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ABSTRACT
Due to the degradation and cost increase of conventional fossil fuels, along
with the global trend to decrease the greenhouse effect, clean energy production from
renewable sources has been given much focus over the last few decades. Among
renewable energy sources, wind energy conversion systems have received the most
attention due to their many advantages. More than 35 GW of new wind power
capacity was brought globally online in 2013, and by the year 2020, wind power is
estimated to produce approximately 10% of global electricity.
During the early stages of wind turbine implementation, disconnection of wind
turbines during various grid faults was permitted, in order to protect the turbine from
being damaged. However, due to the significant portion of load that wind farms now
contribute, Transmission Line Operators currently require the wind turbine to remain
connected during grid disturbance events. This has led to the establishment of strict
grid codes, which wind turbine generators must meet, to maintain connection to the
grid during fault conditions.
To achieve these requirements, researchers have given concern to modulate
reactive power during fault events by connecting a flexible ac transmission system
device such as STATCOM to the point of common coupling of the wind turbine
generator and the grid. To modulate active and reactive powers during fault
conditions, devices such as superconducting magnetic energy storage unit or unified
power flow controller have to be connected to the point of common coupling. These
devices, however, are very costly, and electric utilities are reluctant to adopt them.
This thesis presents a reliable and cost effective technique that calls for
reconfiguration of the existing converters of a typical Doubly Fed Induction
Generator to include a coil of low internal resistance. A coil within the DC link is the
only hardware component required to implement this technique. With a proper control
scheme, activated during fault conditions, this coil can provide the same degree of
performance as a superconducting magnetic energy storage unit during fault
conditions. It will smoothly, rapidly and independently modulate both active and
reactive power at the point of common coupling in four-quadrant operational mode,
and enable the wind turbine generator to meet all grid codes whilst maintaining its
connection to the grid during various fault conditions.
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Chapter One
Introduction

1.1

Thesis Background
Electrical power is the backbone for the continual growth of human
civilisation. Since the beginning of the industrial rebellion, around two centuries ago,
the world’s electrical power usage has grown extensively to advance quality of life,
mainly in developed countries. At present, conventional fossil fuels or non-renewable
resources (comprising of natural gas, nuclear, oil and coal) represent the core
resources used to generate electricity worldwide. Statistics show energy generated by
these non-renewable supplies (mainly oil and natural gas) represent nearly three
quarters of the demand for energy across the world [1].
Since the binge of the industrial revolution, the burning of fossil fuel has
continued to increase rapidly causing gas emissions to also rise. In the 1990s, gas
emission increased by around 0.7% per year, and during the period 1999 to 2005,
annual gas emission rose from 6.5 to 7.8 GT of carbon. This increase creates harmful
greenhouse gases in the Earth's atmosphere and directly influences the average
temperature of the Earth's surface. Since the late eighteenth century, the world's
normal temperature has risen between 0.7 to 1.4 degrees Fahrenheit [2]. If the portion
of greenhouse gases in the atmosphere continues to rise, the Earth's average
temperature is expected to increase by 2.5 to 10.4 degrees Fahrenheit by 2100,	
  
bringing with it the threat of climate change.	
  
Furthermore, fossil fuel supplies are limited. It is, therefore, essential to invest
in the development of alternative clean and renewable energy resources [3]. China,
which possesses the world’s largest electric power system, and is the main emitter of
carbon dioxide and other types of greenhouse gases, aims to meet 10% of their
domestic energy demand with renewable energy resources by 2020 [4].	
  
The availability of natural resources means more, energy can be produced closer
to load centres, reducing the cost of transmitting electrical power over long distances
[5]. Out of all available renewable energy resources, solar and wind energy are the

1	
   	
  

Chapter One
most widely used worldwide and are expected to play a vital role in the 21st century
[4]. The use of solar energy is still limited to small to medium-scale energy
applications, such as for small industry and residential areas, although some solar
farms are equipped by 50 MW solar systems [5].
Wind power technologies have become one of the fastest developing alternative
energy supply worldwide, and several nations encourage wind power technology
through domestic incentive programs [5, 6]. According to Global Wind Energy
Council (GWEC) statistics, more than 35 GW of new wind power turbines were
installed in 2013. This represents a cumulative market increase of more than 12.5%
[1]. According to GWEC, global power generation by wind turbine is expected to
reach 493 GW by the year 2016 [7].
The use of wind power for generating electricity began at the end of 19th century
with the implementation of a 12 kW DC windmill generator [8]. However, it is only
since the recent revolution in power electronics and electrical machinery technologies,
that a wind energy conversion system (WECS) has become viable. WECSs can now
be run at a much lower cost; they are more efficient and reliable, and capacities have
increased from a few kilowatts to several megawatts [6].
WECSs can be categorised into two main groups: (1) fixed-speed WECSs and
variable-speed WECSs. A fixed-speed WECS - or (type A) - utilises a squirrel-cage
induction generator (SCIG) and has the advantage of simplicity, as well as a low
manufacturing cost. A fixed-speed WECS does, however, have some drawbacks, such
as high mechanical stress factors and unstable output power. Furthermore, since the
rotor speed is constant, a fixed-speed WECS has restricted controllability [6].
Variable-speed WECS require electronic power to interface the induction
generator with the grids. In comparison to a fixed-speed WECS, a variable-speed
WECS is superior in terms of the amount of energy it can capture, and its provision of
stable energy to the grid. A variable-speed WECS also incurs less mechanical gearbox
stress than a fixed-speed WECS, and is capable of reducing power fluctuations [9,
10].
There are three different types of variable-speed WECSs:

2	
  	
  
	
  

Chapter One
1. Partly variable-speed WECSs - or (type B) - that use a wound-rotor
induction generator, with dynamic rotor resistance, directly connected to
the grid.
2. Variable-speed WECSs - or (type C) - that use a doubly fed induction
generator (DFIG) and are partly connected to the electric system.
3. Variable-speed WECSs - or (type D) - that use a synchronous or
induction generator and are fully connected to the electric system.
Doubly Fed Induction Generators (DFIGs) are currently used for variable-speed
WECSs above 1 MW [11]. In 2004, a WECS-based DFIG accounted for 55% of the
total number of installed WECSs worldwide [12]. DFIG-based WECSs are gaining
popularity due to their superior features, including: (1) active and reactive power
control; (2) a low cost, low converter rating; (3) reduced losses; and (4) high
efficiency [13].
DFIG-based WECSs are equipped with a (AC-DC-AC) voltage source
converter, which can maintain both the voltage level and power frequency at the point
of common coupling (PCC). The stator winding of the DFIG is connected to the grid
via a coupling transformer, whereas a rotor winding is fed through a back-to-back
converter station measured at only 30% of the total rated DFIG power [14].
The main drawback of the DFIG is its sensitivity to grid disturbances, which
may cause voltage fluctuation at the PCC. Voltage deviation at the PCC leads to high
currents in the stator and rotor windings affecting the performance of the AC-DC-AC
converter. If an adequate protection scheme is not adopted, damage can be caused
Crowbar resistors are used in most cases to protect the DFIG power converter
during grid fault durations and also to isolate the wind turbine from the grid [15-17].
Transmission Line Operators recently set grid codes to be fulfilled when maintaining
the connection of the wind turbine to the grid during intermittent fault conditions [18,
19]. To achieve these codes, researchers proposed the use of several flexible AC
transmission system (FACTS) devices, along with different control algorithms, such
as the static var compensator [20-22] and the static synchronous compensator [11, 2328]. This method proposes to alleviate the voltage dip of the DFIG-based WECS so
the DFIG can ride through the faults.
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Chapter One
Additionally, a dynamic voltage restorer [29-33] is used to improve the fault
ride through (FRT) of DFIG-based WECSs due to grid faults. In [12, 13, 34-38], the
superconducting magnetic energy storage (SMES) unit is introduced to improve the
FRT capability and alleviate power fluctuation of the WECS-based DFIG during grid
turbulences. This is achieved through the independent control of both active and
reactive power in a four-quadrant operation at the PCC. However, apart from the
aforementioned advantages of the SMES unit, which make it unique among all
FACTS devices, it is still an expensive solution.
This thesis aims to develop a new control technique for the DFIG converters,
which possesses the same advantages of a SMES unit but is more cost effective. The
new technique will rely on the reconfiguration of the DFIG converters to include a
coil activated only during fault conditions. With a suitable control technique, both
active and reactive power at the PCC can be modulated smoothly, rapidly and
independently in a four-quadrant operational mode. This will also allow the wind
turbine generator to meet all required codes and maintain its connection to the grid
during various grid faults. The new technique does not call for additional power
converters, as it will use the existing converters of the DFIG. The additional coil will
be superconductive or a normal coil of low resistance.
1.2

Thesis Objectives
The key objectives of this thesis are:
•

To develop a new topology for DFIG converters in order to enhance the
FRT of a DFIG-based WECS during fault conditions.

•

To develop a new control algorithm for the DFIG converters in order to
modulate active and reactive power at the PCC during intermittent fault
conditions. This will eliminate the need for additional FACTS devices.

•

To investigate the impact of internal converter faults (such as fire-through
and misfire faults) on the overall performance of the WECS with and
without the new proposed topology.

