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Abstract

This thesis aims to present Low Voltage Ride Through (LVRT) augmentation of the grid-
tied Doubly Fed Induction Generator (DFIG) based wind turbine. Voltage stability is a
critical grid code criterion that must be strictly adhered. A substantial voltage drop hap-
pens during a fault or network disruption situation, which must be restored as quickly as
possible. According to modern grid code standards, 90 percent of the voltage must be
restored to pre-fault levels in 1500 milliseconds. As a result, both dynamic and transient
assessments are performed to evaluate the intended power system's LVRT capabilities. In
this study, fault analysis including the most severe 3LG fault under transient conditions
has been examined in order to evaluate the tuned PI controller scheme and resilience of
the developed power system model. PSCAD/EMTDC® v4.5 tool has been used exten-
sively to develop the DFIG wind turbine aerodynamic model, DFIG control scheme and
power system model analysis. Simulation results show that tuned Proportional Plus Inte-
gral (PI) controllers effectively augment the LVRT functionality by injecting sufficient

reactive power into the grid during fault or network disturbance scenarios.

Keywords: LVRT, DFIG, PI Controller, Grid-Tied, Wind Turbine, Dynamic Analysis,
Transient Analysis, Augmentation, Enhancement.

Md Sajid Hossain
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1 Introduction

Over the past several years, renewable energy resources have been on key focus for the
ever-growing need for power and major environmental impacts due to the use of fossil
fuels. The world is already facing a “climate emergency” situation from “climate change”.
In many areas, renewable energy sources (RESs) have emerged as promising energy
sources due to significant technological developments, falling resource prices and higher

levels of competitiveness.

1.1 Context and Motivation

Renewable energy resources play a critical role in our day to day life due to the nature of
abundant availability, no fuel cost, lower or almost no environmental impact, reliability
of electricity supply in decentralized applications, etc. Among numerous Renewable En-
ergy Sources (RESs) such as solar, wind, tidal, geothermal, bioenergy, hydro, etc. wind
and solar power are becoming very popular and technology is developing very fast. Both
solar and wind power have their pros and cons; determining which technology is superior
is very dependent not only on the application, but also on the location of the system.
However, a wind turbine can produce electricity around the clock as long as there is wind,
but solar panels can only do so when exposed to sunlight. Therefore, the ever-growing
demand for wind or solar energy in the existing power grid impacts the power system's
transient and dynamic stability. During a fault or a network disturbance situation, the
voltage and frequency stability of the power system is an important concern. For the con-
sistency and dependability of the operation of renewable energy sources, additional re-
searches need to be carried out. In this thesis work, the voltage stability issue has been
analysed by maintaining grid code criteria under different fault or network disturbance

situations.

1.2 Challenges

Generating energy from intermittent renewable resources and supply to the grid requires

to follow strict compliance regulations. A grid code sets standards, especially voltage and



frequency regulations for Transmission System Operators (TSO) and enforces them to
maintain strictly. Earlier, renewable energy generations were not significant thus grid
code was not enforced in RES. Due to the large penetration of RES, the modern grid code
enforces strict guidelines for the large-scale integration of RES into the power grid. Most
importantly grid code sets standards for the stability of the power grid system. Hence,
maintaining grid code standards for RES integration into the power grid is a challenging
task.

Large-scale wind turbine integration into the electrical grid poses a substantial challenge
in terms of system stability. When it comes to system stability, a wind turbine must meet
grid code standards depending on the network situation. One of the most important grid
code criteria for analysis is Low Voltage Ride Through (LVRT). In order to comply with
the modern grid code standards, 90 percent of the voltage must be restored to pre-fault lev-
els in 1500 milliseconds or 1.5 seconds after the fault. Moreover, in the event of grid
failures or other network disturbances, wind turbines are needed to inject the maximum
required reactive power into the grid to maintain the grid voltage stable. So, the challenge
lies here in how quickly the grid voltage recovers to the rated condition by injecting the

maximum amount of reactive power.

