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ABSTRACT
Rashid, Gilmanur. PhD. The University of Memphis. August 2016. LVRT
capacity enhancement of DFIG based wind farms by controller based auxiliary devices.
Major Professor: Dr. Mohd. Hasan Ali.
Wind energy is one of the most prominent sources of renewable energy. However,
subjected to the high penetration of wind energy into existing power grids, stability and
smooth operation of electric power system is at stake due to the vulnerability of the wind
farms to the grid faults. To address the situation, energy regulatory bodies and electricity
transmission system operators have imposed grid codes to ensure overall system stability
and steady operations. The most challenging grid code is the low voltage ride through
(LVRT) which requires the wind farms to stay connected and support the grid during fault.
Based on this background, in order to enhance the LVRT capability of the doubly fed
induction generator (DFIG) based onshore wind farms, controller based auxiliary devices,
such as the bridge type fault current limiter (BFCL) and parallel resonance fault current
limiter (PRFCL) have been proposed in this dissertation. From the Matlab/Simulink based
simulations performed on various test systems under fault conditions, it was found that the
BFCL and PRFCL are very effective devices in enhancing the LVRT capability of the
DFIG based wind farms. Moreover, both devices outperform the conventional series
dynamic braking resistor (SDBR) method. With a view to augmenting the LVRT
performance much more, nonlinear equation governed controller and fuzzy logic based
controller are designed and applied to the modified BFCL (MBFCL) and PRFCL,
respectively. From the simulation results, it was found that these nonlinear controllers
make the fault current limiters adaptive and responding to the power system dynamics and
thus provide much better performance in LVRT capacity augmentation. Furthermore,
maintaining the LVRT capability is also challenging for the DFIG based offshore wind
farms (OWFs). A DC chopper is a popular choice for the LVRT capacity enhancement of
the OWFs. A metaheuristic algorithm, such as a particle swarm optimization (PSO)
technique is proposed to design a controller for the DC chopper resistor. Simulation
iv

results reveal that the PSO controller based DC chopper is more effective than the
conventional DC chopper for the LVRT capacity improvement of DFIG based OWFs.
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CHAPTER 1
INTRODUCTION
A significant connection between the socioeconomic growth and consumption of
electricity has been found by the researchers[1]. Economic and social development and
demand of electricity help each other to grow. Electricity is the most convenient form of
energy that can be conveniently generated, transmitted and distributed. Availability of
electricity facilitates the usage and development of modern technologies that improve the
quality of human life. As a result, people lean more towards technology and obtain more
stuff that needs electricity to operate. This in turns necessitates more electricity
production. Fossil fuels, hydropower, and nuclear reactors are the widely used primary
energy sources. But they incur adverse environmental impacts, for example, the increase
of the carbon dioxide (CO2 ) emission into the atmosphere results in the greenhouse effect,
global warming, climate change, and the nuclear waste problem. Moreover, fossil fuel like
coal, natural gas, and oil, nuclear power plant primary fuel like uranium reserves are
basically limited. Hence, the exhaustion of fossilized energy resources and ever-growing
craving for energy in today’s industrially developed modern world have made it urgent to
seek for alternative or renewable energy sources and also to devise effective methods of
exploiting these alternative energy sources. To handle the twofold challenge of the
increase in power production alongside reducing the greenhouse gases, transformation in
electricity system is viewed as being the easiest tool. Hence, the energy policy in many
countries is undergoing changes to motivate the use of cost-effective and reliable
low-carbon electricity generation sources [2, 3].
Exploiting wind energy is a very old concept. Sailboat and sailing ships were
propelled across oceans utilizing wind power thousands of years ago. In the middle age,
people used wind mills for irrigation and grinding wheat to make flour [4]. It was the end
of the nineteenth century when energy contained in wind flow was exploited to generate
electricity by Scottish Professor James Blyth [5]. Since then, the wind energy conversion
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Fig. 1.1. Total world energy generation by source (2014) [3].

systems (WECS) has traveled a long path in terms of research and utilization and has
established itself a strong contender of world’s energy crisis solution among the options
available. Wind energy, of all the alternative options, is the most prominent alternative
energy source for producing electric power due to its zero fuel cost, no carbon emission,
cleanliness and renewable nature. WECS continues to get more and more importance and
attention all over the world and contributes a significant portion of the renewable energy
produced globally [3].
1.1

Wind Energy Status
Wind energy has gained much popularity as a renewable energy source all over the

world. It has its footprint in all regions of the world as evident from the statistics of Table
1.1. Ranked after the hydropower, wind energy is the second most power delivering
renewable source as shown by Fig. 1.1. In recent times, starting from 2000 to 2015 global
cumulative installed wind capacity has become 432 gigawatt (GW) from 17.4 GW as
shown in Fig. 1.2. In five years, from 2010 to 2015, it has become more than double.
Offshore wind farms are getting popular especially in Europe, as the available land for
onshore wind farms is scarce. As seen in Fig. 1.3, offshore wind farm installation has
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Table 1.1. Regional distribution of the global installed wind power capacity (MW) by
2015.
Wind Power Capacity (MW)

Region
End of 2014

End of 2015

Installed in 2015

Increase (%)

2,536

3,487

953

37.58

Asia

141,973

175,831

33,859

23.83

Europe

134,251

147,771

12,800

9.53

Latin America and Caribbean

8,568

12,220

3,652

42.62

North America

77,935

88,749

10,817

13.88

Pacific Region

4,442

4,823

380.6

8.57

369,705

432,883

63,467

17.17

Africa and Middle East

World Total

Fig. 1.2. Global cumulative installed WECS capacity from 2000-2015 [6].
gained some real traction as the installed capacity has become threefold in 2015 as
compared to 2011.
1.2

Future of Wind Energy
It is apparent that the wind energy industry is growing very rapidly. It is expected

by the experts that it will supply about 10% of world’s electricity generation by the year
2020 [4]. Market forecast for the year 2015-2020 by GWEC [8] also supports this fact as
shown in Fig. 1.4. The USA has plans to produce 10% of the country’s electricity from the
wind in 2020, 20% in 2030, and 35% in 2050[9]. The government of China has set a
target to achieve 250 GW of wind capacity by 2020 as a part of fulfilling their goal to
3

Fig. 1.3. Offshore annual cumulative capacity (2011-2015) and Global cumulative
Offshore wind capacity[7].

Fig. 1.4. Market forecast for WECS installation 2015-2020 [8].

4

produce 15 percent of all electricity from renewable resources [10]. Other global leaders
in wind, like European countries, India, Brazil, and Australia have the similar future plan
to expand wind power share of the total energy production. The offshore wind farms are
gaining popularity. It is expected that by 2030, Europe will have 120 GW of installed
offshore wind farm[11]. So it can be concluded that wind energy has a great prospect to
get expanded.
1.3

Background and Literature Review
A wind energy conversion system (WECS) converts the kinetic energy in the wind

into electrical energy. Kinetic energy is received by some arrangement, turbine blade for
example, which is used to create a rotational motion. This converts the kinetic energy in
wind motion into mechanical energy. The rotational mechanical energy in turbines is used
to rotate the rotor shaft of a wind generator. The generator takes the mechanical energy
and then converts it into electrical energy. The generated electrical energy is then fed to
load or electrical grid. A high level diagram of this conversion process is shown in
Fig. 1.5. Since the invention of the idea to utilize wind energy to produce electricity, wind
turbines were used to power up small households or farms. Around the 1980s, the
grid-connected operation of the wind turbines started to get momentum[12]. To enhance
the power production capacity, bunches of wind turbines were placed over some large

Fig. 1.5. Flow diagram of wind energy conversion system.

5

Fig. 1.6. Type-1 or induction generator base fixed speed wind turbine (FSWT).[14]
area, each being electrically connected to each other and their collective generated power
being fed into the grid through the electrical connection. This concept of producing more
power from the wind gave rise to the idea of the wind farm. At the initial days of grid
connected wind farms, induction generator based (IG) fixed speed wind turbines (FSWT)
were used (Fig. 1.6). They were chosen for their rugged construction, high operational
lifetime and low maintenance cost [13]. A few of them are still in operation. However,
unstable operation during the grid fault, reactive power requirement, lower mechanical
and electrical efficiency and the emergence of variable speed wind turbines, have made
them unpopular. In rare cases, they are considered as an option for erecting new wind
farms. Announcements have been made by greater than 90% of the wind turbine
manufacturer that their upcoming projects will utilize either semi-variable speed or full
variable speed wind turbines[15, 16]. In fact, the legacy IG based wind turbines are
retrofitted by variable speed wind turbines (VSWTs)[17]. To improve wind energy
conversion efficiency, reduce mechanical stress on wind turbines, increase grid power
quality and to abide by the grid codes, the high-power wind turbine technology has
undergone a transformation from fixed-speed to variable-speed operation. The doubly fed
induction generator (DFIG) (Fig. 1.7) and permanent magnet synchronous generators
(PMSG) ( Fig. 1.8) are two variants of the VSWT. PMSG based wind turbines are

6

Fig. 1.7. Type-3 or doubly fed induction generator (DFIG) based VSWT [14].

Fig. 1.8. Type-4 or permanent magnet synchronous generators (PMSG) based
VSWT [14].
completely decoupled from the utility grid due to the full power rating back to back
converters and hence the grid faults are invisible to the PMSGs. Output power can be
throttled to zero within a few milliseconds with the help of full power converter. But, the
DFIGs have some viable characteristics such as light weight, higher output power,

7

efficiency, lower cost, smaller size, partial rated converter incurring lower switching
losses. Hence, the DFIGs have captured about 50% of the wind energy market [18]. It is
the more favored choice for overhauling IG based legacy wind farms [17] due to similar
size and weight to IGs. Apart from the lower power electronic converter rating required by
the DFIGs compared to the permanent magnet synchronous generators (PMSG) [19], the
recent permanent magnet material price upsurge [20] has given the DFIGs another
advantage over the PMSG based wind generators.
Widespread development and fast growth in installation capacity are helping to
make the wind energy very close to a mainstream energy source, and the production cost
is competitive with conventional sources of energy [3, 21]. The rapid rise in the power
generation level from wind farms has led to significant penetration of wind energy
systems in the existing electric power system. Majority portion of this wind energy stem
from DFIG technology [18] and more and more are likely to come in future [15, 16].
Though offering an array of advantages, DFIGs are susceptible and shows vulnerable
nature to grid faults. Having partially rated converters, DFIGs have control over a portion
of the current supplied into the grid. To protect the wind farms from the grid fault and the
high overcurrent, the traditional practice was to isolate the wind farms from rest of the
system during the fault and reconnect them into the power grid when the whole system
comes back to normal operation. This whole procedure used to take a long period of time.
Now-a-days, a significant share of total generated electricity comes from wind energy for
some countries (e.g. Denmark produces 40% of its total electricity from the wind [22]).
Also, the capacity of the wind farms is comparable to conventional coal, gas or nuclear
power plant. Thus, isolating wind farms during grid fault may lead to instability in the
operation of the entire network [18, 23, 24]. To ensure the stable, secure and efficient
operation of the existing electric power grid, the transmission system operators (TSOs)
and energy regulator of diverse countries have enforced many specific technical
requirements often called as ’grid codes’ [25–30]. One of the most important grid codes is
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Fig. 1.9. Fault ride through standard set by FERC, U.S [25, 30, 31].
the fault ride through (FRT) requirements[25–28]. Requirements imposed through grid
code can be categorized into two major classes: the steady state or dynamic operation
requirements and the transient stability or low voltage ride through (LVRT) requirements.
The LVRT is the more severe and challenging concern for the manufacturers of the wind
turbine and power converters and wind farm operators [12, 18]. It prohibits the sudden
disconnection of the wind farms and mandates the wind farms to support and stay
connected to the grid as the conventional generation units. The federal energy regulatory
commission (FERC) enforces the LVRT requirement as shown in Fig. 1.9. When the
nominal voltage at the point of common coupling (PCC) is at the shaded region followed
by a fault in the grid, the wind farms must stay connected. If the PCC voltage goes below
the solid blue line the wind farm can be disconnected [25–30]. To integrate any newly
installed wind farm into the grid, ensuring the FRT capability is mandatory as set by
FERC [30]. DFIG based wind farms are vulnerable to grid fault. The DFIG based wind
generators have their stator windings directly connected to rest of the grid, and only a
portion of the injected power is supplied through rotor windings via the converters. For
this reason, the DFIGs face uncontrolled dynamics during faults at the grid [24, 32]. Since
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the rotor is coupled electromagnetically to the stator, the rotor voltages rise to very high
values accompanied by high rotor current resulting in sharp rise of the dc link voltage. In
the absence of any protection strategy, this may eventually lead to converter
failure[24, 33, 34]. The LVRT transients also result in severe torque transients incurring
high-stress on drive-train, blade assembly, and gearbox failure [35].
From the above discussions, it is clear that ensuring and enhancing the DFIG
LVRT capability is of paramount importance. To address the issue, some solutions are
proposed in the literature. They can be categorized into two broad classes; system based
solution with the help of additional devices and control solution. Addition of auxiliary
device is advised in FERC regulation [30] and mentioned as mandatory to achieve LVTR
of DFIG based wind farms in [12].
The initial solution implemented by the researchers and the turbine manufacturers
is the use of so-called crowbar solution [36–38]. Crowbar short-circuits the rotor windings
through resistors, hence throttles the rotor voltage and provides an additional path for the
rotor current. Passive or thyristor/diode bridge based crowbar [39] can be activated
immediately but needs to wait till current zero to deactivate. Active or insulated gate
bipolar transistor (IGBT) based crowbar [40] can activate/deactivate immediately and can
help faster control regain over the rotor side converter (RSC). When crowbar is activated,
RSC cannot control current and the generator acts like an induction generator consuming
reactive power from the grid. This, in turn, contributes to deepening of the voltage sag at
the fault instant [41, 42]. Also, a very large current spike occurs during crowbar
disconnection resulting in voltage stress at rotor [43, 44]. All of these facts make the use
of crowbar infeasible which was highly used previously.
Use of a series dynamic braking resistor (SDBR) is proposed with different
placement locations like after the generator [45], in between the rotor and RSC [46] or in
between stator and transformer [47, 48]. Often they are explored with combination with
other devices like the crowbar [46] or dc link chopper [43, 47, 48]. The dc link chopper has
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the primary purpose of protecting the dc link and can help LVRT when used with other
devices like the crowbar [33, 41]. The combination of SDBR, crowbar and dc chopper can
give better performance, but their coordinated control is challenging. Also, a predefined
fixed resistance value is not certain to perform better for all fault situations.
Inserting a passive impedance network in between the transformer and the grid is
proposed in [49–51]. The passive impedance network is designed considering up to zero
volts at the PCC. But there is a chance for overcompensation.
To take full control over the rotor current, an RSC capable of producing a voltage
similar to the overvoltage at rotor will be needed [52, 53]. The size of this RSC will be
higher[54–56] than the typical RSCs used in DFIGs. The use of extra parallel or series
converter is also proposed [57–60]. However, the problem of this solution is that during
the super-synchronous speeds operation, the stator windings have to carry the slip power
[61]. Using a nine-switch converter at the grid side converter (GSC) is also proposed
[61–63] along with a dc chopper resistor to tackle the LVRT problem. This provides more
controllability over the rotor current, hence the LVRT can be achieved by an oversized or
extra converter. But these topologies seriously undermine a highly appreciated advantage
of the DFIG; the partial power converter rating [23, 64]. It is a widely accepted fact that
the DFIG converter is sized to handle up to 30% [12, 65] of the rated power and the
converter is not intended to handle rotor overvoltage. Also, it is not practical to design the
converter to handle very deep voltage dip.
Though the primary purpose of the energy storage device is to smooth out the
output power as the wind power is variable in nature [23, 66], they are also proposed as
LVRT solution. The basic idea is to absorb the excess energy in the rotor into the energy
storage during the fault. Energy storage systems such as electrical (superconducting
magnetic energy storage (SMES)[67, 68]), mechanical (flywheel energy storage
(FES)[69], compressed air energy storage, pumped-storage[70], hydroelectricity), and
electrochemical (batteries[71], supercapacitors[72–74]) systems or combination of energy
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storage with passive element [71] are proposed for LVRT. However, they increase the
system complexity, and the significant amount of capital investment make them
unattractive.
To ensure LVRT, parallel devices like static var compensator (SVC) [75], static
synchronous compensator (STATCOM) [76–78] and series converter based dynamic
voltage restorer (DVR) [79–82] are proposed. SVC is becoming outdated. STATCOM and
DVR both arrangements need very large power rating, additional power converter and
interfacing transformer. Both the transformers sit idle except for the transient period
reducing overall system efficiency and increasing the overall cost of the system.
Some solutions were proposed to achieve LVRT through control techniques
avoiding engagement or activation of any auxiliary devices. The way to accomplish that is
to gain total control of rotor current and voltage and to reduce overcurrent and
overvoltage. Some approaches aimed to regulate rotor and GSC current [52, 83–85] and
some other tried to inject a current into the rotor to create demagnetization flux in order to
weaken its effect on the rotor [86–88]. Effectiveness of introducing a virtual resistance
[53, 89] is also reported. Control strategies like sliding mode control [90–93], internal
model control [94], robust control [95], and hysteresis control [96, 97] are also reported.
All of the control methods can improve LVRT, but when the system is subjected to severe
fault with high voltage sag, without activation of an auxiliary device or oversized RSC
converter, LVRT cannot be ensured.
Voltage source converter based high voltage dc (VSC-HVDC) transmission line
connected offshore wind farms (OWFs) are also required to abide by grid codes that
include the LVRT requirement. Depending only on the local measurements, the OWFs are
not able to detect and take action against the onshore grid faults. So research and
investigation are required to address this issue.
One strategy to improve LVRT of the OWF is to emulate a voltage sag at the
offshore VSC converter intentionally, in order to prevent active power injection into the
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onshore grid [98–104]. A method to employ this is to reduce the modulation index of the
offshore converter to reduce the converter terminal voltage. Help from the built in LVRT
capability of the wind farm can also be utilized. However, coordinated control between
VSC-HVDC converter and the wind turbine converter is necessary because the wind
turbine converters may tend to boost the voltage sensing a voltage sag at the VSC-HVDC
converter terminal. As a voltage sag is emulated, high current flows through the converters
[102] and transients are introduced into the system [99] and thus incur disadvantage for
using this scheme.
Another approach is lowering the generator torque using the offshore converter to
maintain a constant frequency and reducing the active current component [103, 105]. But
the slow rate of power reduction is a vital disadvantage. Offshore wind farm frequency
can be perturbed to emulate the onshore frequency disturbance into the offshore wind
farm, thus making the offshore wind farm responding to the onshore disturbances
[106–108]. Perturbation of the dc link voltage is also reported [109, 110] to get the desired
inertial response by enhancing the control strategy. The flip side is, these approaches need
a high bandwidth fast communication medium for proper coordination for reliable control
via these methods.
Other VSC-HVDC link control strategy like the power synchronization control
technique is proposed to enhance the LVRT of the OWFs [111, 112]. Energy storage
devices like the SMES [113], FES [114–116] are also proposed for LVRT application. But
they are expensive and high energy storing capacity is required.
The last proposed OWF LVRT solution is the installation of a dc chopper resistor
across the HVDC line. The resistor works by dissipating the extra power causing the
power imbalance during the onshore grid fault [98, 103, 117]. IGBT switches or similar
self-commutated devices are used to control the activation of the dc chopper resistor.
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1.4