1.3

Thesis Contribution
This thesis proposes a new topology for DFIG converters by integrating a coil
within the DC link. The coil will be disconnected during normal operating conditions
and reconnected as soon as a fault takes place within the system. Through a proper
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control algorithm, both active and reactive power at the PCC can be modulated in
order to improve the performance of the system and maintain the connection of the
wind turbine during fault conditions. At present, there is no such technique. The
proposed technique in this thesis will open the gate for further improvements to the
DFIG converters topology eliminating the need for external FACTS during fault
conditions.
1.4

Thesis Layout
This thesis is organised into six chapters, as below:
• Chapter One
This chapter covers the thesis background and objectives.
• Chapter Two
Chapter two describes wind basic theory, and the history and basic technical
concepts of WECS. Also presented are the different types of wind turbine
towers, wind farm connection, and the effects of a wind farm on power system
operations.
• Chapter Three
In this chapter, typical DFIG topologies and modeling are explained. The
control systems, including grid side converters, rotor side converters, pitch
angles, and terminal voltage, are also described
• Chapter Four:
The proposed new topology of the DFIG converters is detailed in this chapter.
The proposed control algorithm is also presented.
• Chapter Five:
Here, the thesis investigates the assessment of the proposed topology /
controllers. Various fault scenarios are introduced to the system under study,
and the performance of the WECS is investigated with and without the proposed
controller.
• Chapter Six:
This chapter summarises the main conclusions and key findings of the thesis. It
also presents recommendations for future research options, which can build on
the research idea presented in the thesis.
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Chapter Two
Wind Energy Conversion System
Introduction
Due to growing costs, limited reserves, and the harmful effect of fossil fuels on
the environment, global installed wind energy capacity has significantly increased
from just 6 GW in 1996 to 318 GW by the end of 2013 (as shown in figure 2.1 [39]).
This trend is expected to continue, with projections that 10% of the world's power
demand will be generated by wind energy by the year 2030 [39, 40].
350
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Figure 2.1 Global cumulative installed wind capacity 1996-2013 [40]

Figure 2.2 shows the cumulative installed wind energy capacity of the top ten
nations in the world as of 2013 [40]. With a wind energy generation of about 91 GW,
China is the largest producer of wind energy, followed by the United States, which
produces approximately 61 GW. In the European Union, a total of 121 GW of wind
power has been installed, representing approximately 8% of total power demand
across the continent [40, 41]. The European Wind Energy Association (EWEA)
projects that total wind power generation in Europe will reach 230 GW by the year
2020 and 400 GW by the year 2030 [7].
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Figure 2.2 Top 10 Cumulative capacity December 2013 [40]

In Australia, following the completion of the largest wind farm in the southern
hemisphere in 2013, wind power generation now produces 3,239 MW of the country’s
electricity. By the year 2020, Australia aims to generate 20% of the total electricity
demand from renewable energy resources [40]. The growth of total installed wind
capacity in Australia during the period 2001-2013 is shown in figure 2.3, and the
installed wind capacity - by state - is shown in figures 2.4 [40].

Figure 2.3 The growth of installed wind power generation (peak capacity) in Australia
[40]
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Chapter Two

Figure 2.4 The 2013-installed capacity of wind power generation in Australia by state
[40]

2.2

Background of Wind Turbine
Depending on the direction of rotation, wind turbines are categorised into two
main types: (1) Vertical Axis Wind Turbines (VAWTs) or Horizontal Axis Wind
Turbines (HAWTs). Due to the ease of implementation, VAWTs have been more
widely used in the past. However, HAWTs with three blades are now more commonly
used [6, 42]. The typical arrangement of an offshore HAWT is shown in figure 2.5.
The rotor bearing, gearbox and generator, along with other supplementary equipment,
are located within a nacelle on the top of the wind turbine tower. The coupling
transformer, which connects the turbine generator with the grid, is usually located at
the bottom of the wind tower or in an isolated building close to the tower [41, 42].
Wind turbine generators are usually rated at a low voltage of 690 V, and the coupling
transformer is used to step-up the generated voltage to the level of the transmission
grid [41]. Large blades are necessary to deliver mechanical power at a low speed and
high torque, while the gearbox is used to transform the lower speed to the rated speed
of the generator [42].
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Figure 2.5. Typical configuration of an offshore horizontal-axis wind turbine [42]
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Figure 2.6 Wind farm connected to a grid

The mechanical wind power extracted by the blades of the wind turbine can be
expressed as [42, 43]:
!

𝑃! = !   𝜌  𝐴  𝑣!! 𝐶!

(2.1)
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The turbine performance coefficient 𝐶! is the ratio of power extracted by the
rotor to the wind power, and is a function of blades number and rotational speed [8,
44]. Figure 2.7 shows the correlation between 𝐶! and the tip speed ratio λ, which is
non-dimensional quantity representing the ratio of the rotor tip speed to the wind
speed  𝑣! . To capture maximum power, the wind turbine should be controlled to track
the maximum power point (as shown in figure. 2.7) [42, 43].

Figure 2.7 Typical Cp/λ curve for a wind turbine [42, 43]

Figure 2.8 shows the power generation of a wind turbine at a particular Cp
value.

Figure 2.8 Power generation of wind turbine as a function of wind speed: vw1, cut-in
wind speed; vwr, rated wind speed, vw2, shutdown wind speed [42, 43].

As shown in figure 2.8, a wind turbine at very low wind speed will generate
very little power. The turbine will start functioning only when the wind speed is
above the cut-in speed vw1, which is about 3-4 m/s. Above vw1, the turbine generated
power increases exponentially until it reaches the limited rated power that
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corresponds to the limited wind speed vw2. This rated power will be maintained
regardless of any further increment in wind speed. However, if wind speed reaches
the shutdown speed, vw2, the wind turbine should be disconnected to avoid possible
damage to the turbine [42, 45].
By investigating Eq. 2.1, the generation power of a wind turbine can be
increased by enhancing the power coefficient of the turbine (Cp) through the adoption
of more aerodynamic approaches, such as (1) increasing the turbine swept area (A),
(2) increasing the rotor diameter of the blades and (3) installing wind turbines in
specific locations subject to steady and high average wind speed (𝑣! ) e.g. offshore
[42, 43].
2.3

Classification of Wind Energy Conversion System
Wind turbines are generally categorised as either a fixed- or variable-speed
Wind Energy Conversion Systems (WECSs). A fixed-speed WECS is directly
coupled to the electric system and does not require power converter equipment. A
variable-speed WECSs, on the other hand, interfaces with the electricity grid through
power electronic converters in order to facilitate the variable-speed operation. Directdrive wind turbines utilise Synchronous Generators (SGs), which are interfaced to the
grid by a full-capacity power converter is necessary. Indirect-drive wind turbines use
a Doubly-Fed Induction Generator (DFIG), or a Wound-Rotor Induction Generator
(WRIG), with controlled rotor resistance. The DFIG is interfaced to the grid via
partial capacity converters [9, 41, 42, 45].

2.3.1

Fixed-Speed WECS (Type A)
The Squirrel Cage Induction Generator (SCIG)-based fixed-speed WECS was
widely used in the early stages of implementing wind turbines [8]. This was due to its
simple configuration and low cost. A typical arrangement for a fixed-speed WECS
system is shown in figure 2.9. A three-phase soft starter is used to facilitate a smooth
start-up and dampen the undesired inrush current of the SCIG. As the induction
generator consumes reactive power, reactive power compensation is usually
connected at generator terminals. A coupling transformer links the fixed-speed WECS
to the grid [42]. Although the generation of power from a SCIG is limited, due to its
constant speed, a fixed-speed WECS is still preferred in particular locations,
especially for offshore applications [8, 44].
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SCIG

Soft starter

Transformer

Grid

Gearbox
C
PF Compensator
Figure 2.9 WECS equipped with a Squirrel-Cage Induction Generator

The power generated by a SCIG can be improved by changing its magnetic
poles through reconfiguration of the stator winding [8, 42].
2.3.2

Variable-Speed WECS
A variable-speed-based WECS currently dominates the wind energy industry
because of its many advantages over a fixed speed wind turbine. The variable-speed is
achieved through a power converter interface, which permits either a partial or full
isolation of the generator and the grid. A variable-speed WECS facilitates the
decoupled control of both reactive and active power. Compared to a fixed-speed
WECS, variable-speed operation has two key advantages: (1) more energy can be
captured, and (2) it produces less mechanical stress on the shaft and gearbox.
However, due to the use of power electronic converters, the total cost of the system is
7% more than a fixed speed WECS [9].
2.3.2.1 Partly Variable-Speed WECS (Type B)
Figure 2.10 shows the basic configuration for a partly variable-speed WECS. It
is similar to the fixed-speed configuration, except that the induction generator used
here is of a wound-rotor type [41, 42]. A Wound-Rotor Induction Generator (WRIG)
is equipped with external rotor resistance, in order to facilitate the control of generator
slip and rotational speed. By varying the internal rotor resistance, the turbine speed
range can be increased (up to 10% over the synchronous speed), offering more
flexibility in the system. This configuration, however, has limited speed variety, and
inadequate reactive power control [42].
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Soft starter

WRIG
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Grid

Gearbox
C

R

PF Compensator
Figure 2.10 WECS equipped with Wound-Rotor Induction Generator

2.3.2.2 Variable-Speed WECS Equipped with Doubly-Fed Induction Generator
(Type C)
Variable speed wind turbines equipped with a Doubly-Fed Induction Generator
(DFIG) have become very popular and represented 55% of the total installed wind
turbines worldwide in 2010 [12]. A DFIG-based WECS is gaining popularity because
of its superior advantages, such as reduced converter rating, low cost, reduced losses,
easy implementation of power factor correction schemes, variable speed operation and
the four quadrants active and reactive power control capabilities compared to other
wind turbine generator concepts [46]. The DFIG is basically a wound-rotor machine,
which has the capability to control the rotor circuit - by an external electronic device to achieve variable speed operation. A typical configuration of the DFIG-based
WECS is illustrated in figure 2.11. The stator windings of the DFIG are directly
connected to the grid through a coupling transformer, while the rotor windings are
connected to the grid via (AC-DC-AC) Voltage Source Converter (VSC).
Gearbox

Stator
DFIG

Transformer

Converter

Rotor
AC

DC
C

DC
Rotor side
converter

AC
Grid side
converter

Figure 2.11 WECS equipped with Doubly-Fed Induction Generator
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2.3.2.3 Variable-Speed WECS Equipped with SCIG with Full- Capacity Power
Converter (Type D)
A full-converter WECS - or Type D - is a variable-speed WECS that employs a
SCIG or Synchronous Generator (SG), along with a fully rated power converter to
facilitate wide speed variation and to allow full control of the generated active and
reactive power. Fully variable-speed WECSs can be employed via either a SCIG or
SG. A typical configuration for a variable-speed wind turbine equipped with a SCIG
and full-capacity Voltage Source Converter (VSC) is displayed in figure 2.12 [42].
The full capacity converters consist of a Rotor-Side Converter (RSC) and Grid-Side
Converter (GSC), and are implemented by an Insulated-Gate Bipolar Transistor
(IGBT) and linked by a DC-link capacitor. The RSC is used to regulate the speed of
the generator, while the GSC is used to maintain the voltage across the DC link
capacitor at a constant level and hence controlling the reactive power at the PCC [8].
Due to the use of full rated converters, the cost of this type is relatively high.
However, a Current Source Converter (CSC) can be used instead of a VSC to reduce
the converter cost [42].