1.3 Objectives

This thesis work emphasizes the following key objectives:
* To develop a model of wind turbine based on Doubly-Fed Induction Generator
(DFIG).
* Toderive all the required aerodynamic mathematical modelling of DFIG
» To tune the PI controller’s proportional and integral parameter constant to aug-
ment LVRT functionality.
» Utilising the PSCAD/EMTDC simulation tool to analyse both dynamic and tran-

sient voltage stability performance of the tuned controller.

1.4 Elements of Methodology

The following key methodologies have been applied to design and analyse different situ-

ations concerning the scope of the work.



* Design of the detailed Wind Turbine Model
* Modelling of the Drive Train System
» The controller for pitch angle
» Design of the Power System
* Assessment of various fault scenarios
» Control Scheme to augment LVRT functionality
» Voltage stability analysis focusing on grid code requirements

1.5 Planning of The Chapters

In chapter 2, a comprehensive literature assessment has been conducted to identify current
research trends in the area of wind energy’s grid integration. Furthermore, recent statisti-
cal data has been provided to assess the future of wind energy and its contribution to
overall energy production. Other fossil fuels and renewable energy sources are also in-

cluded in this chapter to better understand the effect of CO2 emissions.

Chapter 3 aims to present a system model of the wind turbine and various characteristics
curves related to the turbine. Different types of wind energy conversion topologies are
discussed. Later, an overview of wind turbine components, details of extracted power,
drive train model and pitch controller concepts have been illustrated for varying speed

turbine systems. Finally, the detailed model of the DFIG wind turbine has been presented.

Chapter 4 illustrates DFIG control schemes including rotor and grid side controllers. To
achieve stability during fault or network disturbance situations, PI controllers with opti-
mized proportional and integral constant parameters have been used in RSC and GSC. A
two-level semiconductor power converter including a DC link circuit and protection con-

trol scheme has also been addressed.

In chapter 5, simulation results are presented and comprehensive analysis has been per-
formed to realize the robustness of the designed model. A power system model has been
considered for the assessment of different faults or network disturbance situations. For
that PSCAD/EMTDC simulation tool has been used extensively to model the power sys-

tem and analyse the effectiveness of the tuned PI controllers.



Finally, in Chapter 6, the general findings of all the chapters about this work are stated.

The future scope related to this work has also been presented in this chapter.



2 Literature Review

This chapter aims to present a comprehensive literature review to identify the trending
research area in the field of integrating wind energy into the grid. Besides, statistical data
from recent years have also been presented to perceive the future of wind energy and its
contribution to total energy generation. Environmental impacts considering other fossil
fuels and renewable sources are also addressed in this work to understand the impact of

CO; emissions.

2.1 Carbon Emission and Renewable Energy

High dependency on fossil fuels is creating ecological contamination and safety hazards,
which are increasingly becoming a major concern in society. The term "climate change”
has already been replaced with "climate emergency". According to the recent Global En-
ergy Review of the International Energy Agency (IEA), all fossil fuels are expected to see
considerable increases in demand over the years. Coal consumption is predicted to rise
more than demand for all renewable sources combined, resulting in a roughly 5% increase
in emissions [1]. Table 2.1 shows emissions of CO2 per MWh of electricity generation

from various sources.

Table 2.1: CO,emissions per MWh of electricity generation from different sources [2]

Sources CO2 emissions in Kg (per MWh)
Coal 1000
Natural Gas 430
PV 60 — 100
Wind 3-22
Hydro 4

Whilst a lot of emphasis is set on the reduction of COy, it is imperative to divert attention
to the technologies of carbon capture, storage and reuse too. Besides, a worldwide ‘carbon
tax' would be logical and might be an effective strategy to ensure global fairness by min-

imizing the terrible impacts of global warming. Thus, businesses and individuals will take
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necessary initiatives to lessen their emissions such as adopting new technologies or
switching fuels and focusing on renewable energy sources. Accelerated renewable en-
ergy deployment and improved energy efficiency may accomplish over 90% of the en-
ergy-related CO> emissions reductions required by 2050 to put the world on an energy

path to fulfilling the Paris climate commitments [3].