Motivation
Wind energy is an emerging sector, and it is very likely to grow and thrive at very

fast pace[8]. The rise of wind energy is highly contributed by DFIG technology as they
capture more than 50% of the market share and expected to retain it[12]. But their
vulnerability to grid fault and LVRT requirement is a major challenge to facilitate their
massive integration into the grid. This challenge will be even more daunting as the wind
penetration will be higher, and the TSOs and regulatory authorities are likely to impose
even stricter LVRT requirement. The above mentioned extra device based solutions, either
fail to abide by LVRT code or too complex to control and too expensive to afford. Control
based solutions can tackle mild voltage sags, but without additional support they cannot
ride through severe fault alone. So it is worth exploring a solution that will be a
combination of better performance, simple implementation and easy to control.
Fault current limiters (FCL) are very effective devices to suppress fault current and
to provide better transients performance[118]. Among the variants of the FCLs,
semiconductor or solid state switching device based fault current limiters are cheaper and
light weight compared to the superconducting fault current limiters (SFCL) or inductive
fault current limiters. Yet the semiconductor based FCLs have provided pretty standard
performance in power system applications[119–122] and in FSWT system[123–125].
With this background, it is very interesting and legitimate to investigate the performance
of semiconductor based FCLs [119, 123] in LVRT enhancement application of the DFIG
based wind farm. Also, as the power system is in general, a highly nonlinear system,
introducing nonlinear controls for controlling the FCLs can be very promising from the
performance enhancement perspective.
Offshore wind farms are another scope to expand the wind energy generation
horizon. OWFs are also vulnerable to the onshore faults and subjected to grid code. Using
dc chopper resistor at the VSC based HVDC line is a favorite solution to tackle the LVRT
problem. But so far, no intelligent controller is reported to control the dc chopper. It is
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very prompting to examine the use of a nonlinear controller for the dc chopper resistor for
the LVRT performance enhancement application.
All these aspects provide enough motivation to conduct and pursue the research.
1.5

Research Objectives
The main research objective is to apply semiconductor based FCLs into DFIG and

DFIG based wind farm to check their effectiveness in LVRT application.
• Develop mechanical and electrical model of DFIG based wind turbine and wind
farm.
• Various power system model development as the test systems where the idea will be
implemented.
• Design and model different semiconductor based FCLs for their LVRT application.
• Different kinds of linear and nonlinear controller development for semiconductor
based FCLs.
• Compare the performance of the FCLs with other device and between them by
considering various power system models as the test systems.
• Provide a comprehensive performance comparison through graphical as well as
numerical representation.
1.6

Novelty
This dissertation proposes the application of semiconductor based FCLs with

diode bridge topology for LVRT capability enhancement of variable speed DFIG based
onshore wind farm and particle swarm optimization based dc chopper for LVRT capability
enhancement of offshore DFIG based wind farm. Some novel contributions by the
dissertation are enlisted below:
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• First time the bridge type fault current limiter (BFCL) has been applied to improve
the LVRT capability enhancement of grid connected DFIG based wind generator
system.
• A nonlinear controller is proposed to control the modified BFCL that significantly
enhances the performance compared to the conventional controller.
• This is the first instance of applying the parallel resonance fault current limiter
(PRFCL) to augment the LVRT capacity of DFIG based wind farm.
• Fuzzy logic controller is proposed to control the PRFCL in order to improve the
performance of the LVRT capability of DFIG based wind farms.
• Particle swarm optimization has been proposed for application to the LVRT
performance improvement of the offshore DFIG based wind farm. This is the first
time this sort of metaheuristic algorithm has been proposed for LVRT application.
1.7

Dissertation Organization
The organization of the dissertation is depicted in the flow chart in Fig. 1.10.

Chapter 1 gives an idea about the present and future of wind energy along with
background, motivation, research objective and novelty of the dissertation. A bird’s eye
view of the wind energy conversion system is available in Chapter 2. Some modeling and
characteristic aspects of the DFIG is provided in Chapter 3. Chapter 4 to Chapter 7 renders
the various aspect of semiconductor based FCL application in wind farms powered by
different controller design aspects. Particle swarm optimization technique application on
LVRT improvement of the offshore wind farm is presented in Chapter 8. Chapter 9 gives
the brief summary of the entire dissertation and direct the tentative future works.
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Fig. 1.10. Structure of the dissertation.
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CHAPTER 2
WIND ENERGY CONVERSION SYSTEM (WECS) OVERVIEW
The conversion of kinetic energy of wind into electrical power by a WECS is
shown in Fig. 1.5. As we know that many renewable sources are intermittent in nature,
wind energy is no exception to that. The wind speed varies over time. Turbines are
designed in a way that they require a minimum wind speed to start electricity production.
This is called cut in wind speed and it varies in the range of 3 m/s to 5 m/s for different
wind turbines [126]. As the wind speed goes up, output energy increases in non-linear
manner. The speed, at which the nominal power output of the turbine is achieved, is called
nominal wind speed. Depending on rotor and blade design of turbines, nominal speed
varies between 11 m/s and 16 m/s [126]. If the wind speed goes beyond the nominal
speed, then the output power is kept constant at nominal output power by controlling the
turbine efficiency through some mechanical arrangements like the stall control, pitch
control or the active stall control. There is a maximum threshold of wind speed, beyond
which operation of a wind turbine is risky enough to cause mechanical damages. This is
called cut out wind speed. When cut out wind speed is exceeded, wind turbine is taken out

Fig. 2.1. Typical wind turbine power output with steady wind speed [127].
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of operation. Depending on whether the wind turbine is designed to operate at low or high
wind speed, the cut out wind speed is ranged between 17 and 30 m/s. Fig. 2.1 shows the
relation of wind speed with the electrical output power of a typical wind turbine. In the
following subsections, an overview on the WECS is given.
2.1

Wind Turbine Components
Wind turbine is the device that does the wind energy conversion as a whole. The

construction and design of a wind turbine involve electrical, mechanical and civil
engineering. Fig. 2.2 and Fig. 2.3 show the components of a typical turbine.
Turbine blades: Blades are the airfoils in the modern day wind turbines that actually
receive the kinetic energy. Therefore, blade diameter is a clear indicator of a wind
turbine’s power production capacity. Also the design and material used in it play the key
role. Fiberglass reinforced with polyester and wood epoxy are popular material for blade
construction. Blade rotation speed reduces with the increase of blade diameter and
typically ranges from 3-30 rpm which can be fixed or variable speed. The tendency of
placing wind turbines to offshore location is increasing. Also there is increase in blade
diameter as shown in Fig. 2.4[12].
Turbine hub: Turbine hub is the point where all the blades are connected. It also carries
the pitch control system.
Shaft: Turbine hub is connected to the gear box or the direct drive system through a
mechanical shaft.
Gear box: This is the arrangement that converts the low blade rotation speed into high
generator rotor speed. It also actively takes part in maintaining desired speed of the
generator rotor shaft.
Direct drive: As the gear box system is costly and requires frequent maintenance, some
manufacturers directly couples the shaft into the generator rotor. Drive train types are
shown in Fig. 2.5.
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Fig. 2.2. Wind turbine [128].
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Generator: It is the electrical machine to convert the mechanical energy into electrical
energy. Depending on operating criteria, their type varies.
Pitch control: To control the efficiency of the turbine, blades are aligned at desired angle
with the wind direction. This is achieved by the pitch control, and it is located in the
turbine hub.
Yaw system: To align the blade rotation plane in perpendicular with the wind direction a
yaw system is used. This system interfaces the tower with the nacelle.
Nacelle: The covered item that is placed on top of the tower is the nacelle, and it contains
a gearbox, shaft, generator, power electronic equipment’s, switchgear, wind flow direction
and speed detection sensors, etc.

Fig. 2.3. Turbine cross section [129].
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Fig. 2.4. Wind turbine size: past, present and future [12].
Transformer: Normally electricity is generated at low voltage. To transmit the generated
electricity, stepping up of the voltage is necessary. So the turbines are equipped with
transformers that are typically placed on the ground very close to the tower base.
Tower: Tower is the support for nacelle, and it gives the turbine strength. Power lines go
through the tower to connect the generator to the transformer. Ladder and service hoist are
also placed inside the tower. Now-a-days, there are some airborne wind turbines which do
not need stiff and strong tower.
Foundation: Tower is attached to a solid foundation whether it is placed onshore or
offshore.
2.2

Wind Turbine Types
The wind turbines are classified depending on various aspects like axis of rotation,

location of installation, output power scale, generator rotor speed, power electronic
converter rating, generator type used, etc. They are described as follows.
2.2.1

Axis of Rotation
The vertical axis wind turbine (VAWT) and horizontal axis wind turbine (HAWT)

are the two wind turbine types based on axis of rotation [131]. A brief description follows.
Vertical axis wind turbine (VAWT): The generator shaft is positioned vertically with the
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Fig. 2.5. System level drive train technologies [130].
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blades rotating around it. They are normally of small height. An example is given in
Fig. 2.6. VAWT can be of two types, namely a) drag type and b) lift type.
Horizontal axis wind turbine (HAWT): In this type of turbine, the generator shaft is
positioned parallel to the ground and the blades are positioned on top of a long tower. The
HAWT is taller and this type is popular for its high output power. A HAWT is shown in
Fig. 2.7. A comparison between HAWT and VAWT is given in tabular form in Table
2.1[133].
2.2.2

Installation Location
Traditionally, the wind turbines were installed on land. But in 1991, the first wind

turbine was installed on the shallow sea near coast [134]. They are termed as offshore
wind turbine. To distinguish an offshore wind turbine, wind turbines placed on land are
termed as onshore wind turbines.
Onshore wind turbine: This is the old concept of wind turbine placement. They provide

Fig. 2.6. Vertical axis wind turbine [131].

24

Fig. 2.7. Horizontal axis wind turbine [132].
Table 2.1. Comparison of the horizontal axis and the vertical axis wind turbine [133].

Power generation efficiency
Electromagnetic interference
Steering mechanism of wind
Gear box
Blade rotation space

Horizontal axis
50%-60%
Yes
Yes
For greater than 10 kW
Quite large

Wind resistance capacity

Weak

Noise
Starting wind speed
Ground projection effect on human being
Failure rate
Maintenance
Rotating speed
Effect on birds
Cable stranding problem
Power curve

5-60 dB
High (2-5m/s)
Dizziness
High
Complicated
High
Great
Yes
Depressed
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Vertical axis
Above 70%
No
No
No
Quite small
Strong (can resist
typhoon upto class 14)
0-10 dB
Low(1.5-3m/s)
No effect
Low
Convenient
Low
Small
No
Full

Fig. 2.8. Onshore wind turbine.
good performance at low installation along with low maintenance cost but gives low
efficiency. Fig. 2.8 shows onshore wind turbine.
Offshore wind turbine: Offshore turbines as in Fig. 2.9, give higher efficiency as the wind
speed at offshore location is higher and more uniform. They are gaining popularity and
large capacity wind turbines that are built at present days are offshore type.
Airborne wind turbine: There is a new type of wind turbine which is placed in air floating
like kites. These types are still in research and their prototypes are showing huge potential
[43].
Advantages and disadvantages of onshore and offshore wind turbine are given in
Table 2.2.
2.2.3

Output Power Scale
Day-by-day output electrical power capacity of the wind turbine is increasing.

According to the output power capacity, they can be categorized into different classes
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Fig. 2.9. Offshore wind turbine.
Table 2.2. Onshore and offshore wind turbine comparison.

Advantages

Disadvantages

Onshore wind turbine
-Cheaper foundations
-Cheaper integration with the electrical
grid network
-Cheaper installation and access during
the construction phase
-Cheaper and easier access for
operation and maintenance.
-Negative visual impact
-Noise
-Restrictions associated with
obstructions (buildings, mountains, etc.)
-Land-use disputes
-Limited availability of lands
-Harm to birds
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Offshore wind turbine
-Higher and more constant
wind speeds
-Higher efficiency
-Low pay-back time
-Higher production
capacity

-Higher installation cost,
-Effect on many living sea
organisms

[44]. Purpose at hand defines the power scale to be selected by the user. Small and
medium scale turbines are utilized in remote standalone system, and large scales wind
turbines are connected to microgrids and power grids.
Small scale wind turbine: They can operate at relatively low annual wind speed ranging
from 2.5 m/s to 4 m/s with fairly low capacity of 0.025 kW to 10 kW.
Medium scale wind turbine: They give output power from 10 kW to 100 kW and operate
fairly at an annual wind speed of 4 m/s to 5 m/s.
Large scale wind turbine: Any wind turbine with output power capacity greater than 100
kW lies in this range, and they need average annual speed over 5 m/s.
2.2.4

Rotational Speed
According to the rotational speed, there are two types of wind generator systems:

(1) fixed speed and (2) variable speed. The primitive wind turbines were fixed speed type
but for the last decade variable speed types are mostly used for new installations.
Fixed speed: Induction machines are used as fixed speed wind generators. This system is
also referred to as the Danish concept. In the start-up sequence, the rotor may be held
stopped and as the brakes are released, the rotor shaft would be accelerated by the wind
until the desired fixed speed is reached. At this instant, grid connection would be made
and then the grid (through the generator) will hold the constant speed. When the wind
speed is increased beyond the rated power generation level, power production will be
regulated by stall or by pitching the blades to match with the grid frequency. Speed
variation is very low, typically 1∼2% of the nominal speed. A soft starter is used to
reduce the startup inrush current. A reactive power compensator (i.e. fixed capacitor) is
also needed to reduce the reactive power demand of a fixed speed wind generator.
Variable speed: In this type of generator, blade speed is matched with wind speed and
generated power is conditioned by power electronic converters. The generators can be
connected to the grid at low speeds in mild winds and then speed up in proportion to the
wind speed. As rated power production is reached, the turbine shaft reverts to nearly
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constant speed operation. To accomplish this, blades are pitched at an appropriate angle.
Wound field synchronous generator (WFSG), permanent magnet synchronous generator
(PMSG) and doubly fed induction generator (DFIG) are the most commonly used variable
speed wind turbines. Their relative advantage and disadvantages are given in Table 2.3.
2.2.5

Axis Orientation and Hub
If axis orientation and hub are considered, then there come two variants of turbine.

There is one where the wind hits the blades first called (1) Up-wind turbine and another
one where the wind hits the tower first, and then the blades called (2) Down-wind. Their
relative comparison is presented in Table 2.4. Fig. 2.10 shows the Up-wind and
Down-wind type wind turbine. To get the full advantage of both of the types, a twin rotor
wind turbine is proposed[135].
2.3

Drive Train System
In literature, few types of models for the wind turbine drive train are available

[137]. They are given as follows:
Table 2.3. Relative advantage and disadvantages of the FSWT and the VSWT.
Fixed speed wind turbine

Advantages

-Simple, robust and reliable
-Proven technology
-Low cost of,electrical parts
-Low maintenance
-Higher lifetime

Disadvantages

-Uncontrollable reactive power
consumption
-High mechanical stress
-Limited power quality control
-Low efficiency
-Fluctuation of wind speed is
transmitted to grid
-Lower stability
-Lower efficiency
-Lower Output power capacity
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Variable speed wind turbine
-Higher energy capture
-Improved power quality
-Reduced mechanical stress
-Higher overall efficiency
-Higher output power capacity
-Complete and separate control of
reactive and active power
-Gear system can be avoided

-Costly
-Higher maintenance required
-Equipment consuming
-Power electronic converter required

• Six-mass drive train model
• Three-mass drive train model
• Two-mass shaft model
• One-mass or lumped model
2.3.1

Six-Mass Drive Train Model
The basic six-mass drive train model is presented in Fig. 2.11. This is the most

detail system, and it captures almost all the dynamics of the mechanical system. This
model is suitable for elaborative studies where the turbine performance with wind speed
variation is of importance. It consists of six inertias: the three blade inertias

Fig. 2.10. (a) Up-wind (b) Down-wind turbine [136].
Table 2.4. Up-wind and Down-wind turbine comparison.
Up-wind
-It provides less variation in the
power output
-Tower shadow effect is avoided
-A rigid hub is required. A fair
separation of hub from the tower is
necessary. Else, the bending blades
may hit the tower
-This is the popular design for
turbines in the MW- range mostly.

Down-wind
-Yaw mechanism can be avoided if the nacelle
is designed with a streamlined body that will
make it aligned to the wind direction
-More flexible rotor is possible. Blades can
bend at higher speed, releasing load off the tower
-Higher fluctuations in wind power, as blades are
affected by the tower shadow
-Employed only in small wind turbines.
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Fig. 2.11. Six mass drive train model [138].
(JB1 , JB2 andJB3 ) , hub inertia JH , gearbox inertia JGB and generator inertia JG . Other
secondary drive train elements inertia like axes, disc brakes, etc. are lumped into them.
Angular positions of the blades, hub, gearbox and generator are given by ΘB1 , ΘB2 , ΘB3 ,
ΘH , ΘGB and ΘG respectively. ωB1 , ωB2 , ωB3 , ωH , ωGB and ωG represent the rotational
velocities of the blades, hub, gearbox and generator. The mutual damping between nearby
masses is expressed by dHB1 , dHB2 , dHB3 , dHGB and dGBG . The elasticity between
neighboring masses is expressed by the spring constants KHB1 , KHB2 , KHB3 , KHBG and
KGBG . Individual masses cause some torque losses represented by DB1 , DB2 , DB3 , DH ,
DGB and DG . The turbine torque is the sum of the individual blade torques TWT . The
generator torque is TE and three individual aerodynamic torques TB1 , TB2 and TB3 are
acting on the three blades. The aerodynamic torques acting on the hub and gearbox are
assumed to be zero.
2.3.2

Three-Mass Drive Train Model
In a three-mass drive train mode, it is assumed for simplicity that the three-blade

turbine has same weight. The turbine torque TWT , is assumed as the sum of the torques on
the three blades. So the turbine hub and blade mass can be lumped into a single mass, and
the six mass system is reduced to a three mass system as shown in Fig. 2.12. Also the two
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Fig. 2.12. Three mass drive train model [139].
separate masses of the gearbox can be thought of as a single mass. This model is called
transformed tree mass model as shown in Fig. 2.12.
2.3.3

Two-Mass Shaft Model
The three-mass system can be converted into a two-mass system by adding the

gearbox mass either with the turbine mass or the generator mass as shown in Fig. 2.13. In
this model, the shaft has a uniform stiffness. Three mass or two mass drive train model are
suitable for studies that investigate steady state and longtime performance of a turbine.
The six mass system is very detailed and hard to model. It takes a long time to simulate a
six mass system. It is reported that two or three mass models give a good result without
loss of that much accuracy [139].
2.3.4

One Mass or Lumped Model
The most simple of all drive train models is the one mass or lumped mass model as

shown in Fig. 2.14. Here all the masses are lumped into a single mass. This single mass
system is suitable for transient stability studies where the time duration of interest is
small, e.g. fault studies.
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Fig. 2.13. Two mass drive train model [138].