SCIG

Gearbox

Full- capacity power
converter
AC
DC
C

DC
Rotor side
converter

AC
Grid side
converter

Grid

Transformer

Figure 2.12 Variable-speed WECS equipped with a SCIG with full-capacity power
converter

2.3.2.4 Variable-Speed WECS Equipped with a Synchronous Generator with
Full- Capacity Power Converter
A typical configuration for a WECS-based Synchronous Generator (SG) of
wound-rotor or permanent magnet with full-rated power converters are shown in
figures 2.13 and 2.14 respectively. Permanent Magnet Synchronous Generators
(PMSGs) have a typical efficiency in the range of 90%. The gearbox can be
eliminated in some SG wind turbines, which leads to a cost reduction. The main
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drawback of a PMSG is the complexity and costly power electronic converters that
interface the generator with the grid [8, 42].

Full- capacity power
converter
AC
DC

PMG

C

DC

Gearbox

AC
GSC

RSC

Grid

Transformer

Figure 2.13 Variable speed WECS equipped by PMG with full-capacity power
converter

If

Gearbox

Full- capacity power
converter
AC
DC
C

DC
SG

AC
GSC

RSC

Grid

Transformer

Figure 2.14 Variable speed WECS equipped by SG with full-capacity power converter

A Wound-Rotor Synchronous Generator (WRSG) has the advantage of
magnetic field controllability to control the field current. This reduces the mechanical
stresses, which may result from the induced electromagnetic forces. The total cost of
this type is still expensive because a full rated converter is required [8, 42].
2.4

Connection of Wind Farms
Wind turbines can be installed onshore or offshore; the latter has recently been
more widely used, due to its many advantages over those turbines installed on land.
[42]. However, offshore wind turbines are located many kilometers away from the
shore, and generated power, therefore, needs to be transmitted to an onshore
substation through overhead transmission lines, or DC or AC submarine cables. This
increases the cost of such an installation [42, 47]. Furthermore, when AC cables are
used, the cable length is restricted to 100-150 km with a maximum rating of 200 MW
at 145 kV. This is due to cable distribution capacitances [42]. The three possible ways
of transmitting generated power from an offshore wind turbine are shown in figure
2.15 (a-c).
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AC connection between an offshore wind turbine and the grid can be conducted
through an AC cable of medium voltage level (1KV to 50KV) and an onshore
transformer as shown in figure 2.15(a). This method eliminates the use of an offshore
transformer but the cable length is limited (as mentioned above) and the transmission
losses are considerably high. Multiple cables are utilised for a large offshore wind
farm capacity [42, 47].

Shore

≈

Sea

Offshore wind
farm

~

Shore
connection

Transformer

Local grid
	
  

Figure 2.15 (a) AC connection at wind farm voltage level

To reduce transmission losses, an offshore step-up transformer can be used as
shown in figure 2.15(b) [47, 48]. In addition to the extra costs this method will incur,
with distances of more than 50km, a reactive power compensation technique should
also be adopted at the onshore side, especially for weak networks. Usually, the
distance is limited to 50 km in such types of connections [47].

≈

Sea

Offshore
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Shore
Transformer connection

Shore

~
Local grid
	
  

Figure 2.15 (b) High voltage AC connection

A High Voltage Direct Current (HVDC) connection can be used to cover
distances more than 100 km [49]. HVDC connection has the following advantages
[50]:
•

Faults are not transferred between the offshore wind farm and the local grid
because they are decoupled by an asynchronous connection

•

HVDC connection is not influenced by cable charging currents
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•

The connection has a high-carrying capacity. A pair of DC cables can carry
up to 1200 MW.

•

The losses of HVDC connection are lower than an equivalent AC connection
scheme.

As seen in figure 2.15 (c), a power converter combined with a step-up
transformer is used to enable the HVDC transmission, while another converter and
step down transformer are used in the onshore side. This makes the configuration very
expensive. [49, 51]. Nowadays, offshore wind farms are being built near to shore to
ease the use of AC cables. [50].
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Figure 2.15 (c) High Voltage Direct Current connection

2.5

Effect of Wind Farms on Power System Operation
As wind energy has become the most attractive renewable energy source
worldwide, the penetration level of wind farms into existing grids has substantially
increased during the last two decades [52]. However, this high penetration level will
have a detrimental impact on system stability, reliability and efficiency if no reliable
control approaches are adopted [48]. Ref [53] states that voltage and frequency
stability are the main issues when connecting wind farms to the electricity grid. [54].
Impacts of wind power generation instability on an electrical system's reliability need
to be investigated and analysed before a wind turbine farm is connected to the grid
[53]. If power oscillations are caused by the significant penetration of wind turbine
farms into the grid, it can have severe impacts on the power quality of an electric
system and will cause voltage flickers and frequency deviations. Moreover, the use of
a power electronic interface generates harmonic currents, which increase the total
harmonic distortion (THD) in the electric system [53-55].
This thesis aims to solve some of these issues through the development of a new
topology for the power converters of a DFIG-based WECS. The new topology will
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modulate the active and reactive power generation of the DFIG during various fault
conditions, and also maintain system stability and reliability.
2.6

Fault Ride Through (FRT) of WECS
In the early stages of wind energy implementation, it was permitted to separate
the wind turbine, during various grid faults, to protect it from being damaged.
Nowadays, and due to the significant portion of load that wind farms contribute,
Transmission Line Operators (TLOs) require wind turbines to remain connected and
support the grid during disturbance issues. This has led to the establishment of strict
grid codes that wind turbine generators must meet to maintain connection to the grid
[56]. The FRT or Voltage Ride Through (VRT) of grid codes can be categorised into
two types: (1) Low Voltage Ride Through (LVRT) and (2) High Voltage Ride
Through (HVRT). Figure 2.16 shows the LVRT grid codes of the USA, Spain,
Mexico, Denmark, Germany, Quebec , UK, and other countries [57, 58].

Figure 2.16 LVRT grid codes [56, 57]

In Australia, the connection requirements are predominantly governed by the
technical standards specified in the National Electricity Market (NEM) rules, and also
local jurisdictional requirements. The regions covered by NEM are Queensland, New
South Wales, Victoria, Tasmania and South Australia [59], [60]. The LVRT and
HVRT for these regions are shown in Figure 2.17 and Figure 2.18 respectively [61].
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For LVRT, the permitted voltage levels are 90% to 110% of normal continuous
voltage, 80% to 90% of normal voltage for a period of at least 10 seconds, and 70% to
80% of normal voltage for a period of at least 2 seconds [59]. Western Australia is
governed by the Western Power Technical Rules, which are highly stringent (as
observed in Figure 2.17) [62]. The HVRT requirement in the Australian Grid Code
stipulates that wind turbines must withstand an overvoltage of 1.3 pu for 60 ms after
which the HVRT margin ramps [61, 63].

Figure 2.17 LVRT requirements in Australian grid codes [59]

Figure 2.18 HVRT requirements in Australian grid codes [61]

The LVRTs of Spain, Germany and Denmark have been chosen for assessing
the effectiveness of the proposed topology, and the following section explains the
selected grid codes.
As shown in Figure 2.19 (a), the FRT of Spanish grid codes are classified into
three principal zones. The black zone represents the HVRT, where the highest
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permissible voltage at PCC is 1.3 and lasts for 0.5 s. The high voltage is then reduced
to 1.2 for the next 0.5 s. All voltages at a value higher than those in the black zone
will cause the disconnection of the wind turbine from the grid. The light grey zone
illustrates the normal situation of the Spanish grid code and is within the range 0.9 to
1.1. All voltages within this zone are defined as a normal condition. Finally, the
LVRT of Spain's grid code is shown in the dark grey zone. The lowest voltage falling
in this zone is 0.5 and lasts for 0.15 s. This increases to 0.6 until 0.25s. The low
voltage limitation then ramps to 0.8 at 1 s, reaching normal operation at 15 s due to
fault. The HVRT of Germany's grid code is displayed in Figure 2.19(b). The
maximum permissible HVRT is 1.20 for 0.1 s (shown in the black zone). The normal
condition, which is represented by the light gray zone, is similar to Spain grid code.
As shown in the dark gray zone, the LVRT is allowed to touch 45%, lasts for 0.15 s
and has to be at least 70% until 0.7 s. Then the voltage margin ramps to 85% at 1.5 s.
The FRT for the Danish grid code is shown in Figure 2.19 (c). The LVRT is permitted
to reach 25%, last for 0.5 s and has to be at least 90% until 1.5 s. After that, the
voltage level extends to normal zone, which is within the range 90% to 100%.

Figure 2.19 (a) Spain FRT grid codes [18, 19]
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Figure 2.19 (b) German FRT grid codes [18, 19]

Figure 2.19 (c) Denmark FRT grid codes [18, 19]
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3.1

Typical Topology of Doubly Fed Induction
Generator

Introduction
Variable-speed wind turbines equipped with a Doubly Fed Induction
Generator (DFIG) are gaining popularity due to their superiority over other wind
turbine generator concepts. A DFIG is basically a wound-rotor machine, which is
capable of controlling the rotor circuit using external devices and facilitating variablespeed operation. A typical configuration of the DFIG-based WECS is illustrated in
Figure 3.1. The stator windings of the DFIG are directly connected to the grid through
a coupling transformer, while the windings of the rotor are connected to the electric
system via a back-to-back Voltage Source Converter (VSC), harmonic filters, and the
coupling transformer. The Rotor Side Converter (RSC) and Grid Side Converter
(GSC) use forced-commutated power electronic switches, such as the Insulated Gate
Bipolar Transistor (IGBT), to convert AC to DC (and vice versa). A capacitor,
connected to the DC-link of the converter, acts as a DC voltage source. The major role
of the RSC is to regulate the active and reactive power of the generator, whereas the
GSC controls the DC-link voltage and hence the voltage at the point of common
coupling (PCC) [14, 42].
The power is supplied to the grid by the stator circuit at all time is
unidirectional, whereas the power flow within the rotor circuit is bidirectional. This is
because real power is transferred to the grid when the machine is in supersynchronous speed mode (negative slip); real power will only reverse its direction
when the machine is in sub-synchronous speed mode (positive slip) [41]. In the two
aforementioned modes of operation, the power of the rotor circuit is proportional to
the slip, and since the VSCs have only to deal with the rotor power, its capacity is
partially rated from the generator's nominal power [41]. A speed variation of ± 2530% around the synchronous speed can be achieved with a power converter rated at
25-30% of the generator's rated power [14].
The main drawback of the DFIG is its sensitivity to grid disturbances. A
crowbar resistive circuit is used to block the VSCs during various disturbances, but
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may short the rotor circuit and cause the DFIG to behave like a Squirrel Cage
Induction Generator (SCIG) [42, 44].
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Figure 3.1 A typical topology of the DFIG wind energy conversion system [14, 41, 64]

3.2

Principles of the DFIG
This section briefly explains the fundamentals and concepts of the DFIG.