In the context of decarbonization, renewable energy research has been a pressing issue in
recent years because of the continual depletion of fossil fuels and the ever-increasing
electricity demand. Due to significant technology breakthroughs and declining resource
costs as well as increased competitiveness, in many regions, RES has become one of the
most favourable energy resources [4]. Although the RES has a higher initial capital in-
vestment, in the long run, RES provides good prospects in terms of sustainability and
energy cost. Green energy is important in the energy transition because it has a minimal
environmental effect and might even be used as a substitute for non-renewable energy
[5]. Green or renewable energy penetration has increased significantly over the previous
decade, where several nations now producing more than half of their energy requirements
from renewable sources and aiming toward 100% renewables. [6]-[9]. Attractive poten-
tial and compelling requirements are accelerating the world's energy system to a new level

of transformation (as shown in figure 2.1).

REDUCED
CARBON EMISSIONS

70% lower

FALLING
ENERGY COSTS

Renewables
fully competitive

REDUCED

IMPACT, GREATER

ECONOMIC GAIN
USD 3-7 payoff
for each

USD 1 spent

JOB CREATION

7 million
more jobs
economy-wide

IMPROVED
ENERGY SECURITY

-64% demand
of fossil fuels

FULL ENERGY
ACCESS

100% energy
access

Figure 2.1: Transformation of the world's energy system [3].



2.2 Wind Energy Scenario

While there are many various types of renewable energy resources, including solar pho-
tovoltaic, wind, biomass, biogas, tidal and geothermal, etc., wind energy and solar photo-
voltaic (PV) systems play a substantial role in the global energy market and compete with
the conventional electricity industries. Large-scale wind turbines and solar photovoltaic
systems are expected to provide supplementary services to the grid in addition to supply-
ing grid power. According to the Renewable 2021 Global Status Report [10], the total
installed capacity of RESs in 2019-2020 is given in figure 2.2.

POWER 2019 2020
Renewable power capacity (including hydropower) GW 2,581 2,838
Renewable power capacity (not including hydropower) GW 1,430 1,668
@ Hydropower capacity® GW 1,150 1,170

Solar PV capacity? GW 621 760
#) Wind power capacity GW 650 743
() Bio-power capacity GW 137 145

Geothermal power capacity GW 14.0 14.1

Concentrating solar thermal power (CSP) capacity GW 6.1 6.2
@ Ocean power capacity GW 0.5 0.5

Figure 2.2: Total installed capacity of RESs in 2019-2020 [10].

Wind energy is demonstrating its effectiveness as a viable solution for meeting energy
demand that is generated without the use of fossil fuels, the emission of greenhouse gases
(GHG) and freshwater for cooling and/or harmful air pollutants by making a tangible
contribution to clean and secure power production [11]. Wind energy has attracted a lot
of interest from researchers because of its high efficiency, maximum power point moni-
toring capabilities, better power quality and self-control regulation of active and reactive
power [12]-[15].

According to the forecast of the International Renewable Energy Agency (IRENA), by
2050, wind energy would produce more than one-third of total world power demands,
making it the dominant generating source [3]. Figure 2.3 demonstrates yearly increases
in global wind power capacity, 2010-2020 [10].

Based on a working report by Global Wind Energy Council (GWEC), wind power might
reach 2110 GW by 2030, enough to generate up to 20% of global energy [16].



Gigawatts

743
743 World

700 650 Gigawatts Total
591
600
540
500 488 Annual additions
433 Previous year's
400 370 capacity
319
200 283
238

198
200

100 — — — | — - — — — | — -

0
2010  20Mm 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2.3: Yearly increases in global wind power capacity, 2010-2020 [10].

2.3 Wind Energy Integration: Issues and Challenges

Integration of renewable energy resources, particularly large-scale wind power consider-
ing the existing power system is a complicated issue for power system engineers. Due to
the intermittency of renewables, power generated by wind is not stable. Power demand
always needs to be matched by supply. Besides, power fed into the grid by generators
needs to match the grid frequency and phase. Mostly, the wind turbines are far away from
points of connection to the grid and cause grid integration issues mainly the harmonics
disturbance along with variable output that would cause voltage fluctuations [17], [18].
As interface devices, various kinds of power electronic converters are now in use to max-
imize energy production from renewable energy systems. Such technologies are becom-
ing more complicated as the need for renewable energy grows. Power system stability
becomes a burden for transmission and distribution operators. As a result, extra control
mechanisms for the wind turbine/solar PV combination are required and further research

is required to attain a higher degree of RES penetration in the grid system.