Fig. 2.14. One mass or lumped model [138].
2.4

Speed and Torque Regulation of Wind Turbines
The turbine speed and torque control mechanism is a speed regulation technique

for overspeed control as well as the rotors to be slowed down or stopped. Its purpose is to
• Make maintenance possible
• Reduce noise pollution
• Tune aerodynamic efficiency
• Retain the generator with its torque and speed limits
• Keep the rotor and the tower within their mechanical strength limits.
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Fig. 2.15. Typical power curves for a fixed speed, stall controlled (dashed) and variable
speed, pitch controlled (solid) wind turbines [126].

Fig. 2.16. Vertical furling control [136].
There are three popular methods to do it: (1) stall control, (2) pitch control and (3) furling
[136]. Their functions, principles and relative comparison of stall and pitch, are given in
Table 2.5. Fig. 2.15 shows the power curve for stall and pitch control. To accommodate
the advantages from the stall and the pitch control mechanism, there is a solution called
active stall control where along with the aerodynamic design, blades are furnished with
motor to pitch themselves.
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Table 2.5. Relative comparison of the stall and the pitch control.
Stall control
-Angle of incidence of wind is increased
causing decrease in lift-to-drag ratio
-Blades designed in a way that at high wind
speeds, the rotational speed or the
aerodynamic torque reduces, and thus the
power production decreases with increasing
wind speed above a certain value
-Limited capital cost of the turbine
-Lower maintenance
-Increasing power up until the rated wind
speed, beyond which it sees lower power
than rated power until the cutout speed
-Higher vibration and noise

Pitch control
-Decrement in angle of incidence of
wind causes decrease in lift-to-drag
ratio
-Equipped with an active control
system that can vary the pitch
angle (turn the blade around its own
axis) of the turbine blades to decrease
the torque produced by the blades in a
fixed-speed turbine and to decrease the
rotational speed in variable-speed
turbines
-Higher maintenance and capital cost
-Usually employed for high wind
speeds only (usually above the
rated speed)
-Increasing power up until the rated
wind speed beyond which it sees
constant power until the cutout speed
-Lower vibration and noise

Another principle of speed and torque control is furling. It involves aligning the
blade rotation plane at some angle to the direction of the wind. This can be done along the
vertical axis as in Fig. 2.16 or horizontal axis as in Fig. 2.3.
2.5

Power Electronics in WECS
The VSWT technology is actually based on the power electronics. The

advancement in semiconductor fabrication technology along with their modular design
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has facilitated the use of power electronic devices in high voltage and high power level
with high switching frequency. Table 2.6 shows the comparison of ratings among the basic
power electronic units like gate turn-off thyristor (GTO), integrated gate-commutated
thyristor (IGCT), bipolar junction transistor (BJT), metal-oxide-semiconductor-field-effect
transistor (MOSFET) and insulated gate bipolar transistor (IGBT). The Rectifiers,
inverters and frequency converters are made of these units. These days IGBT is the most
popular choice for its high frequency operation that enables better control. IGBT is used
to form self-commutated power converters. They can work on controlling the current or
voltage. These converters are named according to the parameter they are controlling.
Fig. 2.17 shows the current source converter (CSC) and voltage source converter (VSC).
As per the converter requirement, the VSWTs are divided into two types, namely, a) full
scale converter and b) partial scale converter. They are described in brief below:
Full scale converter: In this type of arrangement, the total generated power is conditioned
and it is passed through converters. This gives a full speed range of operation and
complete control over real and reactive power. Gear box can be avoided by using direct
drive system with the full scale converter. This will enhance efficiency and reduce the
cost. The drawbacks are the higher cost of the converter and their associated losses. If
there is any problem with the converter, then the power delivery is fully hampered.
Table 2.6. Rating comparison of the power electronic components [140].
Switch types
GTO

IGCT

BJT

MOSFET

IGBT

Voltage1 (V)

6000

6000

1700

1000

6000

Current2 (A)

4000

2000

1000

28

1200

Switching frequency (kHz)

0.2-1

1-3

0.5-5

5-100

2-20

Drive requirement

High

Low

Medium

Low

Low

1. Maximum output rating
2. Operational range
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Fig. 2.17. Types of self-commutated power converters for wind turbines: (a) a current
source converter and (b) a voltage source converter [140].
WFSG, PMSG, switched reluctance (SR) generator and sometimes squirrel cage induction
generator (SCIG) need full scale converter for their operation. Fig. 1.8 shows a diagram
for a full scale converter topology for WECS.
Partial scale converter: The induction generator comes with the advantage of slip power
recovery, which means, the rotor can be connected to the external circuit to extract power
from it. As the power is fed from the rotor as well as the stator, this kind of generator is
called DFIG. The stator is directly connected to the grid but the power through the rotor is
conditioned through converters to gain control over voltage, frequency and output power.
Most of the power is transferred to the grid via stator and only 30% of the nominal power
is handled by rotor circuit. So only a partially rated converter is enough for its operation.
This essentially slashes down the power converter cost and loss associated with converter
switching. Brushless DFIG (BDFIG) and cascaded DFIG, the two variant of DFIG, also
use partially rated converter. Fig. 1.7 shows a partially rated converter topology.
Frequency converters: The VSWT generators produce a frequency which does not match
with the grid frequency. To connect the wind turbines to the grid, frequency matching is
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required. This job is executed by frequency converters. There are a few types of
converters available. They are listed as follows:
• Back-to-back converters
• Multilevel converters
• Tandem converters
• Matrix converters

Fig. 2.18. Frequency converters [141].
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• Resonant converters
Some frequency converters are shown in Fig. 2.18. A back to back converter is very
popular. But other converters like multilevel and matrix converters are gaining popularity.
Extensive research is going on with designing low cost high efficiency converter topology.
2.6

Generator Types Used in WECS
Traditionally, the SCIGs, the synchronous generators and the dc generators have

been used for small scale power generation. The DFIG is currently the most dominant
technology for medium and large wind turbines, while the PMSG, the switched reluctance
(SR) and the high temperature superconducting (HTS) [142] generators all are extensively
researched and developed over the years.
Fig. 2.19 gives a classification of the generators used in the WECS, and their
relative comparison is given in Table 2.7.

Fig. 2.19. Generators used in the WECS.
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Table 2.7. Relative comparison of the wind generators used in WECS [141].
Performance
indicator

DC generator

Induction generators

Synchronous generators

FSIG

DFIG

Electromagnet

PMSG

Reluctance

HTS

Variable

Fixed

Variable

Variable

Variable

Variable

Variable

Directly to

Directly to

Via stator

Totally via

Totally via

Totally via

Totally via

grid

grid

and converter

converter

converter

converter

converter

High

High

Low

Low

Low

Medium

Very low

Converter scale

100%

0%

App. 30%

100%

100%

100%

100%

Controllability

Poor

Poor

Good

Good

Good

Good

Very Good

No

Dependent

Separate

Separate

Separate

Separate

Separate

Low

Low

High

Medium

Very high

Medium

High

Efficiency

Low

Low

High

High

Very high

Medium

Extremely high

Reliability

Poor

Medium

High

High

High

Very high

High

Slow

Slow

High

High

High

High

Very high

Cost

Low

Low

Medium

Medium

High

Medium

Very high

Mass saving

Low

Low

High

Medium

Very high

Low

Extremely high

Small wind

Medium- large

Small-medium

application

wind turbines

wind turbines

Speed
Power supply
Voltage
fluctuation
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Real and reactive
power control
Grid support
capability

Fault
response

Low power,
Suitability

residential
turbine

Direct drive
small-medium
wind turbine

Early stage

Large wind
turbine early stage

2.7

Fault Current Limiters
New power generation plants and distributed energy sources are launched to meet

up the demand. Higher power generation capacity of the power system results in higher
fault currents. Faults are dangerous and threatening to stable operation of power system.
The short-circuit fault is the most harmful among the various faults that take place in the
power system [143]. At the instance of short-circuit fault, the fault current can be even
more than 20 times the maximum rated current [119]. A serious fault may cause explosion
and fire of equipment that may contain insulating oil, an extreme surge of power injection
into the shorts melting the conductors and isolation. When the fault is less severe, the
regular power flow is obstructed by protective circuits resulting in black outs, transient low
voltage or overvoltage, and may bring in loss of synchronization among generating units.
On top of that, excessive magnetic forces acting on the electrical equipment may damage
them and cause destruction. So it is imperative to address the excessive current at fault.
To handle the fault current some legacy devices are being used for a long time. A
brief idea about this is as follows:
Fuses: They are the most primitive protection devices. Their design and working principle
is very simple. Low voltage and medium voltage range are their areas of application. They
are good for a single use, and manual replacement is necessary after that. This makes
them unpopular for critical and repeated applications.
Circuit-breakers: They are the most popular, vastly used reliable protection device used at
all voltage levels. The size and cost of the circuit breaker soars with the increase in range
of current interrupting capabilities. They are purely mechanical devices by working
principle thus requires periodic maintenance. It takes 2 to 5 electrical cycle (without
detection time) [144] to interrupt fault current because they wait for the moment when the
ac current crosses zero (zero crossing instant). Their number of operation cycle is also
limited before a maintenance or replacement is required.
Transformer and air-core reactor: Sometimes the property of high reactance of the
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transformers or air-core reactor is used to suppress the fault current by providing them
with high reactance value. They increase the system impedance and this creates a
bottleneck for the fault current.
System reconfiguration and bus-splitting: A system level reconfiguration and splitting the
buses as per demand can be done to divert or share the current to keep the fault current at
the desired level.
The legacy protective devices are not in a match for the smart grid age when the
share of distributed energy resources age is getting high, and the expectations from a
protective device are becoming more demanding. Advent of FCL is the outcome to fulfill
this demand. The definition of a FCL is formalized by IEEE[145, 146] is quoted below:
"A device, which offers condition-based increase in resistive and/or reactive
impedance between normal conducting mode and current limiting mode to limit the
prospective peak and RMS fault current in an alternating current power system to the
desired value."
Waveforms representing the generic FCL action are depicted in Fig. 2.20 [146].
2.8

Expected Characteristic of FCL
As a smarter protective device, the expectation from the FCLs are itemized below:
• At normal operation condition, FCLs should offer low or negligible impedance,
hence cause low voltage drop and power loss;
• Switch to large impedance in milliseconds in fault conditions from very low
impedance at normal operation;
• Should be able to withstand nominal distribution and transmission voltage and
currents long periods of time to ensure normal operation;
• Should survive the fault conditions for the necessary amount of time;
• Long lifetime and high reliability;
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• Minimum amount of preventive and accidental maintenance;
• Very high temperature withstanding capability;
• Endure high dV /dt and dI/dt rate;
• Very fast recovery time;
• Capable of current interruption before the first peak current at fault;
• Low capital investment, volume, and size; and
• Automated control from remote location
2.9

Benefits of FCL
FCLs offer some inherent benefits for a proper operation of the existing as well as

futuristic idea of the smart grid. The list below provides some key benefits [147, 148].

Fig. 2.20. FCL operation representing waveform [146].
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• Transient stability enhancement of the power grid.
• Voltage profile can be improved.
• Voltage sags can be minimized in nearby buses.
• Avoid equipment destruction during fault can be avoid.
• Retrofitting of the existing transmission line can be deferred in case of integration of
new generation sources or distributed energy sources.
• Already installed circuit breakers can continue to work even if the short circuit
current capacity is heightened by distributed generation. This saves costly circuit
breaker upgradation.
• Equipment with lower current interruption capabilities can be used.
• Installation of series reactor, bus-tie breakers and splitting of buses can be avoided.
2.10

Types of FCL
Classification of FCL has been done differently in literature. However, they fall

into some common types. An attempt has been made to give a generic classification of
FCL in Fig. 2.21 [145, 146, 149].
Superconducting FCL (SFCL): Superconducting materials presents a very highly
nonlinear resistance property. At low temperature, they offer very low resistance. But as
the current through them tends to rise, their superconductive property diminishes and they
offer high resistance. For this behavior, known as ’quenching’, they are very useful
material to be used in FCLs. The low temperature superconductors operate at around the
temperature of liquid helium (4 K). The second generation high temperature counterpart
shows the superconducting nature around the boiling point of nitrogen (77 K). The two
most commonly used superconducting materials are Yittrium-Barium-Copper-Oxide
(YBCO) which is used for thin film techniques and the

44

Fig. 2.21. FCL Classification.
Bismuth-Strontium-Calcium-Copper-Oxide (BSCCO) which is used for filament [150].
However, in between these two materials, there lies Magnesium Diboride (M gB2 )
superconductors with reduced cost but critical temperature of 39 K [151, 152]. To name
the major variants of the SFCL, we can mention a) Resistive type, b) Saturated (DC
biased) iron core, c) Shielded iron core, and d) Flux lock type, etc.
A successful test is reported in [153] on October, 2011 of a 138 kV, 0.9 kA
resistive SFCL in a high voltage ac transmission grid [13]. The tested system has
performed to suppress fault current levels by greater than 50 percent.
Solid-State FCL (SSFCL): High reliability, long service life and fast switching speed are
very valuable characteristics of solid state power semiconductor devices. These features
encourage the application of solid state devices into a FCL. However, effective application
of semiconductor devices in FCL also require high continuous current capability, low
on-state voltage, low switching losses, low conduction loss, high reverse blocking voltage,
ease of control, and high temperature withstanding capacity. Power electronic devices like
thyristor, gate turn-off thyristor (GTO), Super GTO (SGTO), emitter turn-off thyristor
(ETO), Insulated Gate Bipolar Transistor (IGBT), and Integrated Gate-Commutated
Thyristor (IGCT) are promising options for FCL applications. These devices are used in
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Fig. 2.22. a) Series resonance type FCL, b) Bridge type FCL, c) Series Switch type FCL.
SSFCL research and some silicon carbide (SiC) device like the SiC-GTO has shown
promising high voltage performance[154]. To handle high grid voltage and high reverse
recovery voltage, the semiconductor devices need to be stacked in series. Redundant paths
are used so that if one path fails the other path remains operational. To achieve increased
current carrying capability, parallel connections may also be required.
Different combinations and arrangements of solid state devices has been reported
[119, 144, 149, 155] to manifest a SSFCL. The prime topologies include: a) Bridge type
FCL, b) Series/Parallel resonance type FCL, c) Series Switch type FCL, and d) GTO,
IGCT, IGBT, SGTO based FCLs (Fig. 2.22 [149]).
Electromagnetic FCL (EMFCL): EMFCLs are designed to automatically and quickly
change the impedance according to the level of the fault current. Exploiting the inductive
magnetic property, the current is confined to a narrow range of values regardless of the
level of the fault current. They utilize the ferromagnetic materials’ non-linear
characteristics to realize a high inductance. During normal operation, the ferromagnetic
core is forced into saturation by a bias current. The coil inductance is negligible during the
saturation. The magnetic core is brought out from saturation if fault occurs. Hence the
coil offers a high inductance path and limits the fault current. Design of the EMFCLs
varies according to the magnetic design, core shape and bias arrangement [156]. A
schematic diagram of EMFCL is given in Fig. 2.23.
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Fig. 2.23. Electromagnetic FCL.
Hybrid FCL: To get the advantage of superconductivity, solid state device and magnetic
saturation property, hybrid FCLs are used.
2.11

Chapter Summary
This chapter renders a comprehensive idea about the state of the art of the wind

energy conversion system. Different turbine components, controls and topologies were
focused on. Also an overview about the fault current limiters, their principle and
construction, different types and topologies were discussed.
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CHAPTER 3
WIND TURBINE MODELING
Different aspects of wind turbine modeling are described in this chapter. A wind
turbine is made up of mechanical as well as electrical part. The mechanical part regulates
the kinetic power received from the wind and converted into mechanical power. Receiving
more kinetic energy than the amount that can be converted creates excessive mechanical
pressure to wind turbine mechanical structure. On the other hand, receiving a lower
kinetic energy reduces the energy production.
The heart of the electrical part is the DFIG. The primary purpose of this machine is
to convert the supplied mechanical power into electrical power. Energy conversion takes
place through the air gap flux between the wind turbine rotor and DFIG stator. Modeling
equations of the DFIG are also described.
3.1

Aerodynamic Modeling
The kinetic energy of the flowing wind is received by the wind turbine, and the

converted mechanical power Pm is dependent on the power coefficient Cp . Pm is also
dependent on the wind speed Vw and can be expressed as [157],
1
Pm = Cp Pwind = πρR2 Vw3 Cp (λ, β)
2

(3.1)

where Pwind is the kinetic power of the air flow, air density is ρ and R is the turbine blade
radius. Cp is a function of both the tip speed ratio λ and the blade pitch angle β. The
relevant equations are,
Cp (λ, β) = C1 (

C
C2
− 5
− C3 β − C4 )e λi + C6 λ
λi

λ=

ωR
Vw

0.035
1
1
− 3
=
λi
λ + 0.08β β + 1
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(3.2)

(3.3)

(3.4)

where ω is the turbine rotational speed and C1 ∼ C6 (C1 = 0.5176, C2 = 116, C3 = 0.4, C4 =
5, C5 = 21, and C6 = 0.0068) are coefficients that define the turbine characteristic [157].
3.2

Drive Train
A two mass drive train was exploited considering the turbine blades and hub as

one inertia Ht and the gearbox and the DFIG rotor as the other inertia Hg , coupled via
elastic turbine shaft with stiffness coefficient Ks . As a two mass shaft model is sufficient
for analysis of transient stability of grid connected wind turbines [158], it is considered in
this dissertation as shown in Fig. 3.1. The equations of the dynamics are given below:
dθs
= ωt − ωg
dt

(3.5)

dωt
1
=
(Tt − Ks θs )
dt
2Ht

(3.6)

dωg
1
=
(−Te + Ks θs )
dt
2Hg

(3.7)

where Tt is the mechanical torque referred to the generator side, Te the electromagnetic
torque, ωt the turbine’s angular speed, ωg the generator’s angular speed, and θs is the
angular displacement between the ends of the turbine shaft.
Also, a single mass drive train is considered in chapter 4 which is shown in
Fig. 2.14.