3.2.1

Steady-State Equivalent Circuit
Based on the explanation in section 3.1, the steady-state equivalent of the
DFIG's electric circuit - with different stator and rotor frequencies - can be simplified
[14]. As shown in Figure 3.2, both the one-phase of the stator and the rotor are
connected in the star configuration. Also, the stator is supplied by the grid at a
constant frequency, and the rotor is supplied at a frequency independent from the
stator (e.g. through a back-to-back voltage source converter) [14, 41].
By analysing the stator and rotor independently, the stator and rotor steady-state
electric equations can be written as follows:
𝑉! − 𝐸! = 𝑅! + 𝑋!" 𝑖!                                     𝑎𝑡  𝑓!

(3.1)

𝑉! − 𝐸!" = 𝑅! + 𝑋!" 𝑖!                                   𝑎𝑡  𝑓!

(3.2)
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Figure 3.2 One-phase steady-state equivalent electric circuit of the DFIG [14]

3.2.2

Super- and Sub-synchronous Operation of the DFIG
Depending on the wind speed, the DFIG can run at two speeds: (1) supersynchronous speed (nsup), in which the generator's rotor speed is higher than the
synchronous speed, and (2) sub-synchronous speed (nsub), in which the rotor speed is
lower than the synchronous speed. The value of nsup and nsub can be calculated as
follows:
𝑛!"# =   
𝑛!"# =

!"#
!

!"#
!

   𝑓! + 𝑓!

(3.3)

   𝑓! − 𝑓!

(3.4)

Using a proper VSC control algorithm, rotor speed can be regulated to an
optimum value, from which maximum wind power can be extracted.
Figure 3.3 (a-b) shows the power flow in a DFIG-based WECS. Power is
transferred from the grid to the rotor circuit in sub-synchronous mode (as shown in
Figure 3.3 (a)), while in super-synchronous mode, power is transferred from the rotor
circuit to the grid through the VSC (as shown in Figure 3.3 (b)). In both cases, the
stator is injecting real power into the grid. In Figure 3.3, losses in the generator and
converters are neglected [14, 41, 42, 65].

Wind

Pm=Tm*wr

Pg=Ps+Pr=Pm Grid

Ps=Tem*ws
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DFIG

Tm wr
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(a) Sub-synchronous mode
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Wind

Pm=Tm*wr

Pg=Ps+Pr=Pm Grid

Ps=Tem*ws

~

DFIG

Tm wr
RSC

GSC

Pr=S*Ps

Pr=Pm-Ps
(b) Super-synchronous mode
Figure 3.3 Power flow in DFIG wind energy conversion system [14, 41]

3.3

DFIG Models
In this section, a brief overview of the modelling is presented, as well as the
conventional vector control of the DFIG-based WECS [66-71].

3.3.1

Wind Aerodynamic Model
The wind aerodynamic model can be defined by the following equations [44,
72]:
!

𝑃! = !   𝜋  𝑅!! 𝐶! 𝜆, 𝛽 𝑣!!

(3.5)

where:
!

𝜆 =    ! !   𝑅!

(3.6)

!

The expression of the wind turbine mechanical torque is [73, 74]:
!!

𝑇! = ! !   𝜋  𝑅!! 𝐶! 𝜆, 𝛽 𝑣!!

(3.7)

The power coefficient 𝐶! is a function of the tip speed ratio λ and the pitch angle β,
for which the numerical approximation in [70] can be used:
𝐶! 𝜆, 𝛽 = 0.22
3.3.2

!!"
!!!.!"!

!".!"

− !! !! − 0.4𝛽 − 5 𝑒

!!".!

!
!.!"#
!
!!!.!"! !! !!

(3.8)

Mechanical Drive Train Model
The mechanical drive train of the DFIG system can be explained through the
two-mass spring dashpot system shown in Figure 3.4 [72, 75, 76]. In this model, a
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gearbox is used to magnify the low speed of the wind turbine. The rotating element is
modelled as a lumped mass, and each shaft segment is modelled as a mass-less
rotational spring with stiffness measured by the spring constant. Viscous damping of
each mass is also represented. The equations of the model, expressed per unit, are [77,
78] as follows:
!

2H!    !" w! = T! − D! w! − D!" w! − w! − T!"

(3.9)

!

2H! !" w! = T!" + D!" w! − w! − D! w! − T!

(3.10)

!
T
!" !"

(3.11)

= K !" w! − w!

The shaft system is represented as a single lumped-mass system, with the
lumped inertia constant 𝐻! , defined as [68, 79, 80]:
𝐻! =    𝐻! + 𝐻!

(3.12)

The electromechanical dynamic equation is then given by [78]:
2𝐻! 𝑝𝑤! = 𝑇! − 𝑇! − 𝐷! 𝑤!

(3.13)

Ht
KtgDtg
Wind

wt

Ttg
Nt

Dt

Tm

Ng

Hg
Tg
DFIG

Ttg

wr

Dg

Figure 3.4 DFIG wind turbine shaft system represented by a two-mass model [78]

3.3.3

Induction Generator Modeling
As seen in Figure 3.5, a simplified model of an induction machine can be
represented as three windings in the stator side and three windings in the rotor side
[14].
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Figure 3.5 DFIG electric equivalent circuit [14]

The instantaneous stator and rotor voltages, currents and fluxes can be given by
[14, 41, 42, 81]:
𝑣!" 𝑡 =   

!!!" !

𝑣!" 𝑡 =   

!!!" !

𝑣!" 𝑡 =   

!!!" !

𝑣!" 𝑡 =   

!!!" !

𝑣!" 𝑡 =   

!!!! !

𝑣!" 𝑡 =   

!!!" !

+ 𝑖!" 𝑡 𝑅!

(3.14)

+ 𝑖!" 𝑡 𝑅!

(3.15)

+ 𝑖!" 𝑡 𝑅!

(3.16)

+ 𝑖!" 𝑡 𝑅!

(3.17)

+ 𝑖!" 𝑡 𝑅!

(3.18)

+ 𝑖!" 𝑡 𝑅!

(3.19)

!"

!"

!"

!"

!"

!"

3.3.3.1 α , β Model
The differential equations of the stator and rotor voltages and fluxes, in stator
and rotor coordinates (α , β reference frame), can be written as follows [14, 68, 80]:
v!! =   
𝑣!! =   

!!!!
!"
!!!!
!"

+ i!! R !

(3.20)

+ 𝑖!! 𝑅!

(3.21)

𝛷!! =    𝐿! 𝑖!  !   + 𝐿! 𝑖!!

(3.22)
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𝛷!! =    𝐿! 𝑖!! + 𝐿! 𝑖!  !  

(3.23)

𝐿! and 𝐿! can be calculated as:
𝐿! =    𝐿!" + 𝐿!

(3.24)

𝐿! =    𝐿!" + 𝐿!

(3.25)

By referring the corresponding space vectors to the stator reference frame, the
α , β model of the DFIG, in stator coordinates (shown in Figure 3.6), can be written
as:
𝑣!! =   
𝑣!! =   

!!!!
!"
!!!!
!"

+ 𝑖!!

(3.26)

+ 𝑖!! 𝑅! + 𝑗𝑤! 𝛷!!

(3.27)

𝛷!! =    𝐿! 𝑖!  !   + 𝐿! 𝑖!!

(3.28)

𝛷!! =    𝐿! 𝑖!! + 𝐿! 𝑖!  !  

(3.29)

The active and reactive powers, on the stator side (𝑃! , 𝑄! ) and on the rotor side,
are simplified to:
!

𝑃! = !    𝑣!" 𝑖!" + 𝑣!" 𝑖!"

(3.30)

!

𝑄! = !    𝑣!" 𝑖!" − 𝑣!" 𝑖!"

(3.31)

!

𝑃! = !    𝑣!" 𝑖!" + 𝑣!" 𝑖!"

(3.32)

!

𝑄! = !    𝑣!" 𝑖!" − 𝑣!" 𝑖!"

(3.33)

The electromagnetic torque can be calculated by:
!

𝑇!" = ! 𝑃 𝛷!" 𝑖!" − 𝛷!" 𝑖!"

(3.34)
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Figure 3.6 α, β DFIG Model in stator coordinates [14, 41]

3.3.3.2 d-q Model
At steady state, the d-q components of the currents, voltages and fluxes will be
constant values. This is in contrast to the α , β components, which are sinusoidal
magnitudes. The equivalent circuit of the DFIG in the d-q reference frame is shown in
Figure 3.7 [82].
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Figure 3.7 d-q DFIM model in synchronous coordinates [14, 41]
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The stator and rotor voltages and fluxes, and the active and reactive power
expressions in the d-q reference frame, can be written as [83]:
𝑣!! =
𝑣!! =

!!!!
!"
!!!!
!"

+ 𝑖!! 𝑅! + 𝑗𝑤! 𝛷!!

(3.35)

+ 𝑖!! 𝑅! + 𝑗𝑤! 𝛷!!

(3.36)

𝛷!! = 𝐿! 𝑖!! + 𝐿! 𝑖!!

(3.37)

𝛷!! = 𝐿! 𝑖!! + 𝐿! 𝑖!!

(3.38)

!

𝑃! = !    𝑣!" 𝑖!" + 𝑣!" 𝑖!"

(3.39)

!

𝑄! = ! 𝑣!" 𝑖!" − 𝑣!" 𝑖!"

(3.40)

!

𝑃! = !    𝑣!" 𝑖!" + 𝑣!" 𝑖!"

(3.41)

!

𝑄! = ! 𝑣!" 𝑖!" − 𝑣!" 𝑖!"

(3.42)

Superscript “a” indicates the space vectors, which refer to a synchronously
rotating frame.
The electromagnetic torque of the DFIG in the d-q reference frame can be
calculated by [68, 83]:
𝑇!" =
3.3.4

!!!
!!!