2.4 Voltage Stability

Voltage stability implies to the capability of an electrical power system to sustain proper
voltages on all associated buses during normal operation as well as after being exposed
to a fault or network disruption. The system reaches to a state of voltage instability due to
an uncontrolled voltage dip when a fault or network disturbance situation occurs in the
power system. The fundamental source of voltage instability is the failure to meet the

demand for reactive power [18].
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Voltage stability and control issues are not new to the electrical utility sector, but they are
getting a lot of attention nowadays, due to the ever-growing integration of renewable en-
ergy resources into the power grid. Voltage instability, which was traditionally linked
only with weak systems and lengthy transmission lines is becoming a cause of worry in
highly developed networks, because of larger loads and network disruption situations.
Voltage instability has been responsible for many significant network failures in recent
and past years. Some notable network failure incidences due to voltage instability are

given in the following table 2.2 [18].

Table 2.2: Notable Network Failures Due to Voltage Instability [18]-[22]

Incidences Date
Brazil grid network disturbance 2009
Athens grid network disturbance 2004
Scandinavia grid network disturbance 2003
North-eastern United States grid network disturbance 2003
Idaho (USA) area reactive power deficiency July 2, 1996
Japanese grid network disturbance July 23, 1987

January 12, 1987
French grid network disturbances
December 19, 1978

Swedish grid network disturbance December 27, 1983
Northern Belgium grid network disturbance August 4, 1982

Florida grid network disturbance December 28, 1982
New York Power Pool disturbance September 22, 1970

2.5 LVRT Grid Code Requirement for Wind Power

Low Voltage Ride Through (LVRT) is a crucial grid code condition that needs to be
maintained strictly. In order to comply with the modern grid code standards, 90 percent
of the voltage must be restored to pre-fault levels in 1500 milliseconds or 1.5 seconds
after the fault [23]. Moreover, in the event of grid failures or other network disturbances,

wind turbines are expected to inject the maximum required reactive power into the power
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grid to maintain the grid voltage stable [24]-[28]. The regulation of voltage is an essential
function that is provided by reactive power. Active power cannot be delivered if the volt-
age on the system is not high enough. The voltage levels that are required for active power
to do useful work are often supplied by reactive power. During fault or network disturb-
ance sitation, active power curtailment need to be done so that maximum reactive power
can be injected to the grid and restore the voltage level. Figure 2.4 shows the LVRT re-
quirements for wind power. As indicated in figure 1, the voltage drop must be within the
permitted limit of the RMS value and the time interval are likewise within the specified
period [29].

highest value of the three line-to-line grid voltage lowest value of the

/o limit line 1  limit line 2 voltage band

100% ====-- :r -------- I l" -
T0% -ttt e e
range in which a disi::onnectian is only
: permissible by the ::mtnmaﬁc system
R A, e
! selective disconnecﬁﬁn of generators
: depending on thi:zir condition
15% -.-/ ELd) --- -------------------------

|
0 150 700 1500 3000 time in ms

time when a fault occurs

Figure 2.4: Requirement of LVRT for wind farm [29]-[31].

2.6 Strategies to Augment LVRT of Wind Farm

Various control strategies have been followed to augment the LVRT or FRT functionality.
The present research shows that different authors investigated the issues and proposed
various control algorithms to enhance the LVRT functionality.

[32] has discussed a combined approach of fixed and varying speed wind turbine technol-
ogies to enhance the LVRT capabilities. Due to insufficient reactive power supply, fixed
speed wind turbines can not augment the FRT capabilities which lead to grid instability.