Fig. 3.1. Implemented two mass drive train.
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Fig. 3.2. Pitch controller.
3.3

Pitch Control
Controlling the blade pitch angle is crucial as it regulates the amount of received

kinetic power of the wind that is being converted to mechanical power by the rotor. The
pitch angle control is realized by some PI controller as shown in Fig. 3.2. To compensate
for the power fluctuation in the electrical system, a power control loop is added to provide
feedback into the pitch controller. The pitch servomechanism is modeled with a first order
delay system with a time constant, T=10ms. A rate limiter is added to obtain a realistic
response because generally the pitch actuation system cannot respond instantly. The
limitation change rate of pitch angle is very crucial during grid faults because it governs
how fast the mechanical power can be reduced in order to counteract the over-speeding
during faults. A typical value of 10 deg./s is used as the pitch rate limit in this dissertation.
The pitch angle controls directly the generator speed. So it prevents over-speeding both in
normal operations and during grid faults. Pitch controller can be used to maintain the
output power of a wind generator at its rated level when the wind speed is over the rated
speed. In case of over-speeding, the aerodynamic power is automatically adjusted while
the speed is controlled to its rated value. This means that there is no need to design an
additional pitch control solution to improve the dynamic stability during grid faults. In
some studies[159, 160], this pitch controller is used to enhance the transient stability of a
wind turbine when a network disturbance occurs in the power system.
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3.4

Modeling of DFIG
The DFIG is made up of stator windings and rotor winding equipped with the slip

rings. The stator comes with three phase insulated windings facilitating the desired pole
design. It is interfaced to the grid through step up transformer. The rotor has similar
construction to the stator. The rotor windings are interfaced to the external circuitry
through brushes and slip rings. Using those circuitries, the rotor current can be regulated
to achieve control. The equations governing the dynamic behavior of the DFIG
representing a state space model in a synchronously rotating reference frame (dq-frame)
are presented in eq. 3.8-3.11 [161],
Vds = Ids rs +

d
λds − ωe λqs
dt

(3.8)

Vqs = Iqs rs +

d
λqs + ωe λds
dt

(3.9)

Vdr = Idr rr +

d
λdr + (ωe − ωr )λqr
dt

(3.10)

Vqr = Iqr rr +

d
λqr + (ωe − ωr )λdr
dt

(3.11)

where Vds , Vqs , Vdr , Vqr are the d and q-axis stator and rotor voltages, respectively.
The q and d-axis stator and rotor currents are Ids , Iqs , Idr , Iqr , respectively. λds , λqs , λdr ,
λqr are the d and q-axis stator and rotor fluxes, respectively. ωe is the angular velocity of
the synchronously rotating reference frame. ωr is rotor angular velocity, rs and rr are the
stator and rotor resistances, respectively. Another important set of equation are the flux
linkage equations comes in the form below:
λds = Ids Ls + Idr Lm

(3.12)

λqs = Iqs Ls + Iqr Lm

(3.13)

λdr = Ids Lm + Idr Lr

(3.14)
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λqr = Iqs Lm + Iqr Lr

(3.15)

where Ls = Lls + Lm and Lr = Llr + Lm . Ls , Lr , Lm , Lls and Llr are the stator, rotor,
mutual inductance, the self-inductance of stator, and the self-inductance of rotor,
respectively. To get the current equations, eq. 3.12-3.15 are solved that yields:
Iqs =

Lm
1
λqs −
λqr
σLs
σLs Lr

(3.16)

Ids =

1
Lm
λds −
λdr
σLs
σLs Lr

(3.17)

Iqr = −

1
Lm
λqs +
λqr
σLs Lr
σLr

(3.18)

Idr = −

Lm
1
λds +
λdr
σLs Lr
σLr

(3.19)

Ls Lr − L2m
Ls Lr
Active Power, Reactive Power and Torque Calculation : There are some losses in the
where σ is the leakage coefficient given as, σ =

generator, namely copper loss, stray power loss, eddy current loss. But they are not
significant in analyzing the transient and steady state behavior. Thus ignoring power
losses within the generator, the active and reactive power outputs from stator and rotor
side are given as:
3
Ps = [Vqs Iqs + Vds Ids ]
2

(3.20)

3
Qs = [Vqs Ids − Vds Iqs ]
2

(3.21)

3
Pr = [Vqr Iqr + Vdr Idr ]
2

(3.22)

3
Qr = [Vqr Idr − Vdr Iqr ]
2

(3.23)

The total active and reactive power at the DFIG terminal is the summation of rotor
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and stator power. It is given by:
PT otal = Ps + Pr

(3.24)

QT otal = Qs + Qr

(3.25)

Depending on the sign of PT otal and/or QT otal , DFIG is either injecting power to the
power grid, or it is absorbing power from the grid.
Due to the interaction of air-gap flux and the rotor magneto-motive force (mmf)
electromagnetic torque is produced. Te is the electromagnetic torque generated by the
machine which can be written in terms of flux linkages and currents as follows [162]:
3
Te = [λqs Ids − λds Iqs ]
2
3.5

(3.26)

DFIG Under Fault
The Park’s model [24, 59] is a good tool to understand the DFIG under fault

condition. In this model, static stator oriented reference frame and rotor quantities referred
to the stator side are used. Following the motor convention, the relevant stator and rotor
voltages in eq. 3.9 to eq. 3.10 can be re-written in vector form considering abc reference
frame as,
d
~vs = Rs~is + ~λs
dt
~vr = Rr~ir +

d~
λr − jωm~λr
dt

(3.27)

(3.28)

The stator and rotor flux in eq. 3.12 to eq. 3.15 can be re-written in vector form by
~λs = Ls~is + Lm~ir

(3.29)

~λr = Lr~ir + Lm~is

(3.30)

Fig. 3.3 gives a clear insight into the construction of these equations. The rotor voltage ~vr
is the one among the most important variables to be analyzed, resulting from the rotor flux
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Fig. 3.3. DFIG equivalent diagram.
that can be calculated by manipulating (3.29) and (3.30) as
~λr = Lm ~λs − σLr~ir
Ls

(3.31)

Substituting ~λr into (3.29) and after some arrangements we find the rotor voltage space
vector in the form below
~vr =

d
Lm d
( − jωm )~λs + (Rr + σLr ( − jωm ))~ir
Ls dt
dt

(3.32)

The first part of the above equation is the open circuit rotor voltage ~vr0 produced due to
the stator flux and we can obtain its expression by setting ~ir = 0 in (3.32),
~vr0 =

Lm d
( − jωm )~λs
Ls dt

(3.33)

Because of the small rotor resistance and transient reactance and a limited slip of DFIG,
the second part in (3.32) is smaller compared to ~vr0 during the normal operation. The
rotor voltage induced by the stator flux can thus be written as[24]
~vr0 = jωr

Lm ~
Lm ωr
Vs ejωs t
λs =
Ls
Ls ωs

(3.34)

The magnitude of the rotor voltage Vr0 at normal operation yields to be
Vr0 =

Lm
Lm ωr
Vs =
s Vs
Ls ωs
Ls
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(3.35)

where s denotes the slip (s = (ωs − ωm )/ωs , ωr = ωs − ωm ). So it can be seen that during
normal operation, the rotor voltage is a function of the amplitude of stator voltage and slip.
At fault instant, the open circuit rotor voltage due to the stator flux is expressed as
~vr0 = −

Lm
1 Vs jωs t0 −t/τs
e
(jωm + )
e
Ls
τs jωs

(3.36)

This voltage space vector is fixed to the stator and its magnitude reduces exponentially to
zero. But this voltage rotates reversely at angular frequency ωm with respect to the rotor
1 Vs jωs t0 jωm t −t/τs
Lm
e
e
(jωm + )
e
V~r0r = −
Ls
τs jωs

(3.37)

The magnitude of ~urr0 reaches its peak at the fault instant. Ignoring the term 1/τs in
(3.37)[24, 59] due to its small value (τs =12.5s for the considered DFIG) we get
Vr0 (t0 ) =

Lm
Lm ωm
Vs =
(1 − s) Vs
Ls ωs
Ls

(3.38)

So, Vr0 at the fault instant is proportional to 1 − s, but at steady state it is proportional to
the slip as seen in (3.35). The usual range of slip for DFIG is constrained between +0.3 to
-0.3. It is evident that at the fault instant the voltage magnitude at the rotor is very close to
the stator voltage or even more than that if the DFIG is running at supersynchronous speed
which is the regular case.
3.6

Chapter Summary
Modeling aspects of the whole wind turbine and the different components are

discussed in this chapter along with the DFIG behavior during faults. Considerations and
assumptions that are made while modeling are explained.
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CHAPTER 4
LOW VOLTAGE RIDE THROUGH CAPACITY ENHANCEMENT OF DFIG BY
BRIDGE-TYPE FAULT CURRENT LIMITER
The bridge-type fault current limiter (BFCL) is a new technique with promising
applications in power systems [119–121] and fault ride through capability enhancement of
fixed speed wind turbine generators [123, 125]. However, the BFCL is never applied to
enhance the LVRT capability of DFIG based wind generators. In this study, performance
of the BFCL on enhancing the LVRT capability of the DFIG based wind generator system
is investigated. The effectiveness of the proposed BFCL is demonstrated through a test
wind energy conversion system. Temporary symmetrical and unsymmetrical faults were
applied at the most vulnerable point of the system. In order to see how much effective the
proposed approach is, its performance is compared with that of the series dynamic braking
resistor (SDBR) method. Simulations were carried out using the Matlab/Simulink
software.
4.1
4.1.1

Power System Model
Test System
A single mass system is considered for the modeling of the wind turbine. The

turbine mechanical part dynamics is neglected due to the small duration of the considered
faults. The DFIG itself is basically an induction generator with the stator windings
directly connected to grid and accessible rotor windings connected to the grid through the
ac/dc/ac converter as shown in Fig. 4.1. Fig. 4.1 also shows the one line diagram of the
test system model [124, 163] along with the line parameters. A 2 MW DFIG is connected
to the point of common coupling (PCC) through a step up transformer. The PCC is
connected to grid through the double circuit transmission line. The BFCL is connected in
series with one of the transmission lines to protect it as shown in Fig. 4.1. The SDBR is
also connected at the same point in a similar fashion. The turbine and the DFIG
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Fig. 4.1. Basic diagram of DFIG wind turbine with the test system.

Table 4.1. Wind turbine data.

Characteristic

Value

Turbine Type

3 blade horizontal axis

Radius

46m

Rotor speed

18 rpm

Air density

1.225 kg/m3

Cut in wind speed

4 m/s

Rated wind speed

12 m/s

Tower height

About 100m

parameters are available in Table 4.1 and Table 4.2[164]. Modeling of the converter
controllers are illustrated in the subsequent sections.
4.1.2

RSC Controller
The RSC is a 2-level, 6-pulse insulated gate bipolar transistor (IGBT)

[CM200HG-130H] based full bridge power electronic ac/dc converter that couples the
rotor side to the dc link. The RSC controller takes the terminal active power Pt , the
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Table 4.2. Wind generator data.

Characteristic

Value

Nominal power (P)

2 MW

Rated voltage (V)

690 V

Stator to rotor turns ratio

0.3

Rated frequency

50 Hz

Stator resistance (Rs)

0.0108 pu

Stator inductance (Ls)

0.102 pu (referred to stator)

Rotor resistance (Rr)

0.0121 pu

Rotor reactance (Lr)

0.11 pu (referred to stator)

Mutual inductance (Lm)

3.362 pu

Lumped Inertia Constant (H)

0.5 s

reactive power Qt and the terminal voltage Vt as inputs and controls the output active and
reactive powers. It uses the proportional-integral (PI) controllers to produce appropriate 3
phase reference signal for space vector pulse width modulation (SVPWM) signal
generator block, so that it can generate pulses for the IGBT switches of the RSC [47]. The
Park’s transformation is used to convert 3 phase quantities into equivalent d − q
components and vice versa. The slip angle is generated by comparing the rotor position
and the terminal voltage angle with the help of the phase locked loop (PLL), and the slip is
used as transformation angle in the Park’s transformation block. Quantities with ‘*’ refer
to the reference value as shown in Fig. 4.2.
4.1.3

GSC Controller
The GSC also contains a 2-level, 6-pulse IGBT [CM200HG-130H] based full

bridge power electronic ac/dc converter with the dc side connected to the dc link and the
ac side interfaced to the grid. This converter essentially helps maintain a constant power
factor at the connection point. It is important to choose an appropriate switching
frequency to keep the harmonics to the minimum level. A frequency of 1650 Hz is chosen
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Fig. 4.2. RSC controller.
as it is an odd multiple of the third harmonic and can minimize up to thirteenth harmonics.
The GSC controller scheme is given in Fig. 4.3. It takes the dc link voltage Edc and the
rotor line reactive power QL as inputs and produces the necessary outputs so that the
SVPWM pulse generator can generate required pulses for the GSC converter. Also by
maintaining a constant dc-link voltage, the controller ensures the energy balance on the
both sides of the dc link. The dc link is necessarily a power capacitor of 16000 µF to
smooth out the ripple of the dc voltage and to keep it constant to 1300 V.
In Figs. 4.2 and 4.3, the parameters of the PI controllers are chosen such a way that
they give the optimum performance of the system under consideration. A system with
DFIG having parameters different from that of Table 4.2, may need adjustment of the RSC
and GSC controller parameters. Otherwise, there is a chance that the stability of the DFIG
is likely to be compromised. A transfer function is used in the controllers so that the
system takes shorter time to reach the normal operation. The parameters of the transfer
function are picked up in a way that they give faster response without affecting the normal
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operation. Some nonlinear and complex controllers are available but to avoid controller
complexity, a linear control approach is adopted in this dissertation.
4.2

Bridge-Type Fault Current Limiter
The details of the configuration, operation, design consideration and control

strategy of the proposed BFCL are as follows.
4.2.1

Topology
The BFCL is composed of two sections, namely the bridge part and the shunt

path[119–121].
Bridge part: The first part is essentially the bridge part composed of a few diodes D1 -D4
[Semikron SKNa 402], a small valued dc reactor Ldc equipped with a parallel
free-wheeling diode D5 placed in series with an IGBT [CM200HG-130H] switch
arranged as shown in Fig. 4.4. The IGBT switches normally come in a package with
free-wheeling diode shown here. Also, to include the inherited resistance of inductor, a
very small value resistor Rdc is considered.
Shunt path: The second part is a shunt path composed of a resistor Rsh and an inductor
Lsh placed in parallel to the bridge part as in Fig. 4.4.
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Fig. 4.4. Per phase topology of the BFCL.
4.2.2

Operation
During the normal operating condition of the system, the IGBT switch in the

bridge part remains closed. For one half cycle of electrical frequency, the D1 -Ldc -Rdc -D4
path carries the line current (Fig. 4.5) and for the other half it is carried by D2 -Ldc -Rdc -D3
(Fig. 4.6). So, the current through Ldc , flows in the same direction and this current is the
dc current idc . Ldc is charged to the peak current and offers no impedance to idc . The dc
reactor inherited resistance, the IGBT turn-on resistance and the diode forward voltage
drop cause some voltage drop, but this voltage drop is quite negligible compared to line
drop and has ignorable significance. These losses can be taken care by proper adjustment
of the pitch and converter control if necessary. So the bridge has no impact on normal or
steady state operation. The impedance of the shunt path is chosen high enough to make
the full line current to flow through the bridge except some ignorable leakage current at
normal operating scenario.
At the event of a fault, initially the line current tends to increase abruptly, but the
dc reactor Ldc limits the increasing rate of line current. The IGBT switch is thus saved
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Fig. 4.5. BFCL in positive half cycle.

Fig. 4.6. BFCL in negative half cycle.
from the high value of di/dt and a safe operation is maintained. The current through the
dc path idc , is compared with a predefined value of the maximum permissible current ith to
take the IGBT turn off decision. The value of ith is defined to be 1.3 times the nominal
value of idc . This ith value is found to be optimum for the system under consideration. A
lower value is likely to cause unwanted engaging of the shunt path due to output power
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Fig. 4.7. BFCL at fault.
fluctuation and current harmonics at the dynamic situation. A higher value will cause a
delay in the BFCL controller response. When idc exceeds ith , the IGBT is turned off
(Fig. 4.7) by forcing its gate voltage signal Vgt to low state. Thus, the IGBT is turned off.
The bridge is open circuited and the line current is bypassed to the shunt path having a
high impedance. The shunt path limits the fault current and consumes excess energy from
the DFIG. During the open circuited period of the bridge, the free-wheeling diodes of the
dc reactor and the IGBT provide path to discharge the stored energy in them. Hence, high
switching current at the IGBT turn on instant is avoided.
After the isolation of the faulty section by the circuit breaker opening, the system
starts to recover and the bus voltages rise. How long the shunt path will remain inserted in
series along the line is decided by comparing the PCC voltage Vpcc with a predefined
reference value Vref . The value of the Vref is set to be 90% of the nominal value of Vpcc . A
lower value of the Vref may cause an early withdrawal of the shunt path resulting in rise of
the line current during voltage recovery period. Again, a higher value of the Vref incurs
delay in the BFCL controller response and voltage rise at the PCC beyond 1.1 times the
nominal value of Vpcc . As the Vpcc reaches to Vref , after a delay of 1.5 cycle, the BFCL
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controller forces the IGBT gate voltage signal Vgt to high state. This delay is required to
protect the BFCL controller from the effect of current oscillation resulted from the circuit
breaker arc discharge. The IGBT switch is turned on and the system is brought back to the
normal operating state. The controller used for the BFCL is shown in Fig. 4.8. It is
composed of two comparators and a signal accumulator. Signals from two comparators
are collected, and an appropriate IGBT gate control signal Vgt is sent via a signal
accumulator.
4.2.3

Design Considerations
The test system equivalent diagram considering fault scenario along with the

DFIG is depicted in Fig. 4.1.
During normal operation, each of the double circuit line carries equal amount of
power. To ensure the least disturbance towards the machine at fault, the BFCL should
consume power at least equal to the amount which the faulted line carries in prefault
situation. The power consumed by the BFCL at postfault Pbf cl , is given by (4.1) and (4.2),
Pbf cl ≤
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Pg
2

(4.1)

Pbf cl =

2
Vpcc
Rsh
2
2
Rsh + Xsh

(4.2)

where Pg , Xsh and Vpcc are the power delivered by the machine, shunt inductance and the
PCC voltage respectively. Equations (4.1) and (4.2) gives,
q
2
4 − P 2X 2
Vpcc + Vpcc
g
sh
Rsh ≥
Pg

(4.3)

For Rsh to be real valued the necessary condition is,
Xsh <

2
Vpcc
Pg

(4.4)

The value of Xsh is found to be 0.029 pu that satisfies eq. (4.4) and gives the best
performance for the system. The same approach was applied in finding Rsh to be 0.0077
pu that complies with eq. (4.3) along with the best result. To make the BFCL practical, a
small value of Rdc is considered which is 0.3 mΩ. Picking up a value of Ldc to be 1mH
gives a time constant (τ =Ldc /Rdc ) of 3.33s which is good enough for smoothing the dc
reactor current.
4.2.4

Control Strategy
There are some parameters, such as the line current, the line voltage, the generator

terminal current, the active and the reactive powers that can be used in the BFCL control
strategy. Here the dc current idc , through the dc reactor is used to control the IGBT switch.
The dc reactor current is very sensitive to current through the line and its rate of rise is
faster than the line current or other parameters. So, by using idc as a control parameter,
faster control is achieved. This is only used to turn off the IGBT, as idc becomes almost
zero after IGBT opening. So, to turn on the IGBT, choosing another control parameter
becomes necessary. Maintaining the voltage at the machine terminal is important to retain
the transient stability, so the voltage at the PCC, Vpcc is the best choice. As the voltage at
the PCC, Vpcc crosses some predefined reference value Vref , the IGBT is closed after a
preset delay period, provided that the circuit breaker is opened. As the IGBT is turned on,
current flows through the bridge and the normal operation continues.
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4.3

Series Dynamic Braking Resistor
In this dissertation, in order to demonstrate the effectiveness of the proposed

BFCL solution, its performance is compared with that of the SDBR. The SDBR is a
proved technology, and previous studies showed that it has the ability to enhance transient
stability and improve fault ride-through capability[123, 165] of the wind generator
systems.
4.3.1