𝑃 𝛷!" 𝑖!" − 𝛷!" 𝑖!"

(3.43)

Modelling of the Variable-Frequency Converter
The DFIG's variable frequency converter enables variable-speed runs via
separating the frequency of the grid from the frequency of the rotor. The typical
arrangement for a DFIG's variable frequency converter comprises of two back-toback PWM voltage source converters joined through a DC link [14].
3.3.4.1 Grid Side Converter Modelling
The GSC is modelled through ideal bidirectional switches, which enable power
exchange in both directions [14]. The main role of the GSC is to maintain the DC link
voltage at a constant level and also to make a path for power exchange between the
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rotor windings and the electric system at unity power factor. As a result, the reactive
power exchange with the grid is produced totally through the DFIG stator windings.
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Figure 3.8 Schematic of the DFIG grid-side power converter [14]

A schematic of the GSC is depicted in Figure 3.8, in which the grid-side
voltages can be written as [84, 85]:
𝑉!"
𝐼!
𝐼!
𝑉!!
!
𝑉!" = 𝑟 𝐼! + 𝐿
𝐼! + 𝑉!!
!"
𝑉!"
𝐼!
𝐼!
𝑉!!

(3.44)

In the d-q reference frame (3.45), the equation can be rewritten as below [84,
85]:
𝑣!
𝑣!!
𝑖!
−𝑖!
! 𝑖!
=
𝑟
+
𝐿
+
𝜔
𝐿  
+
!
𝑣!
𝑣!!
𝑖!
𝑖!
!" 𝑖!

(3.45)

The active and reactive power in the d-q reference frame can be expressed as
follows [84, 85]:
𝑃 =    𝑣! 𝑖! +    𝑣! 𝑖!

(3.46)

𝑄 =    𝑣! 𝑖! +    𝑣! 𝑖!

(3.47)

The alignment between the d-axis and the stator-voltage position v! is
constantly maintained, and therefore, active and reactive power is proportional to i!
and i! respectively [84]. This is the basic idea for the decoupled d-q control algorithm
used for the GSC, where the direct axis current is used to regulate the DC-link
voltage, and the quadrature axis current component is used to regulate the reactive
power [10-15].
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The conventional decoupled d-q controller of the GSC is shown in Figure 3.9. A
suitable reference level for the d-axis stator current (i∗!" ) is created using the voltage
error signal of the DC-link capacitor voltage.It is compared with the measured i!" to
create an error signal that is fed to a PI controller. To maintain unity power factor at
the PCC, during normal operating condition, i∗!" is adjusted to zero and compared to
the measured iqG, which is fed to another PI controller. The output signals of the two
PI controllers are converted to the abc reference frame and used as an input to the
PWM circuit [84-86].
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Figure 3.9 Grid-side converter vector control system [85, 86]

3.3.4.3 Rotor Side Converter Modelling (RSC)
Figure 3.10 shows the RSC and the filter, which is located between the rotor
winding and the RSC [14, 85].
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Figure 3.10 Scheme of DFIG rotor-side power converter [14]
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The active and reactive powers of the stator windings can be calculated as [84]:
𝑃! = 1.5𝑣!" 𝑖!" = −1.5𝑣!

!!

𝑖
!! !"

(3.48)

!

𝑄! = 1.5𝑣!" 𝑖!" + ! !"
!

(3.49)

! !

Equations 3.48 and 3.49 indicate that P! and Q ! can be independently controlled
by controlling i!" and i!" respectively. The field-oriented vector control arrangement
for the RSC can be configured as shown in Figure 3.11.
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Figure 3.11 Rotor side converter vector control system [86]

As shown in Figure 3.11, “a reference signal (𝑤 ∗ ) is selected, based on the wind
turbine's characteristics, to track maximum power. It is then compared with the
measured rotor speed to create an error signal, which is fed to a PI controller to
∗
generate the q-axis rotor current (𝐼!"
). To achieve unity power factor operation, the

reactive power reference (𝑄!∗ ) is set to zero and compared with the measured value.
This creates an error signal, which is fed to another PI controller to generate the
∗
reference rotor d-axis current (𝐼!"
). The Clarke-Park transformation is used to convert
∗
∗
∗
𝐼!"
and 𝐼!"
to 𝐼!"#
. This is used as input to the RSC PWM circuit - along with 𝐼!"# - to

create appropriate firing pulses for the RSC switches” [86].
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3.3.4.3 DC Link of the DFIG converter
The DC link of the DFIG converter consists of a capacitor in parallel with a high
resistance as shown in Figure 3.12. [14].

Ir_dc

IG_dc
Ic

GSC

RSC

IR

VG
R

C

+
Figure 3.12 DC-link system of DFIG converter [14]

The current through the DC link capacitor i! can be calculated by
𝑖! = 𝑖!_!" − 𝑖!_!" − 𝑖!

3.3.5

(3.50)

Pitch Angle Modelling
The pitch angle controller module is used to maintain the rotor speed within a
certain range. It is employed for over-speed protection of the converter switches when
high wind speeds may cause the generated power of the wind turbine to increase to
dangerous levels [79]. Pitch angle control is also useful when an electric system
disturbance takes place in the WECS [87]. During high wind speeds, the blade pitch
angle is adjusted to reduce C! [79]. The pitch angle controller model is shown in
Figure 2.13, where the dynamic performance of the pitch is described by [88, 89]:
!

!

𝛽 ! = − ! 𝛽 + ! 𝛽!

(3.51)
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Figure 3.13 Pitch angle controller model [64, 90]
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The pitch control block (in Figure 3.13) changes the blade pitch angle - when
wind speed is higher than the rated wind speed - and spills excess power. The output
power is kept at beneath the rated wind speed, despite wind speed surpassing the rated
value. “The reference speed and actual speed are compared and the error drives the
upper PI controller. Reference power and actual power are also compared and the
error drives the lower PI controller. The PI controller outputs are then summed and
hard-limited to generate the reference pitch angle signal, which is compared to the
actual pitch angle. The pitch angle signal is active only when wind speed is close to
rated. Otherwise, it is fixed at zero” [78].

35	
  
	
  
	
  

	
  

Chapter Four
Proposed Converter Station Topology for a Doubly
Fed Induction Generator-Based Wind Energy
Conversion System and Results Discussion

4.1

Introduction
As mentioned in the previous chapter, DFIG-based WECSs have, to date,
dominated the wind energy market due to their superior advantages over other wind
turbine technologies. The main disadvantage of a DFIG, however, is its sensitivity to
external disturbances, which reduce its Fault Ride Through (FRT) capability [91].
Grid disturbances may lead to significant voltage sag at the PCC, making necessary
the disconnection of the wind turbine and converters (through a crowbar circuit across
the rotor windings) to protect them from being damaged [16, 17, 92]. If the wind
turbine supplies a significant portion of the overall demand, the disconnection of the
wind turbine during fault conditions may lead to voltage instability and cause a
blackout in the electricity grid to which it is connected [93].
Recently, Transmission Line Operators set grid codes to be fulfilled when
maintaining the connection of the wind turbine to the grid during various disturbance
events [12]. To achieve these codes, researchers proposed the use of an external
FACTS device - such as a static synchronous compensator (STATCOM) [21, 26, 27,
56, 94, 95], a static var compensator (SVC) [20, 22, 96-98], a dynamic voltage
restorer [29, 30, 33, 99], a static synchronous series compensator (SSSC) [100, 101], a
unified power flow controller (UPFC) [59, 102-105], a thyristor controlled series
compensator (TCSC) [106], or superconducting magnetic energy storage (SMES) [12,
13, 34-37, 107] - at the PCC. Out of all the proposed FACTS devices, a SMES unit is
the most effective technology that can effectively compensate both active and reactive
powers at the PCC [12, 13, 34, 107, 108]. This technology, however, has not yet been
implemented due to its high cost [12, 34].
This chapter presents a new topology for the DFIG converters, which will
provide the same performance of the SMES unit during fault conditions. The new
topology relies on the integration of a coil that can either be a high temperature
superconductor or of very small internal resistance to reduce the losses within the DC
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link of the DFIG's back-to-back converters as shown in Figure 4.1. This coil is
deactivated with full charge during normal operating conditions and will be connected
to the circuit, as soon as a disturbance occurs within the system. This will enable the
smooth, independent and rapid control of both active and reactive power in fourquadrant operation during fault conditions. Apart from the coil and the associated
control circuit, this technique does not call for any additional equipment as it utilises
the main infrastructure of the DFIG converters. To assess the robustness of the
proposed technique, extensive simulation analyses with various fault scenarios were
conducted using Simulink/Matlab. These scenarios will be detailed in the following
sections.

Figure 4.1 The proposed new converter topology of a DFIG-based WECS

4.2

Coil Control Algorithm
The main challenge of the proposed topology is the design of a proper control
scheme for the integrated coil, which can handle the system's nonlinear, complex and
time-varying parameters. In this regard, an Artificial Intelligent (AI)-based control
scheme is investigated. Considered as a logical system, possessing suitable human
reasoning abilities, Fuzzy Logic Controller (FLC) has been extensively used in
control systems [109, 110]. A general fuzzy inference system is shown in Figure 4.2.
The system includes four blocks: (1) Fuzzifier, (2) Defuzzifier, (3) Inference Engine
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and (4) Fuzzy Rule Knowledge Base [110]. These blocks will be briefly explained
below.

Input
quantities

Defuzzifier

Fuzzifier
Sets and levels
of belief

Rules

Sets and levels
of belief

Inferences engine

Output
quantity

If-Then statements

Figure 4.2 Block diagram for a typical fuzzy logic system [110]

To regulate the power exchange between the coil and the grid, a two-quadrant
DC-DC chopper is used, and a fuzzy logic-based control scheme is designed to
control the duty cycle (D) of the DC chopper. The proposed control scheme of the DC
chopper is shown in Figure 4.3. The FLC is established according to the fuzzy
inference block diagram depicted in Figure 4.2. As seen in Figure 4.3, the model
inputs are power generation of the DFIG (Pg) and current passing through the coil (Ic).
The FLC output is the DC chopper duty cycle (D), which controls the amount and
direction for energy exchange between the coil and the grid.