-10-



Besides, the variable speed wind turbine technology has inherent LVRT functionality, but
it is expensive due to the power electronics converter. Thus, a combined approach of
small-scale varying speed wind turbine along with large-scale fixed speed wind turbine
might be an efficient solution. For that, a new fuzzy logic-based optimized controller has
been introduced at the rotor side of the system. The intended control strategy is also ver-
ified using PSCAD simulation tools and transient stability of the whole system is also

ensured during network disturbance situations.

[33] has proposed a modified P1 controller which is based on Elephant Herding Algorithm
(EHA) to provide LVRT enhancement. This optimized controller maintains the voltage
regulation at the Point of Connection (POC) to the grid and provides stability in the grid.
Authors have also presented optimization techniques by comparing their algorithm with
Particle Swarm Optimization (PSO) and Cuckoo Search Optimization (CSO). By apply-
ing the disturbances to the system, EHA based optimized PI controller outperforms other
mentioned algorithms to augment LVRT capabilities. Besides proposed optimization
technique has been used to implement it in the practical system to verify the system per-

formance.

[34] has introduced Salp Swarm Algorithm (SSA) based optimal controller for the grid-
tied PV system. SSA is established to tune the PV controller in terms of settling time,
percentage overshoots/undershoots and steady-state error of voltage regulation which
eventually enhance the LVRT criteria. The authors have also tested the SSA-based opti-
mal controller under various fault conditions and compared the effectiveness of the con-
troller with the functional results of the PV system.

[35] has suggested a coordinated control approach to enhance both the LVRT and the
frequency stability of the grid. A novel Battery Storage System (BSS) has been proposed
with a modified cascaded PI controller for LVRT enhancement and a droop-based con-
troller for frequency stability. With a coordinated control strategy, BSS ensures the reac-
tive and active power adjustment during transient and dynamic periods respectively. The
authors also validated the model by taking into consideration of most severe 3LG fault
and actual wind speed data in real-time to analyse LVRT and frequency stability issues.
This coordinated control strategy is a novel approach that has a good prospect of enhanc-
ing the LVRT and frequency stability at the same time.

-11-



The Proportional plus Integral (PI) control is termed as one of the most extensively uti-
lized controller for Voltage Source Converter (VSC). To increase the overall performance
of Off-shore Wind Farm (OWF), the novel hybrid optimisation based on CSO and Grey
Wolf Optimiser (GWO) method is employed in [36] to design and modify the PI control-

lers' settings.

Sophisticated control schemes developed by different authors fine-tune the power con-
version system but the time and the lengthy training process of such control scheme de-
pends extensively on the experience of the designer [37]. Hence, [38] has used the
Taguchi method, an existing optimization technique that is used extensively to solve dif-
ferent problems in electrical power systems. The authors successfully used the Taguchi
approach to fine-tune four PI controllers considering the several design variables simul-

taneously in a cascaded arrangement.

A method to voltage stability analysis considering the IEEE 14-bus, employing multiple
approaches is described in [39]. Flexible Alternating Current Transmission System
(FACTS) devices, such as Static Synchronous Compensators (STATCOMSs) and Static
Var Compensators (SVCs) are employed as reactive power compensators in this work to
keep the weak bus voltage magnitudes within acceptable ranges. It has been indicated that

STATCOMs outperform SVCs in terms of improving voltage stability [39].

2.7 Grid Code Criteria of Frequency Operating range

Different countries follow different grid code requirements due to the generation and net-
work operation criteria. Grid Code requirements were first designed based on the operat-
ing characteristics of traditional fossil-fuelled power plants, but have subsequently been
adapted to enable more diverse production types to connect to the power network, such
as wind, solar power generation etc. It is also important to note that national regulatory

frameworks constantly change and revise the grid code.