Topology
The SDBR is modeled by arranging a resistor with a parallel switch as shown in

Fig. 4.9. This dissertation considers this switch to be the IGBT based, due to its fast
response and modular design.
4.3.2

Operation
During the normal condition, the SDBR would operate with the IGBT switch

closed. The line current will flow through the IGBT switches bypassing the braking
resistors. At the event of fault, the line currents tend to rise very sharply. The shunt
resistor will be dynamically inserted into the network by opening the IGBT switch. The
fault current will then flow through the inserted resistor and the resistor will continue to be

Fig. 4.9. Per phase SDBR topology.
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in the circuit until a desired voltage Vref is achieved at PCC. As Vpcc passes Vref , the
IGBT will be closed and the circuit will return to its normal state.
4.3.3

Control
The control strategy for the SDBR is the same as the one used for the BFCL. The

same controller as shown in Fig. 4.8 is used for both of them. Line currents are converted
to dc quantity to produce the equivalent idc for the SDBR.
4.3.4

Design Considerations
The SDBR concept works by contributing directly to the balance of the active

power. At fault, the SDBR system dynamically inserts resistor in the circuit. By
consuming active power during the abnormal period, the resistor mitigates the
destabilizing electrical torque thus maintains the voltage at the terminals of the generator
at higher level. To make the comparison compatible, the value of resistors used in both the
BFCL and the SDBR is 0.0077 pu.
4.4

Simulation Results and Discussion
To illustrate the effectiveness of the proposed BFCL and to make a performance

comparison between the BFCL and SDBR, the test system shown in Fig. 4.1 is
considered. Detailed simulation results are described in subsequent sections.
4.4.1

Simulation Considerations
For the purpose of transient analysis, a fixed wind speed of 12 m/s is considered as

it produces the rated power. The wind speed is assumed constant as the duration of fault is
too short for the wind speed to make any noticeable effect. The system was operating
normally when temporary faults were applied to the most vulnerable point of the system
i.e., at point F1 near the PCC at 0.1 s. Circuit breakers CB1 and CB2 on the faulted line
open at 0.2 s and reclose successfully at 1.2 s. The simulation time step used for the study
is 10 µs. Analysis is carried out for three-line-to-ground (3LG), line-to-line (LL),
double-line-to-ground (2LG) and line-to-ground (1LG) faults at different fault points.
Results are shown for the most severe (3LG) and the most common (1LG) faults applied
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Fig. 4.10. Terminal voltage response for 3LG fault.

at point F1 as shown in Fig. 4.1. Three different cases are considered in the simulation,
they are as follows:
1) Case A: with no auxiliary controller
2) Case B: with BFCL
3) Case C: with SDBR
4.4.2

3LG Fault
Fig. 4.10 shows the DFIG terminal voltage profile when a temporary symmetrical

fault is applied. For the no controller case, the machine terminal voltage goes very low
right after the fault initiation and goes even lower till the breakers open. The BFCL keeps
the voltage level to ±0.1 pu of nominal value and the SDBR can’t maintain voltage level
to 0.9 pu. Also after the breaker opening, the terminal voltage comes back to the nominal
value faster with the help of the BFCL. This indicates that the BFCL is more sensitive and
faster to respond to faults and gives better LVRT performance than the SDBR.
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Fig. 4.12. DFIG Output active power response for 3LG fault.
The machine speed response for 3LG fault is shown in Fig. 4.11. The fault makes
the DFIG speed to go high, and it may cause instability if fault duration is long enough
and proper auxiliary measure is not taken. The BFCL limits the rate of rising of machine
speed and ensures better stability. It is more competent to do this than the SDBR because
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Fig. 4.13. DFIG DC link voltage response for 3LG fault.

it gives lower oscillation and faster stabilization. Also, it is noticeable that, right after fault
initiation, the machine speed drops and then rises sharply. This by directional speed
variation is threatening for the mechanical system and this is totally prevented by the
application of the BFCL.
Fig. 4.12 shows the DFIG output active power response for 3LG fault. It
demonstrates that without any controller, the output power demand to the machine
becomes very close to zero after the fault instant and remains the same till the opening of
the breaker. The breaker opening causes large imbalance of output power without any
controller action. With the SDBR, the output power suddenly goes high and then goes low
which is harmful for the machine. Also the breaker opening incurs rise of output power
with the SDBR operation. But with the application of BFCL it is seen that the output
power demand to the machine is the highest with the lowest fluctuations at the fault and
the breaker opening instants. Faster stabilization of the output power is also provided with
the BFCL.
Fig. 4.13 shows that it is possible to maintain a more constant dc link voltage with
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Fig. 4.14. Active power consumed in BFCL and SDBR for 3LG fault.
the BFCL compared to the SDBR, and the GSC controller works well in conjunction with
the BFCL.
Active power consumed by the BFCL and the SDBR are shown in Fig. 4.14. It is
clear that the BFCL consumes more active power than the SDBR from fault initiation to
breaker opening instants and hence gives better transient stability. Also it is noticeable
that the BFCL or the SDBR consumes no active power during normal operation which
clearly shows that they have no effect on the system during normal operation.
4.4.3

1LG Fault
In this subsection, simulation results for 1LG fault only have been shown, as it is

the most frequent type of fault.
Fig. 4.15 shows the terminal voltage responses for 1LG fault. With no controller,
the voltage level drops to around 0.7 pu. Both the SDBR and the BFCL can maintain the
voltage at the rated level properly. However, the LVRT performance of the BFCL is better
than that of the SDBR.
The machine speed profile is shown in Fig. 4.16. Like the 3LG fault, here the
machine speed goes low right after the fault instant and then rises with no controller. But
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Fig. 4.15. Terminal voltage response for 1LG fault.
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Fig. 4.16. Speed response for 1LG fault.
with the BFCL, the machine speed oscillation is kept to the lowest and the speed variation
is the minimum. So, the machine is well stable with the application of the BFCL.
Fig. 4.17 shows the machine output active power profile with and without the
control devices in case of 1LG fault. It is clear that the output active power fluctuation is
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Fig. 4.17. Machine Output active power response for 1LG fault.
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Fig. 4.18. DC link voltage response for 1LG fault.
the lowest and the active power demand to the machine is the highest from the fault
initiation to breaker opening with the application of the BFCL.
Fig. 4.18 shows the DC link voltage response for 1LG fault. It is seen that the
BFCL can retain the more stable dc link voltage than the other two cases.
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1.5

4.4.4

Index Based Comparison
For a clear insight of the performance comparison, several integral absolute error

(IAE) based performance indices, namely, vlt(pu.s), spd(pu.s) and pow(pu.s) are
considered. Lower value of the indices indicates better system performance. Their
definition is given in the equations below:
vlt(pu.s) =

spd(pu.s) =

Z

T
0

Z

T

Z

T

0

pow(pu.s) =

0

|∆V |dt

(4.5)

|∆ω|dt

(4.6)

|∆P |dt

(4.7)

where ∆V , ∆ω and ∆P denote the PCC voltage deviation, the machine speed deviation
and the active power deviation of wind generator at PCC, respectively. T refers to the time
duration of interest stretching from 0.1s to 1.5s. The values of the indices for 3LG and
1LG faults are presented in Table 4.3 and Table 4.4, respectively. The system performance
is the worst without any auxiliary controller. A significant improvement is observed using
the BFCL. Compared to the SDBR, the BFCL gives lower value of the indices and hence
performs better in LVRT enhancement.
It is important to note here that the dc reactor Ldc , placed within the bridge of the
BFCL limits the sudden rise of fault current at the moment of fault initiation. Thus, sudden
voltage drop at machine terminal is prevented at the fault instant. Also, the semiconductor
Table 4.3. Values of performance indices for 3LG fault.
Index parameters (%)

Values of indices
No auxiliary controller

SDBR

BFCL

vlt(pu.s)

10.26

1.36

0.72

spd(pu.s)

0.77

0.13

0.07

pow(pu.s)

25.35

6.22

3.22
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devices are protected against at the severe di/dt right at the beginning of fault. The SDBR
lacks these advantages. Without proper protective devices for the semiconductors, the
SDBR may cease to operate. The controller of the BFCL takes the IGBT switch opening
decision by observing the dc current in the bridge while the SDBR controller uses the dc
equivalent of the line current. The dc current flowing through the bridge is much more
sensitive than the dc equivalent of the line current. This choice of control parameter really
enables the BFCL to act faster and respond quickly at the fault occurring moment. The
shunt bypass path of the BFCL offers more impedance to the fault current than the SDBR
which enables the BFCL to maintain a higher voltage level from the fault initiation till the
breaker opening instant. Due to all of these features, the BFCL provides better
performance than the SDBR, as evident from graphical and numerical results.
4.4.5

Implementation Feasibility
The probable placement location for the BFCL will be the step up substation of the

wind farm. As the controller of BFCL uses local parameters, they can be used in
stand-alone as well as the supervisory control and data acquisition (SCADA) controlled
system which is very much important for smart grid implementation.
The BFCL configuration is based on some power electronic devices, namely diode
and IGBT switches. With the advancement in semiconductor fabrication technology,
current carrying and voltage withstanding capacity of diodes and IGBT switches are
higher compared to past days. An array of the devices can be used to ensure the required
Table 4.4. Values of performance indices for 1LG fault.
Index parameters (%)

Values of indices
No auxiliary controller

SDBR

BFCL

vlt(pu.s)

3.44

0.57

0.23

spd(pu.s)

0.25

0.05

0.04

pow(pu.s)

10.44

2.71

1.91
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reverse voltage withstanding capacity. Therefore, implementation of the proposed BFCL
might be feasible both technically and financially.
4.5

Chapter Summary
The application of the BFCL to enhance the low voltage ride through capacity of

DFIG for both symmetrical and unsymmetrical faults is proposed in this chapter. The
performance of the proposed BFCL is compared with that of the SDBR. From the
simulation results, the following points are noteworthy.
1) The BFCL is a very effective means to enhance the low voltage ride through
capacity of DFIG based variable speed wind generator.
2) The BFCL can help the DFIG based wind generators to abide by the grid code
requirements.
3) The SDBR is outperformed by the BFCL in every aspect, except cost, as seen from
the graphical and numerical results.
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CHAPTER 5
NONLINEAR CONTROL-BASED MODIFIED BFCL FOR LVRT CAPACITY
ENHANCEMENT OF DFIG BASED WIND FARMS
Power system is inherently nonlinear and integration of renewable energy sources
containing nonlinear power electronics devices makes it more nonlinear. As a result,
nonlinear controllers work better by dynamically responding to the changes in power
systems. The modified BFCL (MBFCL) [123] was found to be effective for the LVRT
capability improvement of squirrel cage induction generator based wind generator, but it
was not applied in the DFIG based wind generator system. With such background, to
improve the LVRT capability of the DFIG based wind farms, a nonlinear control based
MBFCL (NC-MBFCL) has been proposed in this dissertation. To evaluate the proficiency
of the NC-MBFCL in enhancing the LVRT capability of DFIG based wind farms, its
performance is compared with that of the conventionally controlled BFCL and MBFCL.
5.1
5.1.1

Power System Model
Test System
The power system model showed in Fig. 5.1 has been used for the simulations in

this dissertation. The system consists of a single 50 MVA DFIG based wind farm which is
delivering power to an infinite bus through transformers and transmission lines. There is a
single circuit local transmission line in between the wind farm and the double circuit
transmission lines. To protect the wind farm from external faults, the fault current limiters
(FCLs) are placed between the wind farm and the local transmission line. As the wind
farms, in reality, are composed of many turbine generator systems, the farm was built
from five individual turbines each representing six 1.67 MVA wind turbines (WT). This
arrangement of a wind farm was considered, as it captures more dynamics compared to a
wind farm composed of a single turbine. The DFIG and the turbine parameters are
available in Table 5.1[166].
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Aggregated DFIG WT #1
6×1.67MVA
C=10000 µF
V=1.0
RSC

j0.03
Filter

Shunt Path

P=0.5

C=10000 µF
V=1.0
RSC

0.04+j0.2

CB 3

GSC

Aggregated DFIG WT #5
6×1.67MVA

V=1.0

Line 2

PCC

CB 4

0.05+j0.3

Bridge

j0.1

Fault
Current
Limiters

Line 1

F1

j0.03
Filter

CB 1

0.04+j0.2

CB 2

Grid

Fault 50 Hz, 100 MVA Base

GSC

Fig. 5.1. Model system with the DFIG based wind farm.
Table 5.1. Wind generator (DFIG) and turbine parameters.

Characteristic

5.1.2

Value

Nominal power

1.67 MVA

Rated voltage (V)

690 V

Stator to rotor turns ratio

0.3

Rated frequency

50 Hz

Stator resistance (Rs)

0.012 pu

Stator inductance (Ls)

0.15 pu (referred to stator)

Rotor resistance (Rr)

0.012 pu

Rotor reactance (Lr)

0.15 pu (referred to stator)

Mutual inductance (Lm)

4 pu

Inertia Constant (H)

0.0685 pu

DC link rated voltage (Edc )

1200 V

Turbine inertia constant

4.32 s

Shaft spring constant

1.11 pu

Shaft mutual damping

1.5 pu

RSC Controller
The RSC controller has the objective to control the injected active and reactive

power into the point of common coupling (PCC). Two cascaded controllers, the inner
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Fig. 5.2. Schematic diagram of RSC vector control.
current loops regulating the d and q axis rotor current and the outer loop regulating the
decoupled active and reactive power, make the whole controller. Three phase quantities
are converted into equivalent d-q quantities and vice versa, using Park’s transformation.
The RSC is a power electronic full bridge insulated gate bipolar transistor (IGBT) based
2-level, 6-pulse converter as shown in Fig. 5.2. The RSC controller takes the generator
speed ωr , the reactive power Qt and the generator terminal voltage Vt as inputs. And uses
the proportional-integral (PI) controller to provide the appropriate reference signal for the
pulse width modulation (PWM) signal generator block, so that it can generate pulses for
the IGBT switches of the RSC [47]. Some nonlinear and complex controllers are
available, but to avoid controller complexity, a linear control approach was adopted in this
dissertation.
5.1.3

GSC Controller
The GSC has a control task to regulate the dc-link voltage to a desired level

irrespective of the rotor power flow direction and the reactive power exchange between the
PCC and the GSC. Like the RSC controller, there exist two cascaded d and q axis control
loops. The inner loops are for current control while the outer ones control the dc-link
voltage and the GSC reactive power. The GSC controller showed in Fig. 5.3, accepts the
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Fig. 5.3. Schematic diagram of GSC vector control.
dc-link voltage Edc and the grid side quadrature current Iqg as the inputs and produces the
necessary outputs through PI controller so that the PWM generator can produce the
required pulses for the GSC converter. The grid side quadrature current reference was set
to zero to maintain unity power factor at the DFIG terminal. The carrier wave frequency
of the PWM blocks of the RSC and GSC controllers are chosen to subside the harmonics.
5.2

Modified Bridge-Type Fault Current Limiter
Past works[123, 167, 168] described the topology, operation principle and design

criteria for conventional BFCL. Here, the conventional BFCL was adjusted to build the
MBFCL. The detail of the NC-MBFCL is described in the following subsections.
5.2.1

Topology
The configuration of the MBFCL at each phase is shown in Fig. 5.4[167, 168]. The

topology is made of two main parts which are as follows.
Bridge part: Four diodes D1 -D4 , arranged in bridge formation, build the bridge part.
Inside the diode bridge, an IGBT switch in series with a dc reactor Ldc was placed.
Depending on system requirement, series/parallel combination of IGBTs can be used. The
inherent resistance of the dc reactor was considered by placing a very small value resistor
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Rsh

D1

D2

Ldc
D5
Rdc
IGBT

D3

D4

Fig. 5.4. Per phase MBFCL.
Rdc in series with the dc reactor. The free-wheeling diode D5 ensures safe operation of the
dc reactor Ldc .
Shunt path: The second part is a shunt path made of a resistor Rsh placed in parallel to the
bridge part.
5.2.2

Operation
During steady state system operation, the IGBT switch at the bridge stays closed

and carries full line current. For the positive and negative half cycles of the voltage, the
D1-Ldc -Rdc -D4 path and D2 -Ldc -Rdc -D3 path carry the line current, respectively. As a
result, current entering into the dc reactor Ldc , was from the same direction. So the current
flowing into the dc reactor Ldc was the dc current. Ldc was charged up to the peak value of
current and the current ripples are smoothed out by it. The turn on resistance of the IGBT,
Rdc , and forward voltage of diode altogether cause some voltage drop. In comparison to
the line voltage drop, this voltage drop was ignorable and had an insignificant effect on the
normal operation. The shunt path impedance was high enough so that the bridge path
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conducts the line current entirely, except very small leakage current through the shunt
path.
When there is a fault in the system, the line current rises rapidly, but the rate of
current change di/dt, is suppressed by the dc reactor Ldc . This ensures the safe operation
of the IGBT. The per phase controller for the NC-MBFCL is shown in Fig. 5.5. The
instantaneous phase voltage of the wind farm terminal at the PCC Vinst,ϕ or Vd,ϕ is taken
and one fourth cycle delay is applied to produce a quadrature counterpart Vq,ϕ . Vdq,ϕ is
√ 2
2
then produced defined by Vdq,ϕ = (Vd,ϕ
+ Vq,ϕ
). Vdq,ϕ is then compared with the reference
voltage Vref . The voltage deviation at the PCC, ∆V is fed to the nonlinear control block
to generate the duty cycle d for the PWM block. The duty ratio d is defined as
d=

Tof f
Tc

(5.1)

where Tc is the period of the PWM generator carrier wave, Tof f is the time the
NC-MBFCL bridge IGBT doesn’t conduct. Tc is defined as Tc = Tof f + Ton or Tc = 1/fc
where Ton is the time the NC-MBFCL bridge IGBT conducts and fc is the carrier wave
frequency of the PWM generator.
The modified voltage Vdq,ϕ enables quick fault detection. A threshold voltage level
Vth =0.9pu is compared with Vdq,ϕ to detect the fault in the system. This signal is used in a
selector that feeds a signal value of 1 to the IGBT gate at the normal operation Vdq,ϕ >Vth
and the inverted PWM generator output signal to the IGBT gate during any fault situation
(Vdq,ϕ <Vth ). Instead of applying the full impedance value of the shunt path throughout the
′

fault period, a variable value of effective shunt impedance Zshunt = d ∗ Zshunt is offered
to the system for adaptive compensation by the NC-MBFCL, where Zshunt is the shunt
path impedance. This makes the NC-MBFCL flexible and dynamically responding to the
severity level of the faults. IGBT switching signals facilitating the variable shunt
impedance is shown in Fig. 5.6. Following the design techniques of [123], value of
Rsh =1.9pu is found and used in this dissertation.
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Fig. 5.5. Per phase nonlinear controller for MBFCL.

Fig. 5.6. NC-MBFCL bridge IGBT switching signal.
5.2.3

Nonlinear Control
Due to the high level of nonlinearity in a power system, a nonlinear based

controller is used to control the MBFCL. The nonlinear controller block takes ∆V as
′

input and provides duty cycle d to emulate a variable effective shunt impedance Zshunt
during fault, governed by the nonlinear equation expressed as
d = 1 − e−k∆V
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(5.2)

Fig. 5.7. Duty ratio d corresponding to ∆V for 3LG fault.