Pg_ref

carrier wave
comparator

Pg

-+

	
  

-+

Duty cycle

To DC-DC
chopper

FLC

Ic
Figure 4.3 Control algorithm of the DC-DC chopper

The relationship between the voltage across the coil Vc and the DC link capacitor
voltage Vdc can be written as [12]:
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𝑉! = 1 − 2𝐷 𝑉!"

(4.1)

Triangular Membership Functions (MFs) are used to simulate all possible levels of the
input parameters. The triangular membership function can be expressed
mathematically as [110]:
0,                                          𝑥 ≤ 𝑎
,                  𝑎 ≤ 𝑥 ≤ 𝑏
!!!
!!!

𝑓(𝑥; 𝑎, 𝑏, 𝑐) =

(4.2)

!!!

,                𝑏 ≤ 𝑥 ≤ 𝑐
!!!
0,                                        𝑑 ≤ 𝑥

As shown in Figures 4.4 and 4.5, the two input variables, DFIG generated real
power (Pg) and coil current (Ic), are fuzzified into five sets of Triangular-type
membership functions. The MF for the duty cycle (D) is on the scale from 0 to 1 as
shown in Figure 4.6.

Figure 4.4 Membership function for the power generation Pg (pu)

Figure 4.5 Membership function for the coil current Ic (pu)
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Figure 4.6 Membership function for the duty cycle (D)

The Centre-of-Gravity method, widely used in fuzzy logic models, is selected for
the defuzzification process, where the desired output, z0, is calculated as [13]:

z! =

!.!! (!)!"

(4.3)

!! ! !"

A set of fuzzy logic rules, in the form of (IF-AND-THEN) statements relating the
input to the output variables, is developed using the graphical user interface tool
provided by MATLAB. The model output, D, for any set of the 2 input parameters, Pg
and Ic, can be determined using the 3D surface graphs shown in Figure 4.7 or the
rules shown in Figure 4.8.

Figure 4.7 Surface graph relating the input parameters with the duty cycle
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Figure 4.8 Fuzzy logic rules relating the two input parameters with the duty cycle

4.2.1

Coil Operational modes
Based on the system's condition, the proposed coil has three modes of operation.
These are described in sections (4.2.1.1) to (4.2.1.3).
4.2.1.1 Freewheeling Mode (Standby)
The standby operational mode of the coil is shown in Figure 4.9. This operating
mode takes place at normal condition and after the fault clearance. During standby
mode, the value, D, is maintained at 0.5, and according to (4.1), voltage across the
coil is zero while the coil current is held constant at its rated value. As a result, there
is no energy exchange between the coil and the grid, and maximum energy is stored
within the coil [12].
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4.2.1.2 Discharging Mode
The discharging operational mode of the coil is shown in Figure 4.10. This mode
occurs during fault events within the grid, where extra power is needed to maintain
system stability. The value of the duty cycle will vary between the range 0 to 0.5,
which will result in negative voltage across the coil. Because the current passing
through the coil is unidirectional, stored energy in the coil is discharged into the
system, and the current (Ic) is reduced, creating a negative slope (di/dt). The amount
of energy exchanged is determined by the value of the duty cycle. According to FLC
rules, the coil is recharged after the fault clearance [13].

D2

G1

Ic

Vdc

Coil
G2

D1

Figure 4.9 Freewheeling mode

G1

D2

Ic

Vdc

Coil
G2

D1

Figure 4.10 Discharging mode
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4.2.1.3 Charging Mode
With some grid fault disturbances, such as voltage swell or significant load
shedding, a surplus power will flow in the grid. During such events, the coil-charging
mode of operation is activated. During this mode, the FLC controls the value of D to
be within the range 0.5 to 1. The coil current is increased, making a positive slope
(di/dt), and the voltage across the coil becomes positive to enable power exchange
from the grid to the coil (as seen in Figure 4.11) [12].

G1

D2

Vdc

Ic
Coil

D1

G2

Figure 4.11 Charging mode

4.3

System under Study
Figure 4.12 (a) shows the system under study, which consists of six 1.5-MW
DFIGs connected to the AC grid at the PCC. The grid is represented by an ideal threephase voltage source of constant frequency, and it is connected to the wind turbines
via a 30-km transmission line and step-up transformer. During normal operating
conditions, reactive power produced by the wind turbines is regulated at zero MVar to
maintain unity power factor connection. At an average wind speed of 15 m/s, which is
the example wind speed used in this study, the turbine output active power is 1.0 pu
and the rotor shaft speed is 1.2 pu. A coil is connected to the DC-link of the DFIG's
back-to-back power converters with a DC-DC chopper (as shown in figure 4.1). All
parameters of the system under study are given in Appendix A.

4.4

Simulation Results and Discussion
Extensive simulation analyses were carried out to assess the robustness of the new
proposed topology, along with the developed control system. Various disturbance
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scenarios were simulated on the system under study, and the overall performance of
the DFIG - with and without the coil - was investigated and compared. Simulation
was carried out using MATLAB/Simulink.
DFIG1
1.5MW

DFIG4
1.5MW

DFIG2
1.5MW

Grid
DFIG5

T.L

Transformer

1.5MW

DFIG3
1.5MW

R

jX
Fault

DFIG6
1.5MW

Figure 4.12 System under study

4.4.1

Case Study 1: Double Line to Ground Intermittent Fault (2L-G)
The purpose of this case study is to test the performance of the studied system
when a double line (phase A and phase B) to ground (2L-G) fault takes place at the
grid side (as shown in Figure 4.12 (a)). The fault starts at t = 3 sec and continues for a
duration of 50 msec. Figures 4.13 through 4.20 show the performance of the studied
system - with and without the proposed coil - during such an event. Figure 4.13 (a,b)
shows the three phase instantaneous voltage at the PCC with and without the coil.
Figure 4.13 (c) shows the root mean square (rms) voltage of phase A, indicating the
voltage at the PCC drops to 0.4 pu when the proposed coil is not used. By integrating
the coil within the DFIG converters, the voltage at the PCC is raised to 0.7 pu. This is
due to the extra reactive power support from the coil.
Compared with the Fault Ride Through of Spain and Germany, the LVRT margin
of the two grid codes is violated when the coil is not connected (as shown in Figure
4.14). This calls for the disconnection of the wind turbine from the grid using the
crowbar protection circuit. However, with the proposed converter station topology,
the voltage drop decreases to a safe level within grid connection requirements (Figure
44	
  
	
  

	
  

Chapter Four
4.14), and wind turbine connection to the grid is maintained.

Figure 4.13 (a) Three-phase voltage profile at the PCC without coil

Figure 4.13 (b) Three-phase voltage profile at the PCC with coil

Figure 4.13 (c) RMS voltage of phase A at the PCC
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Figure 4.14 PCC voltage compliance with Spain and Germany LVRT

Without connection of the coil in this grid fault scenario, active power at the PCC
falls to -0.4 pu. This indicates the DFIG is absorbing active power from the grid and
working as a motor (as shown in Figure 4.15). When the coil, however, is integrated
within the DFIG converters, the active power at the PCC is modulated to 0.1 pu (as
shown in Figure 4.15). Figure 4.16 shows the reactive power at the PCC - with and
without the integration of the coil - and also the surplus reactive power, compensated
by the coil.

Figure 4.15 Active power at the PCC
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Figure 4.16 Reactive power at the PCC

To compensate for the sudden drop in generated active power within the DFIG,
the DFIG's shaft speed accelerates (as shown in Figure 4.17). Figure 4.17 also shows
that the generator's shaft speed reaches a crest value of 1.3 pu. When the proposed coil
is connected, however, maximum overshooting in the speed is reduced, as well as the
settling time (as shown in Figure 4.17). The same trend can be observed in the shaft's
mechanical torque (as shown in Figure 4.18).

Figure 4.17 Speed of the DFIG rotor

Figure 4.19 (a-c) and Figure 4.20 respectively show the stator current and
electromagnetic torque with and without the integration of the coil. As shown in the
figures, maximum overshooting and settling time, in both cases, are lessened due to
the extra power compensation of the proposed integrated coil.
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Figure 4.18 Shaft's mechanical torque

Figure 4.19 (a) Stator three-phase currents without coil

Figure 4.19 (b) Stator three-phase currents with coil
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Figure 4.19 (c) Stator Phase A rms current

Figure 4.20 DFIG electromagnetic torque

The coil's behaviour during a 2L-G fault is investigated in Figures 4.21 (a-c). The
figures display the voltage across the coil (Vc), the coil current (Ic), and the stored
energy in the coil  (𝐸! = 0.5𝐿! 𝐼!! ) respectively. Before application of the fault, and
during normal operation, the developed fuzzy logic controller maintains the duty
cycle, D, at 0.5, which leads to zero voltage across the terminals of the coil. The zero
voltage level corresponds to both the maximum coil current and the rated stored
energy (as seen in Figure 4.21 (c)). After the 2L-G fault occurs, the fuzzy logic
controller reduces the duty cycle to a value between 0 and 0.5 (depending on the
amount of power required by the grid). Duty cycle (D), in this range, creates a
negative voltage across the coil, and the unidirectional current exhibits a negative
slope, allowing a portion of its stored energy to be delivered to the grid. As the fault is
cleared at t=3.05 sec, the fuzzy logic controller retains the D level at 0.5.
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Figure 4.21 (a) Voltage across the coil

Figure 4.21 (b) Coil current

Figure 4.21 (c) Stored energy of the coil
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4.4.2

Case Study 2: Voltage Sag
Voltage sag is one of the key issues affecting power system quality, and may
occur due to short circuit faults or a sudden increase in the load [13]. Voltage sag is a
decrease in the root mean square (rms) value (0.1 to 0.9 pu) for a short duration (0.5
sec to several seconds) [111]. Several studies in the literatures agree that voltage sags
cause 92% of defects in electric distribution systems [111, 112]. To investigate the
effectiveness of the proposed topology, and to improve the overall performance of the
studied system under voltage sag conditions, the voltage sag of 0.2 pu at the grid side,
lasting for 3 cycles, starts at t=5.0 sec. Figures 4.22 through 4.27 show the
performance of the studied system - with and without the proposed coil - during this
disturbance event.
As seen in Figure 4.22, the voltage profile at the PCC, without the use of the
proposed coil, drops to 0.36 pu due to the fault. However, by integrating the coil
within the DFIG converters, dropped voltage at the PCC is modulated to 0.52 pu. This
is due to the extra reactive power support from the coil. Compared to the Fault Ride
Through of Germany, the voltage at the PCC violates the LVRT code when the coil is
not integrated within the converters (as shown in Figure 4.23). After the coil is
connected, however, voltage drop decreases to a safe level within grid connection
requirements (Figure 4.23), and wind turbine connection to the grid is maintained.