According to grid code criteria, the normal frequency range is very tight which is around
49.50 Hz to 50.50 Hz in Great Britain, Germany, France and many other countries. Few

countries follow more strict rules to maintain the range of frequency. The normal
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frequency range of China, Australia and Ireland is 49.80 Hz — 50.20 Hz, 49.75 Hz — 50.25
Hz and 49.80 Hz — 50.20 Hz respectively [40]. However, there is a relaxation of the Tran-
sient frequency range in grid code which indicates that, under the permitted frequency
oscillating range, wind farms need to be connected to the grid and adjust active power to
restore normal frequency [41]. A wind farm can only be separated from the grid if it is
out of the transient frequency range. To restore the normal frequency range, different
control strategies (i.e. droop controller, fuzzy logic controller, etc.) are adopted which
ensures frequency stability in the grid. Most of the national transmission grids that use 50
Hz as the nominal frequency consider transient frequency ranges between 47.00 Hz to
52.00 Hz. A few countries (i.e. China, Australia etc.) follow different frequency intervals
because of their robust power systems. Below in table 2.3, is the summary of the normal
and transient frequency range of different countries [40].

Table 2.3: Normal and transient frequency range of different countries [40]

Country

Normal Frequency
Range

Transient Frequency
Range

Great Britain

49.50 Hz — 50.50 Hz

47.00 Hz — 52.00 Hz

Ireland 49.80 Hz — 50.20 Hz 47.00 Hz — 52.00 Hz
Germany 49.50 Hz — 50.50 Hz 47.00 Hz — 52.00 Hz

France 49.50 Hz — 50.50 Hz 47.00 Hz — 52.00 Hz
Australia 49.75 Hz -50.25 Hz 47.00 Hz — 52 Hz/55 Hz

China 49.80 Hz — 50.20 Hz 48.00 Hz — 51.00 Hz

2.8 Hybridization of Wind Turbine System

The most frequently operated wind turbine uses SCIG which is a fixed speed machine.
SCIG is simple to build, durable and cost-effective machine which has no LVRT capabil-
ities in the event of a system failure. LVRT is the most important grid code criteria which
needs to be maintained strictly. Usually, reactive power is supplied by a capacitor bank,
but the capacitor bank of the SCIG can not provide enough reactive power during fault or
network disturbance situations which failed the LVRT capabilities of the grid. So, an ideal
option could be the hybridization of wind farms by installing a low-capacity DFIG wind
turbine with a higher capacity SCIG wind turbine. Thus, cost optimization, as well as

LVRT augmentation could be served.
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Other hardware-based auxiliary control strategies like Flexible AC Transmissions
(FACTS) devices including Static Var Compensator (SVC), Static Synchronous Compen-
sator (STATCOM), Superconducting, Energy Capacitor System (ECS), Thyristor-Con-
trolled Series Capacitor (TCSC) etc. have been integrated with the SCIG. However, the
cost of integrating such devices is very high [42].

Among the two kinds of varying speed wind turbine technology, DFIG has the most sig-
nificant worldwide market share because of its many benefits. These benefits include a
lower converter rating, flexible control, lightweight, high efficiency, output strength, su-
perior speed control and independent control to manage both active and reactive power.
Additionally, permanent magnet synchronous generators (PMSG) employ full-scale
power electronic converters, whereas DFIG-based wind turbine technology employs a
partial rating converter. The benefit of DFIG-based WT is that it only requires a fractional
power size converter which is around 20% to 30% of the rated generator power to control
the system across its entire operating range. The reason for the low-rated power rat-
ing converter is that it only manages the rotor ‘slip’ power [43], [44]. Besides, PMSG
based wind farms are highly expensive than the DFIG due to the existence of full rated

power converters.

Hence, a good approach is the hybrid installation of a small-scale variable speed-based
DFIG machine, including a large-scale fixed speed-based SCIG machine. As traditional
SCIG based wind turbine technology can not provide enough reactive power supply thus
hybrid installation of DFIG including SCIG is an effective solution to stabilize SCIG with
the support of reactive power supply from DFIG. As a result, it is possible to assure the
LVRT capability and stability of SCIG at a cheaper cost. However, this technique neces-
sitates a large number of storage components, making the system more complicated and
raising the cost. It is also notable that few intelligent control techniques (i.e. fuzzy logic,
model predictive controller, etc.) are also employed in the rotor and grid side of the DFIG
to improve LVRT functionality. Although the LVRT augmentation can be improved, the
computational obligation for employing these intelligent controllers is very high. Further-
more, the success of employing such an intelligent control algorithm mainly depends upon

the experience of the designer. Besides, some hardware-based auxiliary circuitry (i.e.
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crowbar circuit, bridge type fault current control, STATCOM, etc.) has also been em-
ployed to augment the LVRT functionality. However, the cost and complexity are always

important factors for integrating the auxiliary circuitry [42].