Duty Cycle (d)

1

k=30

k=20
k=10

0.8

k=5
k=3

0.6
0.4

k=1

0.2
0
0

0.2

0.4

0.6
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1.0

Voltage deviation (∆V)
Fig. 5.8. Nonlinear controller response.
Value of duty ratio d corresponding to different values of ∆V during 3LG fault is depicted
in Fig. 5.7. Controller response for various values of k is given in Fig. 5.8. It was found
that k=20 offered the best fault performance for all types and different intensity of faults.
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Fig. 5.9. Voltage deviation index value for different k value.
A value greater than this causes overcompensation, whereas a lower value provides
inadequate compensation. This is evident from Fig. 5.9. It shows the performance index
RT
value for the voltage deviation vlt(pu.s) defines as vlt(pu.s) = T0 |∆V |dt. Here the time
form T0 to T is the integration time window. As this index measures the deviation in PCC
voltage, so a lower value is indicative of better system performance. It is seen for values
of k>20, the index value increses and then stays at a fixed value irrespective of increase in
k value. Again for k<20, the index value goes high with the decrease in k value. It is
noteworthy here that, other nonlinear functions like the quadratic, cubic, biquadratic,
logarithmic or exponential were also tried, but those failed to yield a better performance.
Some other complex nonlinear controller may also be able to produce the desired result.
5.2.4

Design Considerations
An important design aspect of MBFCL is to calculate the value of the shunt path

resistance. Following the design techniques of [123], the value of Rsh =1.9pu is found and
used in this dissertation.
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Fig. 5.10. Per phase topology of conventional controller for the BFCL and MBFCL.
5.3

Simulation Results and discussion
In order to exhibit the effectiveness of the proposed NC-MBFCL and to pursue a

performance evaluation among the proposed NC-MBFCL, the conventionally controlled
BFCL, and the MBFCL, extensive simulations have been performed.
The operation of the conventional BFCL and MBFCL are similar to that of the
NC-MBFCL. The conventional controller used for both BFCL and MBFCL is given in
Fig. 5.10. The RMS voltage at the PCC or the wind farm terminal (VW F ) is used to detect
a fault by comparing with a preset threshold voltage Vth . During steady state operation of
the system VW F >Vth , the IGBTs are turned on and when VW F <Vth , fault is detected and
IGBTs are turned off to bypass the fault current to the shunt path. Design aspects of the
BFCL are elaborated in [167]. By following those techniques, the values Rsh =1.9pu and
Lsh =0.02pu are chosen and used here.
The simulation results are presented and discussed in the following subsections.
5.3.1

Simulation Considerations
Different scenarios are considered and a few assumptions are made while

executing the simulations. The wind speed is assumed constant at 15m/s, as the duration
of the fault is too short for the wind speed to make any substantial impact on the transient
performance. Also, at this speed the wind turbines produce the rated power. The system
was operating normally when temporary faults were applied to the point F1 in Fig. 5.1 at
0.1s and withdrawn at 0.7s. Circuit breakers CB1 and CB2 on the faulted line open at
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0.2s and reclose successfully at 1.2s. The simulation time step used for the study is 20µs.
Analysis is carried out for three-line-to-ground (3LG), line-to-line (LL),
double-line-to-ground (2LG) and line-to-ground (1LG) faults. Results are shown for the
most severe (3LG) fault and the least severe yet most common (1LG) fault. To capture all
of the possible details and better representation, a common time span of 0s to 10s and per
unit (pu) measurement are used in the plots. A zoomed portion is also provided inside
some figures wherever necessary for better visualization. Four different scenarios are
considered in the simulations; they are as follows:
1) Scenario A: with no controller
2) Scenario B: with MBFCL
3) Scenario C: with BFCL
4) Scenario D: with NC-MBFCL
5.3.2

3LG Fault
The response of the test system under 3LG fault is illustrated in Fig. 5.11 to

Fig 5.15. The voltage profile of the wind farm at the PCC is shown by Fig. 5.11.The
BFCL performs better than the MBFCL offering lower voltage fluctuation and faster
voltage recovery. But the NC-MBFCL is the best performer considering all the scenarios
with the highest voltage level during fault and fastest prefault voltage regain ensuring the
lowest voltage deviation. Nonlinear controller gives an extra edge to the NC-MBFCL over
other LVTR approaches considered here. Hence, the NC-MBFCL is the best candidate to
choose for the LVRT capability enhancement.
Fig. 5.12 shows the active power profile of the wind farm measured at the PCC. If
there is no controller in action, the output power goes very low. The NC-MBFCL, BFCL,
and MBFCL, all can prevent the sudden power drop. But the NC-MBFCL displays the
minimum amount of sag. Also at the breaker opening instant, there is a sudden rise of
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Fig. 5.11. Wind farm voltage response at PCC for 3LG fault.
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Fig. 5.12. Wind farm active power response at PCC for 3LG fault.
power due to power generation and demand gap. Furthermore, after considerable
oscillations, the system recovers to prefault power within a few seconds without any help
from any controller. The BFCL gives lower power rise compared to the MBFCL, but the
NC-MBFCL gives the lowest power rise and brings back the output power to the prefault
level with the lowest oscillation and shortest time.
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Fig. 5.13. DFIG speed response for 3LG fault.
The speed response of a DFIG located at aggregated DFIG WT#1 is presented in
Fig. 5.13. Due to a mismatch between the converted wind power and the demanded power
at a fault instant, there is a sudden rise of rotational speed of the generator. This may be
detrimental to the turbine electromechanical system. With no controller, there is sudden
hike at the fault instant and plunge of rotational speed with long time required to get back
to the prefault speed level. The BFCL lowers the speed deviations better than the MBFCL.
But the most superior performance by the NC-MBFCL is quite noticeable.
The dc-link voltage of the same DFIG at aggregated WT#1 faces sharp rise to a
high value if no controller is used, as can be seen in Fig. 5.14. With the application of the
NC-MBFCL, the dc-link voltage can be kept well within the reference value with slight
fluctuations. The conventionally controlled BFCL and MBFCL are also capable of
contributing in this regard but the deviation is higher for the case of MBFCL. It should be
noticed that with the application of the NC-MBFCL can eliminate the activation of any
dc-link protection scheme like the chopper resistor[47] or additional capacitor.
Fig. 5.15 shows the power consumed in the NC-MBFCL, the conventionally
controlled MBFCL and BFCL. It is clear that the NC-MBFCL can control the dissipated
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Fig. 5.14. DFIG dc-link voltage response for 3LG fault.

Fig. 5.15. Power dissipated by control devices for 3LG fault.
power smoothly and as per the fault requirement. Unlike the MBFCL or the BFCL, the
NC-MBFCL smoothly stop dissipating power after the breaker opening and takes the
shortest time to bring back the dissipated power to zero.
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Fig. 5.16. Wind farm voltage response at PCC for 1LG fault.
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Fig. 5.17. Wind farm active power response at PCC for 1LG fault.
5.3.3

1LG Fault
When the test system confronts a temporary unsymmetrical 1LG fault, the

responses for the four considered scenarios are presented in Fig. 5.16 to Fig. 5.19.
Fig. 5.16 shows that there is minute voltage sag with the application of the NC-MBFCL.
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Fig. 5.18. DFIG speed response for 1LG fault.

Fig. 5.19. DFIG dc-link voltage response for 1LG fault.
The BFCL and the MBFCL contribute to reduce the voltage sag but the zoomed view
reveals that the BFCL performs better than the MBFCL. However, the NC-MBFCL
renders the most superior LVRT performance.
Fig. 5.17 and Fig. 5.18 illustrate the wind farm output active power and speed
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profile of the DFIG at WT#1, respectively, for 1LG fault. The deviations are smaller, but it
is noticeable that the NC-MBFCL is the most appropriate option for maintaining the
output active power of the wind farm and the DFIG speed.
There is no sharp jump to a large value by the dc-link voltage of the DFIG at
WT#1 for a 1LG fault as appeared in Fig. 5.19. The NC-MBFCL can limit the dc-link
voltage deviation to the minimum.
5.3.4

Index Based Comparison
In order to present an index value based numeric evaluation of performance,

integral absolute error (IAE) based indices like vlt(pu.s), pow(pu.s), spd(pu.s) and
Edc (pu.s) are measured. These indices account for deviation of system parameters, hence
a smaller value is indicative of better performance. They are expressed as,
Z T
vlt(pu.s) =
|∆V |dt

(5.3)

T0

pow(pu.s) =

spd(pu.s) =

Z

T

T0

Edc (pu.s) =

(5.4)

|∆ω|dt

(5.5)

|∆Edc |dt

(5.6)

T

Z

Z

|∆P |dt

T0

T
T0

where ∆V , ∆P , ∆ω and ∆Edc denote the deviation of the wind farm terminal voltage,
delivered active power, speed and dc-link voltage of a DFIG at aggregated WT#1,
respectively. Index values were calculated from T0 = 0.1s to T = 10s. The values of the
indices are assembled in Table 5.2 and Table 5.3 for the 3LG and the 1LG faults,
respectively. Tables data show that the conventionally controlled BFCL performs better
than the MBFCL. Without any auxiliary controller the system performance is the worst.
The application of NC-MBFCL yields the lowest index values for both fault types, making
it the best LVRT performer among the considered solutions.
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Table 5.2. Values of performance indices for 3LG fault.
Index

Values of indices

Parameters (%)

No auxiliary controller

MBFCL

BFCL

NC-MBFCL

vlt(pu.s)

29.83

11.03

5.54

4.52

pow(pu.s)

30.02

20.01

13.43

2.39

spd(pu.s)

3.37

1.15

0.68

0.09

Edc (pu.s)

46.76

1.31

0.66

0.39

Table 5.3. Values of performance indices for 1LG fault.
Index

5.4

Values of indices

Parameters (%)

No auxiliary controller

MBFCL

BFCL

NC-MBFCL

vlt(pu.s)

4.52

3.61

2.44

2.35

pow(pu.s)

3.06

8.52

5.21

2.56

spd(pu.s)

0.12

0.36

0.22

0.11

Edc (pu.s)

0.36

0.49

0.42

0.33

Chapter Summary
To enhance the LVRT performance of a DFIG based wind farm subjected to

symmetrical and unsymmetrical faults, application of a nonlinear control-based modified
BFCL (NC-MBFCL) controller is proposed in this dissertation. Also the head to head
comparison between the conventional control based modified BFCL (MBFCL) and BFCL
is carried out. Based on the simulation results and performance analysis, the following
points have notable significance.
1) The NC-MBFCL is a very competent device for the LVRT capability enhancement
of the DFIG based variable speed wind farm.
2) The conventional control based BFCL shows better LVRT performance than the
MBFCL.
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3) The proposed NC-MBFCL outperforms both the MBFCL and BFCL in every
aspect.
Even though the conventional control based BFCL outperforms the conventional control
based MBFCL, the conventional MBFCL controlled by a nonlinear controller can surpass
the performance of BFCL for LVRT augmentation application. So it is advisable to apply
nonlinear controller to control the fault current limiters.

95

CHAPTER 6
APPLICATION OF PARALLEL RESONANCE FAULT CURRENT LIMITER
FOR LOW VOLTAGE RIDE THROUGH CAPABILITY AUGMENTATION OF
DFIG BASED WIND FARMS
The parallel resonance type fault current limiter (PRFCL) is a new auxiliary device
manifesting potential application in power systems[122]. Day by day it is getting
increasing acceptance by the power researchers. However, application of the PRFCL into
LVRT capacity augmentation of wind farm is yet to be reported. So, it is worth
investigating its performance in LVRT capability augmentation of the DFIG based wind
farms.
In this dissertation, the PRFCL is proposed to enhance the LVRT of the DFIG
based wind farm. In order to show the usefulness of the proposed approach in augmenting
LVRT capability, its performance is compared with that of the bridge-type fault current
limiter (BFCL). Simulations were carried out using the Matlab/Simulink software.
6.1

Power System Model
A DFIG based wind farm is connected to the 9-bus power system model [169], as

shown in the system model of Fig. 6.1. The system consists of a 50 MVA DFIG based
wind farm, which is connected to bus 8 through transformers and a short transmission
line. As the wind farms in reality, are composed of many generator turbine systems, the
studied farm is built from five individual aggregated turbines each representing six 1.67
MVA wind turbines. This arrangement of wind farm is considered, as it captures much
more dynamic situation compared to a wind farm made of a single individual turbine. The
turbine and the DFIG parameters in Table 5.1, as well as the RSC (Fig. 5.2) and the GSC
(Fig. 5.3) controller used in section 5.1, have been used in this chapter. The 9-bus power
system model comprises of two synchronous generators (SG1 and SG2) and an infinite
bus. They are connected to each other through transformers and double circuit
transmission lines. In Fig. 6.1, the double circuit transmission line parameters are
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Fig. 6.1. Multi-machine system with the DFIG based wind farm.
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Fig. 6.2. Per phase diagram of PRFCL.
numerically shown in the forms R + jX(jB/2), where R, X, and B represent resistance,
reactance, and susceptance, respectively, per phase with two lines. Various parameters of
the generators, automatic voltage regulator (AVR) and governor (GOV) control system
models used in this dissertation are available in[169].
6.2
6.2.1

Parallel Resonance Fault Current Limiter
Topology
The per phase diagram of the PRFCL is shown in Fig. 6.2[122]. The topology

comprised of two distinct parts which are described as follows.
Bridge part: The bridge part is composed of four diodes D1 -D4 in bridge configuration. A
small value dc reactor Ldc in series with an IGBT switch is placed inside the bridge as
shown in Fig. 6.2. IGBT’s have an inherent free-wheeling diode which is not shown.
Depending on system requirement, series/parallel combination of IGBT can be used. To
include the inherited resistance of the dc reactor, a very small value resistor Rdc is
considered and placed in series with the reactor. The dc reactor Ldc is also equipped with a
free-wheeling diode D5 for the safe operation.
Resonance Part: The second part is a shunt resonance path composed of a capacitor Csh
and an inductor Lsh placed in parallel to each other to form a LC resonance circuit at
power line frequency.
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6.2.2

Operation and Control
The PRFCL is placed on the wind farm side of the short transmission line that

interfaces the wind farm to bus 8 as seen in Fig. 6.1. The IGBT switch of the PRFCL
remains closed during normal operation. For one half cycle of electrical frequency, the
D1-Ldc -Rdc -D4 path carries the line current and for the other half it is carried by
D2 -Ldc -Rdc -D3 . So, the current through the dc reactor Ldc , flows in the same direction
and the current through this, is the dc current. The dc reactor Ldc is charged to the peak
current in that branch. The dc reactor inherited resistance Rdc , the IGBT turn on resistance
and the diode forward voltage incur a voltage drop, as they are connected in series with
the line. But this voltage drop is quite negligible compared to the line drop and has
ignorable significance. That’s why the bridge has no impact on the steady state operation.
The impedance of the shunt path is very high. As a result, except very small leakage
current, normal operation line current is flown entirely through the bridge. At the event of
a fault, initially the line current tends to increase abruptly, but the dc reactor Ldc limits the
increasing rate of line current. The IGBT switch is thus saved from high value of di/dt
and a safe operation is maintained. The per phase controller for the PRFCL is shown in
Fig. 6.3. The instantaneous phase voltage of the wind farm terminal Vinst,ϕ or Vd,ϕ is taken
and one fourth cycle delay is applied to produce a quadrature counterpart Vq,ϕ . Vdq,ϕ is
√ 2
2
then defined by Vdq,ϕ = (Vd,ϕ
+ Vq,ϕ
). Vdq,ϕ is compared with the threshold reference
voltage Vth . At fault Vdq,ϕ goes low and becomes lower than Vth . A low state voltage
signal is sent to the IGBT gate of the PRFCL. The IGBT switch opens and current is

ͳ
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(A + B )
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Ͳ

Fig. 6.3. Per phase PRFCL controller.
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bypassed to the resonating shunt path. The shunt path offers high impedance in between
the fault and the wind farm and suppresses the high fault current. When Vdq,ϕ is restored
due to breaker opening or fault isolation and becomes greater than the threshold voltage
Vth , high state voltage signal is sent to the IGBT gate to close it and normal operation
resume.
6.2.3

Design Considerations
A consolidated average model of IGBT is considered in this dissertation that

withstands system operation. The main job to design the PRFCL is to determine
appropriate values of the shunt path capacitor Csh and inductor Lsh . Many combinations
of Csh and Lsh values would give resonance at power frequency. But standard values of
Csh are picked from [170] an Lsh value is calculated considering the resonance at power
frequency. Among the explored combinations, Csh =200µF and Lsh =50mH was found to
give the best fault performance.
6.3

Simulation Results and Discussion
Simulation results are demonstrated and relevant discussions are given in the

following subsections.
6.3.1

Simulation Considerations
In this dissertation, simulations were carried out using the Matlab/Simulink

software. For the fault analysis purpose, a constant wind speed of 15 m/s is considered as
it produces the rated power. As the duration of the fault is too short for the wind speed to
influence the transient performance, the wind speed is assumed fixed. A temporary
three-line-to-ground (3LG) fault is applied at bus 8 end of one of the double circuit
transmission lines denoted by point F1. The fault at this point makes the most severe
effect on the wind farm compared to other points of the 9-bus system, because the farm is
attached at this point. The fault is applied at 0.1s and withdrawn at 1.1s. Circuit breakers
on the faulted line open at 0.2s and reclose successfully at 1.2s. The simulation time step
used for the study is 20µs. The results are shown in a common time span of 0s to 9s. In
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the following sections, system responses are shown for three different cases considered in
the simulations. They are as follows:
1) Case A: with no auxiliary controller
2) Case B: with BFCL
3) Case C: with PRFCL
6.3.2

3LG Fault
Fig. 6.4 shows the wind farm terminal voltage response at bus 11 for the 3LG

fault. With no auxiliary controller applied, the wind farm terminal voltage goes below half
the rated voltage and takes longer time to recover the prefault voltage. Both the PRFCL
and the BFCL help maintain a better terminal voltage profile than the no controller case.
But it is apparent from the zoomed view that the PRFCL performs better and provides
better fault ride through capability as compared to the BFCL.
Fig. 6.5 displays the wind farm output active power profile at the event of fault.
The wind farm’s output active power goes near zero during the fault, takes long time to

Fig. 6.4. Wind farm voltage response at PCC for 3LG fault.
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Fig. 6.5. Wind farm active power response at PCC for 3LG fault.
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Fig. 6.6. DFIG speed response for 3LG fault.
regain the prefault level. With the PRFCL applied, the output active power is kept at the
highest level accompanied by the fastest regain of prefault voltage level. The BFCL also
performs better than that of no controller case, but the supremacy of the PRFCL is evident
from the zoomed view inside Fig. 6.5.
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Fig. 6.7. DFIG dc-link voltage response for 3LG fault.
The speed response of a DFIG at the aggregated DFIG WT#1 is presented in
Fig. 6.6. There is a sharp speed jump during the fault if no controller is set to interact with
the fault. After opening of the breakers at the faulty line, there is high fluctuation of speed
with the BFCL and without any controller in action. This rapid speed deviation is likely to
cause considerable damage to turbine-generator electromechanical system. It is seen that
the PRFCL keeps the speed deviation to minimum during the fault and also after the
breaker opening, ensuring the least stress to the system.
Fig. 6.7 shows the dc link voltage of that DFIG. It can be seen that without any
protection the dc link voltage crosses two times the rated voltage and it may incur harmful
effect for the safe operation of the dc link. Both the PRFCL and the BFCL can limit the dc
link voltage into a safe level without the help of any extra protection device like the dc
link chopper resistor[47]. It is also clear from the zoomed portion at Fig. 6.7 that the
PRFCL gives the superior performance over the BFCL.
Fig. 6.8 and Fig. 6.9 represents the load angle response of the synchronous
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Fig. 6.8. SG1 load angle response for 3LG fault.