Figure 4.22 Voltage profile at the PCC

Without the connection of the coil in this fault scenario, real power at the PCC
decreases to 0.32 pu (as shown in Figure 4.24). When the coil is integrated within the
DFIG converters, the active power at the PCC is modulated to 0.69 pu (as shown in
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Figure 4.24). Figure 4.25 shows reactive power at the PCC with and without the
integration of the coil. With the coil, reactive power at the PCC is almost levelled
during the fault application.

Figure 4.23 PCC voltage compliance with Germany LVRT

Figure 4.24 Active power at the PCC

Figure 4.25 Reactive power at the PCC
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The drop in DFIG-generated active power causes the speed of the generator to
accelerate, compensating for the power imbalance in the system (as presented in
Figure 4.26). Figure 4.26 also shows that generator speed accelerates to reach a crest
value of 1.31 pu. When the coil is connected, maximum overshooting in the speed,
and also the settling time, are substantially reduced (Figure 4.26). The same tendency
can be observed in the shaft's mechanical torque (shown in Figure 4.27).

Figure 4.26 DFIG shaft speed

Figure 4.27 Shaft's mechanical torque

The coil's performance during the voltage sag can be observed in Figures 4.28 (ac). These figures respectively show coil voltage, coil current and the coil's stored
energy in three different modes (pre-fault, during fault and post fault). Before the fault
application and during normal operating conditions, coil voltage is equal to zero, and
coil current is kept constant at the rated coil current. As a result, there is no energy
exchange between the coil and the grid (freewheeling mode). When the voltage sag
takes place at t=5sec, coil current exhibits a negative slope (di/dt), coil voltage
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becomes negative, and the stored energy in the coil is transferred to the electric
system (discharging mode). After the fault clearance at 5.05 sec, the coil current rises,
and coil voltage changes to positive, allowing energy to transfer from the grid to
charge the coil (charging mode). It is worth mentioning here that the coil can be of a
very low or zero internal resistance (superconductor), which will decrease the time
constant to almost zero and produce a rapid charging and discharging process.

Figure 4.28 (a) Voltage across the coil

Figure 4.28 (b) Coil current

Figure 4.28 (c) Stored energy of the coil
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4.4.3

Case Study 3: Three Phase to Ground (3Φ-G) Fault
In this case study, a three phase to ground (3Φ-G) fault takes place at the grid side,
at t = 3sec, and continues for 50msec. A DC–DC chopper is used, along with a
proportional integral (PI) controller, to regulate the chopper duty cycle (as shown in
Figure 4.29). The coil can be charged or discharged by regulating the coil voltage
value (Vc) and varying the duty cycle, D, of the chopper. The DFIG's active power is
used as an input to the PI controller.
As stated above, under normal operating conditions, D is equal to 0.5, and power
does not pass from the coil to the grid, or in the opposite direction (freewheeling
mode). During the fault, the PI controller regulates the value of D to be in the range of
0.5–1, and the energy within the coil is discharged into the grid (discharging mode).
The coil is charged when the PI controller stabilises D within the range of 0.5 to 1.
The parameters of the PI controller (shown in Figure 4.29) are given in Appendix B.

Carrier wave

∑

D

∑
-

PI

+

Pg_ref

Comparator

-

Pg

To DC-DC
Chopper

+

0.5
Figure 4.29 Control of the DC–DC chopper

The voltage profile at the PCC is shown in Figure 4.30 (a). It can be seen here that
voltage at the PCC drops to 0.19 pu due to the fault. By integrating the coil within the
DFIG converters, voltage at the PCC is increased to 0.66 pu. This is due to the
reactive power support from the coil. As seen in Figure 4.30 (b), voltage at the PCC
violates the LVRT of all mentioned grid codes when the coil is not connected.
However, with the proposed topology, the amount of voltage drop is minimised and
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reaches a safe level within grid connection requirements (Figure 4.30 (b)).

Figure 4.30 (a) Voltage profile at the PCC

Figure 4.30 (b) PCC voltage compliance with various grid codes

Without the connection of the coil, the fault causes real power at the PCC to drop
to -0.76 pu, indicating the DFIG absorbs active power from the grid and runs as a
motor (as shown in Figure 4.31). However, when the coil is integrated within the
DFIG converters, real power at the PCC is modified to 0.05 pu (as shown in Figure
4.31). Figure 4.32 illustrates the reactive power - with and without the integration of
the coil - and shows the amount of surplus reactive power compensated by the coil.
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Fig. 4.31 Real power at the PCC

Figure 4.32 Reactive power at the PCC

4.4.4

Case Study 4: Converter Switch Faults
All studies in the literatures consider the impact of grid side faults on the overall
performance of a DFIG-based WECS [12]. Few studies, however, have investigated
the impact of a converter switch fault on the performance of a DFIG-based WECS,
and their proposed solutions are neither efficient nor economical. For example, a
STATCOM [21, 25-27]5-8] modulates only reactive power, and a SMES unit [12, 13,
37, 108, 113] is very costly.
In this case study, the proposed coil's ability to mitigate the impact of Fire-through
and Misfire, within the voltage source converter (VSC) of the DFIG, is investigated.
Fire-through and Misfire are frequent switching faults of the DFIG converter and are
produced when the firing circuits malfunction [114]. Fire-through is defined as the
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failure to block a valve during a scheduled non-conducting period, and Misfire is
defined as the failure to fire a valve during a scheduled conducting period [12]. Some
converter malfunctions self-correct if the cause of fault is of a transient nature [115].
Figures 4.33 and 4.34 simulate Fire-through and Misfire faults in IGBT switch
number 6 within the GSC and RSC (as shown in Figure 4.35). The faults commence
at t=4 sec and clear at t= 4.01sec. As can be seen in Figures 4.33 (a,b), the switching
signals from PWM are unsuccessful in blocking the valve for the scheduled nonconducting period in the case of a Fire-through defect. In a Misfire fault, the created
switched signals from PWM are unsuccessful in igniting the IGBT valve for the
scheduled conducting period (as shown in Figures 4.34 (a,b)).

Figure 4.33 (a) Simulation of a Fire-through fault in IGBT-6 of the GSC

Figure 4.33 (b) Simulation of a Fire-through fault in IGBT-6 of the RSC

58	
  
	
  
	
  

Chapter Four

Figure 4.34 (a) Simulation of misfire fault in IGBT-6 of the GSC

Figure 4.34 (b) Simulation of misfire fault in IGBT-6 of the RSC
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Figure 4.35 System under study for DFIG with Fire-through and Misfire faults

4.4.4.1 Fire-Through and Misfire within the GSC
Intermittent Fire-through and Misfire faults are simulated within the GSC of the
studied system in Figure 4.35. The faults occur on switch S6 at t = 8 sec and clear at t
= 8.05sec. The model parameters are similar to case study 1. However, the member
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functions of the fuzzy set are modified to obtain a better controller performance (as
shown in Figures 4.36 to 4.38).

Figure 4.36 Memberships function for Pg (pu)

Figure 4.37 Memberships function for Ic (pu)

Figure 4.38 Memberships function for the duty cycle (D)

Figures 4.39 through 4.43 investigate the dynamic response of the studied system
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when a Fire-through fault takes place within the GSC. The voltage profile at the PCC
is shown in Figure 4.39 (a), where without the coil, voltage drops to 0.185 pu. By
integrating the coil within the DFIG converters, the dropped voltage at the PCC is
raised to 0.55 pu due to the reactive power support from the coil. Compared to the
Fault Ride Through of Spain and Germany, the voltage at the PCC violates the LVRT
limit of the two grid codes when the coil is not connected (as shown in Figure 4.39
(b)). However, with the coil connected, voltage drop reduces and reaches a safe level
within grid connection requirements.

Figure 4.39 (a) Voltage profile at the PCC during fire-through in S6 within the GSC

Figure 4.39 (b) PCC voltage compliance with various grid codes

Without the connection of the coil during a Fire-through fault, the real power at
the PCC falls to -0.77 pu, and the DFIG acts as an induction motor (as shown in
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Figure 4.40). When the coil is integrated within the DFIG converters, it modulates the
active power at the PCC to 0.2 pu (as shown in Figure 4.40). The reactive power with and without the integration of the coil at the PCC - is shown in Figure 4.41. Prior
to the fault, the power factor at the PCC is maintained at unity. Upon the fault's
occurrence, the machine changes to an induction motor, acquiring about 1.9 pu of
reactive power, significantly reducing the power factor at the PCC to approximately
(

!.!!
!.!!! !!.!!

= 0.35). After connection of the proposed coil and controller, the reactive

power at the PCC is rectified to -0.9 pu.

Figure 4.40 Real power at the PCC during fire-through in S6 within the GSC

Figure 4.41 Reactive power at the PCC during fire-through in S6 within the GSC

The voltage of the DC-link capacitor during a GSC Fire-through fault is displayed
in Figure 4.42. Capacitor voltage drops to zero during the fault, and recovers its
nominal level once the fault has cleared.
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Figure 4.42 DC-link capacitor voltage during in S6 within the GSC
	
  

The impacts of a Fire-through fault on converter terminal voltages, as well as
voltages across converter switches, can be seen in Figure 4.43 and Figure 4.44
respectively.
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Figure 4.43 Voltage across GSC terminals during fire-through in S6
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Figure 4.44 Voltage across GSC switches during fire-through in S6

When a misfire is applied to S6 within the GSC at t=8 sec, and cleared at
t=8.05sec, the overall performance of the DFIG is not significantly impacted. This is
because the dynamic response of the system exhibits slight oscillations during the
fault period (as shown in Figures 4.45 (a-e)).
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Figure 4.45 (a) Voltage at the PCC during misfire in S6 within the GSC

Figure 4.45 (b) Active power at the PCC during misfire in S6 within the GSC

Figure 4.45 (c) Reactive power at the PCC during misfire in S6 within the GSC
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Figure 4.45 (d) DFIG speed during misfire in S6 within the GSC

	
  
Figure 4.45 (e) DC-link voltage during misfire in S6 within the GSC

During the misfire on switch S6 of the GSC, voltage across both the GSC
terminals and switches are only slightly affected (as can be seen in Figures 4.46 and
4.47, respectively).
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Figure 4.46 Voltage across GSC terminals during misfire in S6
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Figure 4.47 Voltage across GSC switches during misfire in S6
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The coil's behaviour when fire-through and misfire occur within the GSC is shown
in Figures 4.48 (a-d). These figures respectively show voltage across the coil (Vc), coil
current (Ic), coil-stored energy (𝐸! ), and duty cycle (D). As in the previous case
studies, during normal operating conditions, the duty cycle is maintained at 0.5, and
the coil voltage is maintained at zero level (corresponding to maximum coil current
and rated stored energy). When the fault occurs, the proposed controller works to
adjust the duty cycle to a value less than 0.5 allowing the coil-stored energy to be
delivered to the grid. As can be seen in this figure, a small amount of the stored
energy within the coil is discharged to the grid during such a disturbance events.

