.413
1.05 x 10-3
3.32 x 10-3

Positive sequence capacitances C1 (F/km)

11.33 x 10-9

Zero sequence capacitances C0 (F/km)

5.01 x 10-9
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Appendix C-3
Parameters
Transformer rating MVA
UPFC

Transformer Primary (KV)
Transformer secondary (KV)

Value
5
25
1.25
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