Fig. 6.9. SG2 load angle response for 3LG fault.
generators. From these two figures it is prominent that the PRFCL helps the synchronous
generators stabilize slightly faster and enables lower swing of the load angle.
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6.3.3

1LG Fault
Fig. 6.10 shows the DFIG based wind farm 1LG fault LVRT performance for the

three considered cases. It is apparent that the PRFCL gives the better voltage profile than
that of the BFCL. Also the voltage deviation is least with the PRFCL and hence the
PRFCL gives the best asymmetrical LVRT capability to the wind farm.

Fig. 6.10. Wind farm voltage response at PCC for 1LG fault.

Fig. 6.11. Wind farm active power response at PCC for 1LG fault.
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Fig. 6.12. DFIG speed response for 1LG fault.
Fig. 6.11 represents the active power generated by the wind farm. From fault
initiation to breaker opening, the active power increases along with a jump at the breaker
opening. The PRFCL reduces the rate of active power increase as well as the jump at the
breaker opening instant. The BFCL can also contribute in active power control but the
zoomed view delineates that the PRFCL performs superior to the BFCL.
In Fig. 6.12 the speed response of the DFIG at WT#1 can be seen. 1LG fault
causes irregular pulsation to the shaft turbine system as apparent from speed profile. With
the application of the PRFCL, the sudden speed rise at fault initiation and after fault speed
fluctuation is reduced. Thus the PRFCL ensures the least mechanical stress to the turbine
generator system at 1LG fault conditions.
Dc link voltage response of the DFIG at WT#1 is displayed in Fig. 6.13.
Asymmetrical faults cause oscillation of dc link voltage with a sharp jump at the fault
initiation if no auxiliary device is used. This oscillation is reduced and the dc link voltage
is kept closer to the rated voltage by both the PRFCL and the BFCL. But the zoomed view
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Fig. 6.13. DFIG dc-link voltage response for 1LG fault.
show that the PRFCL gives dc link voltage with lower oscillation and hence performs
better than the BFCL.
6.3.4

Index Based Comparison
Some integral absolute error (IAE) based performance indices, namely, vlt(pu.s),

pow(pu.s), and spd(pu.s) are considered to provide a numeric representation of the
performance comparison. Lower value of the indices indicates better system performance.
Their definitions are given below in terms of the following equations.
Z T
|∆V |dt
vlt(pu.s) =

(6.1)

0

pow(pu.s) =

spd(pu.s) =

Z
Z

T
0

0

|∆P |dt

(6.2)

|∆ω|dt

(6.3)

T

where ∆V , ∆P and ∆ω denote the deviation of the wind farm terminal voltage, active
power of the wind farm, speed of a DFIG at aggregated DFIG WT#1, respectively. T
refers to the time duration of interest stretching from 0.1 s to 9 s. The values of the indices
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Table 6.1. Values of performance indices for 3LG fault.

Values of indices

Index parameters (%)

No auxiliary controller

BFCL

PRFCL

vlt(pu.s)

28.51

17.17

15.39

pow(pu.s)

22.14

10.57

3.51

spd(pu.s)

3.68

1.79

0.22

Table 6.2. Values of performance indices for 1LG fault.

Values of indices

Index parameters (%)

No auxiliary controller

BFCL

PRFCL

vlt(pu.s)

14.10

8.45

6.69

pow(pu.s)

3.49

3.91

3.25

spd(pu.s)

0.42

0.56

0.37

are presented in Table 6.1 and Table 6.2. The tables show that the system performance is
the worst without any auxiliary controller. A significant improvement is observed using
the PRFCL as it gives the lowest index values. Compared to the BFCL, the PRFCL gives
a lower value of the indices and hence performs better than the BFCL for the LVRT
enhancement purpose.
6.4

Chapter Summary
This dissertation proposes the use of the PRFCL to augment the LVRT capability

of DFIG based wind farm connected to a multi-machine power system. From the
simulation results and discussions, the following points are worth noting.
1) The PRFCL is a very effective means to improve the LVRT capacity of the DFIG
based wind farms.
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2) The turbine-generator electromechanical system of the DFIG based wind farm faces
the least stress with the application of the PRFCL.
3) The PRFCL is superior to the BFCL counterpart.
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CHAPTER 7
LOW VOLTAGE RIDE THROUGH CAPABILITY IMPROVEMENT OF DFIG
BASED WIND FARMS BY FUZZY LOGIC CONTROLLED PARALLEL
RESONANCE FAULT CURRENT LIMITER
Power systems have highly nonlinear nature. For this reason, nonlinear controllers
like fuzzy logic, particle swarm optimization, neural network, and genetic algorithm based
controller or their composite, work better with power systems. Among the nonlinear
controllers, fuzzy logic controller (FLC) is a simple but effective controller [67, 169] that
efficiently captures the dynamics of power systems.
Based on this background, a fuzzy logic controlled PRFCL (FLC-PRFCL) is
proposed in this dissertation to enhance the LVRT capability of the DFIG based wind farm
connected to a multi-machine power system. And this is one of the main contributions of
this dissertation. Another salient feature of this dissertation is that, in order to check the
effectiveness of the proposed FLC-PRFCL device in enhancing the LVRT capability of the
DFIG based wind farms, its performance is compared with that of the conventional BFCL.
Both symmetrical and unsymmetrical temporary faults are considered in the studied
power network. Simulations are performed by using the Matlab/Simulink software.
7.1

Power System Model
The power system model shown in Fig. 7.1 has been used in this dissertation. It is

composed of a multi-machine main system and a 100 MVA DFIG based wind farm. The
wind farm is connected at bus 8 through transformers and a short transmission line. In
between the wind farm and the short transmission line, auxiliary device (FLC-PRFCL) is
placed to protect the wind farm from external faults. The wind farm is an aggregated
model of 60 individual wind turbine units, where each unit possesses power rating of 1.67
MVA. Actually, an individual wind turbine is scaled up to model the 100 MVA wind
farm [171–174]. The turbine and the DFIG parameters in Table 5.1, as well as the RSC
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Fig. 7.1. DFIG based wind farm connected to multi-machine power system.
(Fig. 5.2) and the GSC (Fig. 5.3) controller used in section 5.1, have been used in this
chapter.
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The multi-machine power system comprises of two synchronous generators (SG1
and SG2) and an infinite bus. They are connected to each other through transformers and
double circuit transmission lines. The transmission line parameters are shown in
R + jX(jB/2) form in Fig. 7.1, where R, X, and B indicates resistance, reactance, and
susceptance, respectively, with two lines per phase. Various parameters of the generators,
governor (GOV), and automatic voltage regulator (AVR) control system model used in
this dissertation are available in[169].
7.2

Fuzzy Logic Controlled PRFCL (FLC-PRFCL)
The per phase topology (Fig. 6.2) and operation principle of PRFCL is described

in section 6.2. The control philosophy and design criteria are described in the following
subsections.
When faults occur, the line current rise rapidly, but the rate of change di/dt, is
suppressed by the dc reactor Ldc . This ensures the safe operation of the IGBT. The per
phase controller for the PRFCL is shown in Fig. 7.2. The instantaneous phase voltage of
the wind farm terminal Vinst,ϕ or Vd,ϕ is taken and one fourth cycle delay is applied to
produce a quadrature counterpart Vq,ϕ . Vdq,ϕ is then produced defined by
√ 2
2
Vdq,ϕ = (Vd,ϕ
+ Vq,ϕ
). Vdq,ϕ is then compared with the reference voltage Vref . The
difference ∆V is fed to the FLC. The FLC output is adjusted to produce a duty cycle in
between 0.5 to 1 so that very small value of impedance is not inserted at the fault instant.

Fig. 7.2. Per phase fuzzy logic based controller for PRFCL.
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A threshold voltage level Vth =0.9 pu is compared with Vdq,ϕ to detect the fault in
the system. This signal is used in a selector that feeds a signal value of 1 to the IGBT
gates at normal operation Vdq,ϕ >Vth and the inverted PWM generator output during the
faulty situation (Vdq,ϕ <Vth ). The modified voltage Vdq,ϕ enables quick fault detection.
Conventional controller inserts the full value of the shunt pat into the system irrespective
of the voltage sag depth. To make the PRFCL adaptive and dynamically responding to the
voltage sag depth, instead of applying the full impedance value of the shunt path (Zsh )
′

throughout the fault period, a variable value of the impedance Zsh = d*Zsh is offered to
the system for best compensation by the FLC-PRFCL. The duty cycle d is the ratio of time
the IGBT switches conduct(TON ) to the time period of the pulse width modulation
(PWM) block cycle (Tc = 1/fc ). That is
d=

TON
Tc

(7.1)

Here fc is the carrier frequency of the PWM signal generator. The value of the duty cycle
d is determined by the FLC block and fed into the PWM block. This makes the
FLC-PRFCL flexible and dynamically responding to the severity level of the faults.
7.2.1

PRFCL Design Aspects
A consolidated average model of IGBT is considered in this dissertation which can

withstand system operation. The main job to design the PRFCL is to determine
appropriate values of the shunt path capacitor Csh and inductor Lsh . Many combinations
of Csh and Lsh values would give resonance at power frequency. But standard values of
Csh are picked from [170] and Lsh value is calculated considering the resonance at power
frequency. Different resonating pair of Csh and Lsh values were trialed. Among the
explored pairs, Csh =300µF and Lsh =38mH was found to give the best fault performance.
7.3

Fuzzy Logic Controller Design
The fuzzy controller designed to control the FLC-PRFCL is delineated below.
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Fig. 7.3. Membership function of input ∆V .
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Fig. 7.4. Membership function of output d.
7.3.1

Fuzzifcation
Difference between the reference voltage and the wind farm terminal voltage, ∆V ,

and the duty cycle d of the PWM generator block at Fig. 7.2, are chosen as the input and
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Table 7.1. Fuzzy rule table.
PCC Voltage Deviation ∆V

Duty Cycle d

ZE

ZE

SM

MB

HI

BI

the output, respectively, for the design of the proposed fuzzy logic controller. Gaussian
membership functions (MFs) for ∆V and d are shown in Fig. 7.3 and Fig. 7.4, in which
the linguistic variables ZE, SM, HI, MB, and BI stand for zero, small medium, high,
medium big and big, respectively. Other types of MFs, for example, the triangular and the
trapezoidal MFs were also tried in Matlab, but Gaussian MFs gave the best performance.
Also, some adjustments were done to the Gaussian MFs to get the best system
performance. The equation of the Gaussian MFs [67]used to determine the grade of
membership values is as follows,
f (x; σ, c) = e−

(x−c)2
2σ 2

(7.2)

where σ and c defines the width of the bell curve and the center of the peak, respectively.
7.3.2

Fuzzy Rule Base
The very simple design having only one input variable and one output variable is

the specific feature of the proposed fuzzy controller. The use of single input and single
output variable makes the fuzzy controller very straightforward [169]. The control rules of
the proposed controller as shown in Table 7.1, are determined from the viewpoint of
practical system operation and best system performance.
7.3.3

Fuzzy Inference
Mamdani’s method is used for the inference mechanism that gives the degree of

conformity, Wi , of each fuzzy rule as follows:
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Wi = µi (∆V )

(7.3)

where i is rule number.
7.3.4

Defuzzifcation
The center of gravity method is a well-known defuzzification procedure. This is

implemented to determine the output crispy value (i.e., the duty cycle, d), given by the
expression below:
R
z.µi (z)dz
d= R
µi (z)dz

(7.4)

where µi (z) is the value of d expressed in terms of linguistic variables in the fuzzy rule
table (see Table 7.1).
7.4

Simulation Results and Discussion
The simulation results are illustrated with relevant discussions in the following

subsections.
7.4.1

Simulation Considerations
The simulations were executed using the Matlab/Simulink software. The time span

of the fault is too brief for the wind speed to cause any impact on the transient
performance. So the wind speed is assumed to be fixed at 15 m/s. Temporary
three-line-to-ground (3LG), line-to-line (LL), double-line-to-ground (2LG) and
line-to-ground (1LG) faults were applied at point F1, located at bus 8 end of one of the
double circuit transmission lines. The fault at this point makes the most severe effect on
the wind farm compared to other points of the multi-machine system, because the farm is
attached at this point. The fault is applied at 0.1 s and withdrawn at 0.7 s. Circuit breakers
on the faulty line open at 0.2 s and reclose successfully at 1.2 s. A simulation time step of
20 µs was used. Results are shown for the most critical fault (3LG) and the least severe
but most frequent fault (1LG) in the following sections. To capture all the possible detail
and for better representation, a common time span of 0 s to 10 s and per unit (pu)
measurement are used in the graphical results. A zoomed portion is also provided inside
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most of the figures for better visual. For a rational comparison, three separate cases are
considered in the simulations, namely,
1) Case A: with no auxiliary device
2) Case B: with BFCL
3) Case C: with FLC-PRFCL
7.4.2

3LG Fault
Fig. 7.5 through Fig. 7.9 show the fault responses for 3LG fault. Wind farm

terminal voltage profile for 3LG fault given at Fig. 7.5 indicates that, at fault event voltage
goes very low if no auxiliary measure is used. With the application of the FLC-PRFCL,
the best voltage profile is ensured. The BFCL also helps improve the voltage profile but it
is outperformed by the FLC-PRFCL.
Fig. 7.6 illustrates that the FLC-PRFCL keeps the active power profile smooth at
the event of a 3LG fault. Output power goes really low without help from any auxiliary
device. The BFCL can contribute in keeping a better active power profile but its
performance is inferior to FLC-PRFCL.

Fig. 7.5. Wind farm voltage profile for 3LG fault.
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Fig. 7.6. Wind farm active power profile for 3LG fault.

Fig. 7.7. DFIG rotor speed profile for 3LG fault.
Fig. 7.7 provides DFIG rotor speed profile for 3LG fault. It is seen that there is a
rotor speed jump caused by the fault. The FLC-PRFCL and the BFCL can minimize it.
However, the FLC-PRFCL is more capable to subdue the speed change. The DFIG dc
link voltage profile is manifested in Fig. 7.8 for the 3LG fault. It is apparent that the 3LG
fault cause disturbance to the dc link voltage. Both of the auxiliary devices can keep the
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Fig. 7.8. DFIG dc-link voltage profile for 3LG fault.
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Fig. 7.9. SG1 load angle profile for 3LG fault.
dc link voltage closer to the nominal voltage. But the FLC-PRFCL offers lower deviation
from fault initiation to breaker opening.
Fig. 7.9 displays the SG1 load angle profile. It is clear that SG1 can maintain the
least deviation of load angle when aided by the FLC-PRFCL.
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Fig. 7.10. Wind farm voltage profile for 1LG fault.

Fig. 7.11. Wind farm active power profile for 1LG fault.
7.4.3

1LG Fault
Fig. 7.10 to Fig. 7.14 show the fault responses for 1LG fault. It is noticeable that

the system is less affected by 1LG fault than the 3LG fault as the former is the least severe
fault. From the wind farm terminal voltage (Fig. 7.10) and output active power (Fig. 7.11)
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Fig. 7.12. DFIG rotor speed profile for 1LG fault.

Fig. 7.13. DFIG dc-link voltage profile for 1LG fault.
profile, it is evident that the FLC-PRFCL ensures the least deviation along with steady
response.
The DFIG rotor speed (Fig. 7.12) and dc link voltage (Fig. 7.13) face oscillations
without auxiliary device action as 1LG fault is an unbalanced fault. The BFCL can
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Fig. 7.14. SG1 load angle profile for 1LG fault.
somewhat reduce the oscillation but the FLC-PRFCL is more effective in damping
oscillation, thus giving a more stable operation.
Fig. 7.14 represents that the load angle of the SG1 is least disturbed due to 1LG
fault when FLC-PRFCL is in action. The FLC-PRFCL helps the SG1 more compared to
the BFCL.
7.4.4

Index Based Comparison
For the sake of numerical quantification of the system performance, some integral

absolute error (IAE) based indices like vlt(pu.s), pow(pu.s) and spd(pu.s) have been
exploited. As they account for the deviation of system parameters, a lower value of them
is indicative of better system performance. They are defined by the following equations
accordingly.
vlt(pu.s) =

pow(pu.s) =

Z

T
0

Z
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|∆V |dt

(7.5)

|∆P |dt

(7.6)

T
0

spd(pu.s) =

Z

0

T

|∆ω|dt

(7.7)

where ∆V , ∆P and ∆ω stand for the deviation of the wind farm terminal voltage, active
power, and the DFIG rotor speed, respectively. The time period of interest spanning from
0 s to 10 s is given by T . Table 7.2 and Table 7.3 represent the values of the indices for
3LG and 1LG fault, respectively. It is apparent from the tables that the improvement is
significant using the FLC-PRFCL because it provides the smallest index values. The
FLC-PRFCL gives a smaller value of the indices compared to that of the BFCL. Hence,
FLC-PRFCL performs better than the BFCL to enhance LVRT for both types of faults.
The numerical results indeed support the graphical results.
Table 7.2. Values of performance indices for 3LG fault.

Values of indices

Index parameters (%)

No auxiliary device

BFCL

FLC-PRFCL

vlt(pu.s)

69.94

34.62

14.70

pow(pu.s)

29.01

6.62

5.77

spd(pu.s)

3.11

0.32

0.19

Table 7.3. Values of performance indices for 1LG fault.