Figure 4.48 (a) Coil current response during fire-through and misfire in S6 within the
GSC

	
  
Figure 4.48(b) Voltage across the coil during fire-through and misfire in S6 within the
GSC
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Figure 4.48 (c) Coil energy response during fire-through and misfire in S6 within the
GSC

Figure 4.48 (d) Duty cycle during fire-through and misfire in S6 within the GSC

4.4.4.2 Fire-Through and Misfire within the RSC
Intermittent Fire-through and Misfire faults are simulated within the RSC of the
studied system in Figure 4.35. The faults occur on switch S6 at t = 8 sec and clear at t
= 8.05sec.
Figures 4.49 through 4.52 show the dynamic response of the studied system when
fire-through takes place within the RSC. The voltage profile at the point of common
coupling (PCC) is shown in Figure 4.49 (a), where without the coil, voltage drops to
0.15 pu. By integrating the coil within the DFIG converters, the dropped voltage at the
PCC is raised to 0.59 pu. This is due to the reactive power support from the coil.
Compared to the Fault Ride Through of Spain and Germany, when the coil is not
connected, the voltage at the PCC violates the LVRT of the two grid codes (as shown
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in Figure 4.49 (b)) and calls for the wind turbine to be disconnected from the grid.
However, with the coil connected, the voltage drop decreases and reaches a safe level
within grid connection requirements.

Figure 4.49 (a) Voltage profile at the PCC during fire-through in S6 within the GSC

Figure 4.49 (b) PCC voltage compliance with various grid codes

Without the connection of the coil during a Fire-through fault, the active power at
the PCC drops to -0.8 pu (as shown in Figure 4.50). When the coil is integrated within
the DFIG converters, it can be seen that the absorbed active power at the PCC
decreases to -0.2 pu. Figure 4.51 shows the reactive power at the PCC - with and
without the integration of the coil - as well as the surplus reactive power compensated
by the coil. The DC-link capacitor voltage during a GSC Fire-through fault is
displayed in Figure 4.52. Capacitor voltage drops to zero during the fire through
within the RSC, and recovers its nominal level once the fault clears.
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Figure 4.50 Real power at the PCC during fire-through in S6 within the RSC

Figure 4.51 Reactive power at the PCC during fire-through in S6 within the RSC

Figure 4.52 DC-link capacitor voltage during fire-through in S6 within the RSC
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The impacts of a Fire-through fault on converter terminal voltages, and also
voltages across converter switches, can be seen in Figure 4.53 and Figure 4.54
respectively.

Figure 4.53 Voltage across RSC terminals during fire-through in S6
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Figure 4.54 Voltage across RSC switches during fire-through in S6

When a misfire is applied to S6 within the RSC at t=8 sec, and cleared at
t=8.05sec, the overall performance of the DFIG is not significantly impacted (as
shown in Figures 4.55 (a-e)).

Figure 4.55 (a) Voltage at the PCC during misfire in S6 within the RSC
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Figure 4.55 (b) Active power at the PCC during misfire in S6 within the RSC

	
  
Figure 4.55 (c) Reactive power at the PCC during misfire in S6 within the RSC

	
  
Figure 4.55 (d) DC-link voltage during misfire in S6 within the RSC
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Figure 4.55 (e) DFIG speed during misfire in S6 within the RSC

The impacts of a misfire fault on converter terminal voltages, and also voltages
across converter switches, can be seen in Figure 4.56 and Figure 4.57 respectively.
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Figure 4.56 Voltage across RSC terminals during misfire in S6
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Figure 4.57 Voltage across RSC switches during misfire in S6

The coil's behaviour, when fire-through and misfire occur in S6 within the RSC, is
investigated in Figures 4.58 (a-d). These figures respectively show voltage across the
coil (Vc), coil current (Ic), coil-stored energy (𝐸! ), and duty cycle (D).
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Figure 4.58 (a) Voltage across the coil during misfire in S6 within the RSC

Figure 4.58 (b) Coil current response during misfire in S6 within the RSC

Figure 4.58 (c) Coil energy response during misfire in S6 within the RSC
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Figure 4.58 (d) Duty cycle during misfire in S6 within the RSC
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Chapter Five
Conclusions and Further Work
	
  

5.1

Contribution and Significance of Research
This thesis presents a new converter station topology to improve the overall
performance of a Doubly Fed Induction Generator-based wind energy conversion
system during various disturbance events. The proposed topology relies on
reconfiguring the two converters of the Doubly Fed Induction Generator (DFIG) to
include a coil that will only be activated during fault conditions. The main idea of
including the coil within the converters is to allow the new topology to provide the
same (or close to the same) degree of performance as a superconducting magnetic
energy storage unit. It will also modulate both active and reactive power during faults
- smoothly, rapidly and independently - at the point of common coupling in a fourquadrant operation. The new topology also aims to improve the Fault Ride Through
capability of the Doubly Fed Induction Generator enabling the connection of the wind
turbine to the grid to meet Transmission Line Operator codes and hence, maintain its
connection to the grid during various grid faults.
The contributions, significance and key conclusions of this thesis are highlighted
below:
1- The new topology will improve the dynamic performance of a DFIG-based
WECS because at the point of common coupling, active power - not just
reactive power (as proposed in the literatures) - needs to be compensated.
2- With a proper control scheme to manage the stored energy within a low
internal resistance coil (integrated within the DC link of the two converter
stations of a DFIG-based WECS), the converter station and coil can provide
the same degree of performance during fault conditions as the very costly
super conducting magnetic energy storage unit. Both active and reactive
powers at the point of common coupling can also be modulated.
3- Simulation results show the coil has no influence on the performance of the
DFIG-based WECS during normal operation, and it will only be activated
during fault conditions.
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Chapter Five
4- The robustness of the proposed topology is assessed through extensive
simulation analyses on the studied system using SIMULINK/MATLAB
software. Externally investigated faults include line to line to ground fault,
three phases to ground fault and voltage sag at the grid side. This study also
investigates the performance of the studied system - with and without the
proposed topology - during converter switch faults, such as fire through and
misfire.
5- Simulation results show the new topology can respond quickly, according to
the active and reactive power demands of the system, and power fluctuations
can be more easily smoothed.
6- Compared with the Fault Ride Through capability of various grid codes
(including Spain, Germany, and Denmark), the LVRT of the DFIG with the
new topology is much improved. It brings the voltage to a safe level, and the
wind turbine's connection to the grid is maintained.
7- A misfire within the converter switches does not have a significant impact on
the overall performance of a DFIG-based WECS. However, a fire through
fault will have a significant impact on the voltage at the converter terminals, as
well as on the active and reactive powers at the point of common coupling.
8- The proposed topology (along with the fuzzy logic controller) has been found
effective in improving the performance of the studied system during all
investigated faults. The proposed topology is simple and easy to implement
within the existing DFIG converters.
9- The effect of fire-through and misfire within the GSC and RSC of the DFIGbased WECS are also studied.
5.2

Future Work
Based on the results of this thesis, the following issues are recommended for
future work:
§

Re-configuration of the proposed coil controller to be also involved during
normal operating conditions to assure best performance of the DFIG-based
WECS.

§

Optimum coil capacity and the possibility of using high temperature
superconductors may require further study.
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Chapter Five
§

The typical configuration of a DFIG includes a DC-DC chopper, which can be
facilitated to interface the coil with the DC link. Here, the optimum connection
type with the capacitor can be investigated.
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Appendix A
Table A-1 Drive train parameters of the simulated DFIG
Drive Train Parameters

Value

Wind Turbine Inertia Constant, H (s)

4.32

Shaft Spring Constant (p.u. of Mechanical Torque/Rad)

80.27

Shaft Mutual Damping(p.u. of Mechanical Torque/pu dw)

1.5

Turbine Initial Speed (p.u.)

1.2

Initial Output Torque (p.u.)

0.8
	
  

Table A-2 Converter parameters of the simulated DFIG
Converters Parameters

Value

Grid-side converter maximum current (pu of generator
nominal current)

0.8

Grid Side Coupling Inductor, (L,R) (p.u.)

[0.3 0.003]

Nominal DC bus Voltage (V)

1150

DC Bus Capacitor (F)

10000e-6

Line Filter Capacitor, (Q=50) (VAr)

120e3
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Table A-3 Generator parameters of the simulated DFIG
Generator Parameters

Value

Mutual Inductance, Lm (p.u.)

2.9

Stator Leakage Inductance, Lσs (p.u.)

0.18

Rotor Leakage Inductance, Lσr (p.u.)

0.16

Stator Resistance, Rs (p.u.)

0.023

Rotor Resistance, Rr (p.u.)

0.016

Inertia constant (s)

0.685

Friction factor

0.01

Number of pair poles, p

3

Table A-4 Parameters of the DFIG
Parameters

Value

Rated Power

9 MW (6 x1.5) MW)

Stator Voltage

575 V

Frequency

60 Hz

RS

0.023 pu

RR

0.016 pu

VDC

1150 V
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Table A-5 Parameters of the transmission line
Parameters

Value

R1, R0 (Ω/km)

0.1153, 0.413

L1, L0 (H/km)

1.05 x 10-3, 3.32 x 10-3

C1, C0 (F/km)

11.33 x 10-9, 5.01 x 10-9

Table A-6 Parameters of the proposed coil
Parameters

Value

Lcoil

0.2 H

Icoil

2000 A
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Appendix B
Table B-1 Parameters of PI controller
Kp

0.5

Ki

1
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