Values of indices

Index parameters (%)

No auxiliary device

BFCL

FLC-PRFCL

vlt(pu.s)

39.56

10.56

8.84

pow(pu.s)

5.37

3.96

2.80

spd(pu.s)

0.25

0.19

0.16
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7.5

Chapter Summary
A fuzzy logic controlled parallel resonance fault current limiter (FLC-PRFCL)

scheme is proposed in this dissertation to improve the LVRT capability of a DFIG based
wind farm connected to a multi-machine power system. The effectiveness of the
FLC-PRFCL is compared with that of the BFCL. From the simulation results and
discussions, the following points can be inferred.
1) The FRT capability of a DFIG based wind farms can be enhanced significantly
using the proposed FLC-PRFCL for both symmetrical and asymmetrical faults.
2) More stable operation of the DFIG based wind generator system is ensured by the
proposed FLC-PRFCL.
3) The FLC-PRFCL provides much better performance than the BFCL.
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CHAPTER 8
OFFSHORE WIND FARM FRT CAPABILITY ENHANCEMENT BY PARTICLE
SWARM OPTIMIZATION BASED DC CHOPPER
Offshore wind farms (OWF) have turned out to be the next solution to facilitate the
growth of wind power production. For successful and feasible integration of OWFs into
existing grid, the voltage source converter (VSC) based high voltage DC (HVDC)
transmission is being widely adopted and drawing much attention. However, control of a
VSC is very challenging ensuring the system capability subjected to variations and
transients in the AC system or the grid. Special attention is needed to handle the fault
conditions, as the grid codes require continuous operation of the OWF during and after the
fault. So the grid codes necessitate the fault ride through (FRT) capability of the
VSC-HVDC based OWFs. Various solutions are found in the literature [98] to enhance
the FRT capability of VSC-HVDC based OWFs. For the first time, a particle swarm
optimization (PSO) optimized nonlinear control based variable resistance is proposed in
this dissertation which would offer a variable braking resistor taking into account the fault
severity and nature.
8.1

Power System Model
The test system used in this dissertation includes a DFIG scaled up to emulate a

200 MVA OWF. Actually, an individual wind turbine is scaled up to model the 200 MVA
wind farm [171–174]. The turbine and the DFIG parameters in Table 5.1, as well as the
RSC (Fig. 5.2) and the GSC (Fig. 5.3) controller used in section 5.1, have been used in
this chapter. The farm is connected to the offshore sending end station (SES) through a
step up transformer. The SES converts the ac quantities into dc quantities. The SES is
connected to the onshore receiving end station (RES) through a ±100kV HVDC
transmission line. A dc chopper is also connected across the two terminals of the HVDC
line at onshore RES. The RES supplies power to the onshore grid through some step down
transformer. Both the SES and RES have two level neutral point clamped IGBT based
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Fig. 8.1. VSC-HVDC connected DFIG based offshore wind farm.

Fig. 8.2. SES converter controller.
power converter. A 75 km long HVDC line does have a bipolar configuration with 200kV
dc voltage line to line. The whole system is available in Fig. 8.1. The controllers used for
the SES and the RES are available in Fig. 8.2 and Fig. 8.3, respectively [175]. The SES
converter controller is modeled to regulate active power and reactive power of the wind
farm, whereas the RES converter controller is modeled to control dc link voltage of
HVDC line and reactive power of the grid side[176].
8.2

DC Chopper
Application of a fixed resistor [117] at the HVDC transmission line is a robust

way to enhance the FRT, but offering a fixed resistance irrespective of the fault nature and
severity may result in over compensation and degraded system performance. The
conventional approach to design a fixed dc chopper resistor for the system is that the
resistor should be able to consume the power produced by the OWF. Hence, the equation
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Fig. 8.3. RES converter controller.
comes as
RDCR =

Vdc2
POW F

(8.1)

Where RDCR , Vdc and POW F are fixed resistance of braking resistor, HVDC transmission
line voltage and the OWF power, respectively.
Operation and control of the dc chopper is very simple one. Dc voltage at the RES
side of the HVDC line (VdcHV DC )is measured. It is then compared to a threshold voltage
(Vth ) which is considered as 1.1 pu in this case. During the steady state operation,
VdcHV DC <Vth and IGBT switches of the dc chopper resistor remain open. When the fault
occurs, VdcHV DC tends to rise. as soon as the VdcHV DC crosses Vth , that is VdcHV DC >Vth ,
IGBT switches close and consumes power to keep VdcHV DC within the limit. Hysteresis
controller used for the dc chopper is shown in Fig. 8.4
8.3
8.3.1

Particle Swarm Optimization (PSO)
Overview
Particle swarm optimization (PSO) is a metaheuristic algorithm or global

optimization algorithm [177]. It is designed with the intention to give an adequately
acceptable solution to an optimization problem where the computational capacity is low
and the provided information is imperfect or inadequate. It was first introduced by
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Fig. 8.4. Dc chopper controller.
Eberhart and Kennedy together in 1995 [178, 179]. The PSO is basically an optimization
algorithm inspired by the natural events depending on the laws of probability. This is a
variant of a direct search method. The target is to find out the optimal solution for the
problem at hand given a space or range to search for the optimal solution. The PSO is very
simple to implement compared to other methods. It offers an array of advantages
[180–183] listed below:
• No gradient information is required.
• Simple implementation.
• The optimization time is less compared to other methods.
• Ease of use in online optimization schemes.
• Accuracy is high compared to the complexity involved.
• Objective function is used to search in the solution range or area.
• Only numerical value of the objective function can be used.
• From the initial search point, the optimized solution is guaranteed.
8.3.2

PSO Algorithm
PSO uses the social behavior of flock of foraging birds. The search for optimal

solution can be simulated by a group of birds looking for food in a particular two
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dimensional space. The food or the optimal solution is located at a particular place and the
birds have no idea about the exact food location. But the birds know their exact location at
each of the searching steps. To find out the food and to get to the food location each bird
checks the surrounding birds and follow the bird that is closer to the food location. Every
bird is considered as an individual particle and all of the birds in the flock forms a group
or swarm. Each bird or particle records the optimal value searched by itself and the best
one searched by the swarm. Each particle i(i = 1, ...., n) in the swarm is defined by three
vectors (xi , vi , pi ). xi = (xi1 , xi2 , ..., xin ) is certain position of the particle,
vi = (vi1 , vi2 , ..., vin ) is particle velocity, and pi = (pi1 , pi2 , ..., pin ) is the best particle
position. Each particle records their best position or personal best Pbest,i and look for the
best position among the swarm, global best Gbest,i . At a certain iteration step k, each
particle i moves around and updates its velocity to vi (K + 1) depending on the personal
best Pbest,i (k), global best Gbest,i (k), and current velocity vi (K) using the below equation,
vi (k + 1) = Ω ∗ vi (k) + c1 ∗ rand1i (k) ∗ (Pbest,i (k) − xi (k))

(8.2)

+ c2 ∗ rand2i (k) ∗ (Gbest,i (k) − xi (k))
xi (k + 1) = xi (k) + vi (k + 1)

(8.3)

Here c1 and c2 are accelerating factor, rand1i (k) and rand2i (k) are uniformly (0,1)
distributed random vectors of length n, Ω is the inertia weight. This concept is represented
in Fig. 8.5 [184]. The global best Gbest,i and the personal best Pbest,i determines the
velocity change v(del). Present velocity v(K) and the velocity change v(del) defines the
new velocity for next iteration step (k+1). The new position is updated using equation8.2.
The working principle flowchart of the PSO is available in Fig. 8.6.
8.3.3

PSO for DC Chopper Optimization
Application of a braking resistor at the DC link of the HVDC transmission line is a

proved solution and used by many researchers. They were mostly designed to tackle most
severe three-line-to-ground (3LG) faults. In those design approaches, the full value of the
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Fig. 8.5. Position and velocity update of each particle.
braking resistance was offered in case of any kind of fault. Neither the fault type nor the
depth of voltage sag at the grid is taken into considerations in this sort of approach. To
resolve this problem, a nonlinear control based variable braking resistor is proposed that
would dynamically insert a variable resistor considering the voltage type and voltage dip
severity. A nonlinear control is designed to generate a duty cycle d depending on the fault
nature and voltage sag depth at the AC side. The duty cycle d is the ratio of time the IGBT
switches conduct (TON ) to the time period of a cycle (Tc = 1/fc ). That is
d=

TON
Tc

(8.4)
′

Here fc is the carrier frequency of the PWM generator. The variable resistance RDCR
then becomes a function of duty cycle as
′

RDCR = d ∗ RDCR

(8.5)

′

The variable resistance RDCR will only consume the power that is produce in excess of
the demand and provide appropriate FRT. The duty cycle d is generated using Eq. 5.2. The
voltage deviation is the deviation of dc voltage VdcHV DC . The controller shown in Fig. 8.7
is used to control the dc chopper resistor. During normal operation VdcHV DC < Vth , the dc
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Fig. 8.6. Particle swarm algorithm [185].
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Fig. 8.7. PSO optimized dc chopper controller.
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Fig. 8.8. Convergence curve for objective function.
chopper IGBTs remain open. So no current flows through them and they have no effect on
normal operation. At fault, VdcHV DC increases and as it becomes greater than Vth , that
isVdcHV DC < Vth , IGBTs takes switching signal from the PWM block. The duty cycle d
of the PWM is governed by the nonlinear equation (Eq. 5.2). Instead of using trial and
error method to find out the optimal value of the parameter k in Eq. 5.2, PSO has been
used to search for the optimum value of k based on minimization of the objective
function. The search range was from 0 to 1000. The objective function was to minimize
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integral absolute error (IAE) minimization of HVDC dc voltage , that is,
Z T
J=
|∆VdcHV DC |dt

(8.6)

0

It was found that for k =640.56, the best result was obtained. The convergence of the
objective function J upto 5th iteration is depicted in Fig. 8.8.
8.4

Simulation Results and Discussion
In order to exhibit the effectiveness of the proposed PSO optimized dc chopper

and to pursue a performance evaluation among the proposed PSO optimized dc chopper,
the conventionally controlled dc chopper, and the no auxiliary controller, extensive
simulations have been performed. The simulation results are presented and discussed in
the following subsections.
8.4.1

Simulation Considerations
Different scenarios are considered and a few assumptions are made while

executing the simulations. The wind speed is assumed constant at 15m/s, as the duration
of the fault is too short for the wind speed to make any substantial impact on the transient
performance. Also, at this speed the wind turbines produce the rated power. The system
was operating normally when temporary 120ms or 6 cycle 3LG fault was applied to the
onshore grid in Fig. 8.1 at 0.1s and withdrawn at 0.22s. The simulation time step used for
the study is 14.81µs. To capture all of the possible details and better representation, a
common time span of 0s to 10s and per unit (pu) measurement are used in the plots.
Three different scenarios are considered in the simulations; they are as follows:
1) Scenario A: with no controller
2) Scenario B: with Conventional dc chopper
3) Scenario C: with PSO dc chopper
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8.4.2

Onshore Grid 3LG Fault
Fig. 8.9 shows the OWF terminal voltage profile when a temporary symmetrical or

3LG fault is applied. For the no controller case, the OWF terminal voltage goes very high
right after the fault initiation and continues to rise till the fault is withdrawn. The PSO dc
chopper keeps the voltage rise level to the minimum. The conventional dc chopper also
helps reducing the voltage rise. But the PSO dc chopper outperforms the conventional one
and gives better FRT performance.
Fig. 8.10 shows the OWF output active power response for 3LG fault. It
demonstrates that, without any controller the output power fluctuates due to imbalance
between electrical and mechanical power. The PSO dc chopper limits the fluctuation and
gives the steadiest response and performs even better than the conventional dc chopper.
The dc link voltage response of the DFIG is presented in Fig. 8.11. With no
controller, the voltage goes very high that may cause destruction to the dc link capacitor.
Conventional and PSO control dc chopper both can prevent the rise in dc link voltage but
the PSO control dc chopper is more apt is regulating this voltage to safe level.

Fig. 8.9. Offshore wind farm terminal voltage response.
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Fig. 8.10. Offshore wind farm active power response.

Fig. 8.11. DFIG dc link voltage response.
The DFIG speed response for 3LG fault is shown in Fig. 8.12. The fault makes the
DFIG speed to go over and below the nominal speed, and it may cause instability if fault
duration is long enough and proper auxiliary measure is not taken. The PSO dc chopper
prevents the high rate of machine speed change and ensures better stability. It is more
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Fig. 8.12. DFIG speed response.

Fig. 8.13. Sending end station HVDC line voltage.
competent to do this than the conventional dc chopper because it gives lower oscillation
and faster stabilization. Also, it is noticeable that, right after fault initiation, the machine
speed drops and then rises sharply. This by directional speed variation is threatening for
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Onshore grid voltage (pu)

Fig. 8.14. Receiving end station HVDC line voltage.
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Fig. 8.15. Onshore grid voltage.
the mechanical system and this is totally prevented by the application of the PSO dc
chopper.
Fig. 8.13 and Fig. 8.14 show the HVDC line dc voltage response at the SES and
RES. It is possible to maintain the most constant dc link voltage with the PSO dc chopper
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Fig. 8.16. Dissipated power in chopper.
as compared to the conventional dc chopper. This saves the HVDC line form overvoltage
and possible breakdown of insulation if no controller is used.
The onshore grid voltage is presented in Fig. 8.15. It is clear that the voltage
response is the same for each case. The dc chopper does not contribute to maintain
onshore grid voltage but prevents the OWF farms from fault which is the primary
intention of employing them.
Power dissipation by the dc choppers, PSO optimized and conventional, are
available in Fig. 8.16. It is clear that the power consumed by the conventional dc chopper
is abrupt and sudden while the PSO one smoothly consumes power. This happens because
PSO optimized dc chopper adjust the amount of power needed to consumed for the best
system performance. Other thing to notice here is that neither of them consumes any
active power during normal operation. Hence, they have no impact on normal operation.
8.4.3

Index Based Comparison
For a clear insight of the performance comparison, several integral absolute error

(IAE) based performance indices, namely, VOW F (pu.s), ωDF IG (pu.s), POW F (pu.s) and
VdcHV DC (pu.s) are considered. Lower value of the indices indicates better system
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performance. Their definitions are given in terms of the following equations,
Z T
VOW F (pu.s) =
|∆VOW F |dt

(8.7)

0

ωDF IG (pu.s) =

POW F (pu.s) =

VdcHV DC (pu.s) =

Z
Z
Z

T
0

|∆ωDF IG |dt

(8.8)

|∆POW F |dt

(8.9)

T
0
T
0

|∆VdcHV DC |dt

(8.10)

where ∆VOW F , ∆ωDF IG , ∆POW F and ∆VdcHV DC represents the offshore wind farm
terminal voltage deviation, the DFIG speed deviation, the active power deviation of the
offshore wind farm and DC link voltage of the HVDC line, respectively. T refers to the
time duration of interest stretching from 0.1s to 5s. The values of the indices for 3LG fault
at the onshore grid are presented in Table 8.1. The system performance is the worst
without any auxiliary controller. A significant improvement is observed using the PSO DC
chopper. Compared to the conventional DC chopper, the PSO optimized DC chopper
gives a lower value of the indices and hence performs better in FRT enhancement of the
DFIG based offshore wind farm.
Table 8.1. Values of performance indices for 3LG fault at onshore grid.
Index
parameters (%)

Values of indices
No auxiliary

Conventional

PSO

controller

dc chopper

dc chopper

VOW F (pu.s)

14.85

3.96

3.19

ωDF IG (pu.s)

0.74

0.11

0.08

POW F (pu.s)

23.51

5.12

3.80

VdcHV DC (pu.s)

22.56

5.39

4.32
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8.5

Chapter Summary
A particle swarm optimization based dc chopper is proposed in this chapter to

improve the LVRT capability of a DFIG based offshore wind farm connected to onshore
power system via VSC-HVDC. The performance of the PSO optimized dc chopper is
compared with that of the conventional dc chopper. From the simulation results and
discussions, it has been shown that:
1) The LVRT capability of a DFIG based offshore wind farms can be enhanced
noticeably using the proposed PSO optimized dc chopper for onshore grid faults.
2) The wind farm can continue more stable operation by the proposed PSO optimized
dc chopper.
3) The PSO optimized dc chopper exhibits much better performance than the
conventional dc chopper.
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CHAPTER 9
CONCLUSION AND FUTURE WORK
9.1

Conclusion
Semiconductor based fault current limiter namely, the bridge type fault current

limiter (BFCL) and parallel resonance fault current limiter (PRFCL) is proposed for the
LVRT capacity enhancement of onshore DFIG based wind farms, and a particle swarm
optimization based dc chopper is proposed for the LVRT improvement of offshore DFIG
based wind farms. Different controllers, linear as well as nonlinear intelligent controllers
have been designed and applied to the FCLs. BFCL, PRFCL, nonlinear control based
NCMBFCL, fuzzy logic control based FLC-PRFCL, particle swarm optimization based
dc chopper are used for the LVRT application to wind farms for the first time. From the
simulation results and discussions, the following points are noteworthy.
1. The BFCL and the PRFCL are very effective means to improve the LVRT capacity
of DFIG based variable speed wind generators.
2. Suppression of the fault current is achieved by using the BFCL and the PRFCL.
3. The BFCL and the PRFCL minimize the fluctuation of wind generator speed and
enhance overall stability.
4. The BFCL works better than the SDBR in every aspect.
5. Modified BFCL controlled with a nonlinear controller (NCMBFCL) performs better
than conventionally controlled BFCL and MBFCL.
6. The PRFCL shows better performance than the BFCL but the PRFCL is supposed to
be more costly as it requires a capacitor bank. So it is a capital versus requirement
tradeoff to pick up the more feasible solution.
7. Both the BFCL and the PRFCL give almost similar LVRT performance (PRFCL
offers slightly better) but the PRFCL gives somewhat better performance with
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respect to the active power, DFIG speed and dc link voltage. This is evident from
the graphical and numerical result.
8. The BFCL and the PRFCL has the potential to be the cost effective method to
enhance the LVRT capability of the DFIG based wind generator system.
9. PRFCL equipped with a nonlinear controller, which is the fuzzy logic controller,
works better than the conventionally controlled PRFCL.
10. Particle swarm optimization technique makes the dc chopper resistor more efficient
in enhancing LVRT of the offshore wind farm. Online tuning of the control
parameters is possible using PSO that can adapt to system changes.
9.2

Contributions from the Research
This research has presented some new ideas and probable solution to a very

intriguing problem in a timely manner. The solid contribution of this dissertation is listed
below.
1. New solutions, the BFCL and the PRFCL, are proposed to augment the LVRT
capability of DFIG based wind farms.
2. Effectiveness of proposed solutions are verified through simulation executed in the
test power system model. It was found that the BFCL is more effective than the
SDBR and the PRFCL works better than the BFCL.
3. The BFCL works better than the MBFCL. But when the MBFCL is controlled by
nonlinear controller it performs better than the BFCL. So it is beneficial to use a
nonlinear controller to control the fault current limiters.
4. The proposed BFCL and the PRFCL are very effective for handling the most severe
(3LG) to the least severe (1LG) fault.
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5. Particle swarm optimization technique makes the dc chopper more efficient than the
conventionally controlled dc chopper.
6. A clear comparison is made with the similar technologies to give a good idea about
the degree of effectiveness.
7. Linear as well as nonlinear controllers and fuzzy logic based controllers are
designed. Usefulness of different control scheme for the FCLs are analyzed and
comparison is made. It was found that nonlinear based controllers, fuzzy logic
controller, particle swarm optimization based controllers perform better than the
conventional controller.
8. A good idea is provided to the reader to pick the best FCL with appropriate
controller to design the appropriate system and also to address the problem at hand.
9.3

Future Work
This dissertation really paves the way for some more interesting future research

and opens up new possibilities for effective solutions to demanding problems. The
potential future works generated by this dissertation, are listed below.
1. Application of the BFCL and the PRFCL can be explored for a) smart grid and
microgrid applications b) signal delay and cyber security issues, c) wind farm load
flow control, d) wind farm optimal load dispatch, e) demand management, and g)
ocean tidal wave farm integration
2. Novel topology of the FCLs can be looked for.
3. Novel optimization algorithms can be explored for the BFCL and the PRFCL
components in a complex system.
4. Hardware simulation of the proposed BFCL and the PRFCL can be executed with
prototype wind generator system.
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