2.9 Chapter Summary

In this chapter, a complete study of the literature has been undertaken in order to identify
the existing research developments in the subject of integrating wind energy into the grid.
This study has been carried out with the purpose of providing an overview of the topic.
In addition, statistical data from the most recent years has been provided in order to get a
better insight of the potential of wind energy and the role that it will play in the overall
energy production. This chapter also explores the environmental consequences of differ-
ent fossil fuels and renewable energy sources to better understand the impact of CO2 emis-

sions.
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3 Modelling of Wind Turbine

This chapter aims to present a system model of the wind turbine and various characteris-
tics curves related to the turbine. First, different types of wind energy conversion topolo-
gies are discussed. Later, an overview of wind turbine components, details of extracted
power, drive train model and pitch controller concepts have been illustrated for varying
speed turbine systems. Finally, the detailed model of DFIG wind turbine has been pre-

sented.

3.1 Topology of Wind Energy Technology

The most important component of the turbine system is the generator machine. Wind tur-
bine topology is usually based on fixed or variable speed generators. Based on the topol-
ogy two types of topologies are usually considered. Squirrel Cage Induction Generator
(SCIG) is a fixed-speed turbine because it runs at a constant speed. Doubly-Fed Induction
Generator (DFIG) and Permanent Magnet Synchronous Generator (PMSG) are two var-
ying speed turbine generator technologies. In comparison to fixed-speed machines which
are constructed for one specific wind speed, variable-speed wind generators capture more
energy due to the precise control of the rotational speed according to the wind speed. A
variable speed wind turbine machine employs power electronics converter which is ex-
pensive and consists of sensitive electronic equipment. Besides, PMSG requires full-scale
power converters which is more costly than partially rated power semiconductor convert-
ers of DFIG [45], [46]. Different types of wind turbine technologies have been presented
in figure 3.1 - 3.3.

; ; By-pass -
Wind turbine
7 Utility Grid
g
o 2
Coupling
S SCIC Soft starter Transformer
Wind f/x"ﬁ\\
" ) AC i
k/j e :
Gear
box JA_x_ X
T
Capacitor

bank
Figure 3.1: Topology of fixed speed (SCIG) turbine technology [47].
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Figure 3.2: Topology of variable speed (DFIG) turbine technology [48].

Measured Reference
Variables Values

Wind turbine ' Utility Grid
PMSG Control System
l 1 Coupling
Wind Transformer
[ DC |+ DC

— LPF
A\ H ~Ac H

Filter

Gearless

Full-scale power converter

Figure 3.3: Topology of variable speed (PMSG) turbine technology [47].

3.2 Wind Turbine System Components

The turbine of a wind power system is a rotational machine that takes part in the conver-
sion process of the wind energy into electrical energy. Present wind turbine generators
are designed as a system with a horizontal axis rotational machine, generator, gearbox
and rotor brake situated in the nacelle over the tower [49]. The turbine absorbs the pro-
duced rotational kinetic energy and uses it to drive the generator. The nacelle is supported

by the tower, which also houses the electrical conduits and yaw drive.

As depicted in figure 3.4, a wind turbine system includes some major components which

take part in the energy conversion process. Most wind turbines typically have three
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blades. The blades revolve because of the wind blowing across them. An anemometer is
usually employed to determine the speed of the wind. Later, the anemometer data is sent
to the controller for further control process. The wind vane has been employed to detect
the direction of the wind and interacts with the yaw drive to properly align the turbine
with the direction of the wind. As the direction of wind varies, the yaw drive is employed

to maintain the rotor towards the wind direction [50], [51].

The high and low-speed shafts, gearbox, turbine and generator rotational mass constitute
the drive train model. The turbine’s output mechanical power transfers to the generator
rotor in the drive train process. The horizontal-axis turbine's rotor spins as the wind im-
pacts it. The low-speed shaft delivers energy to the gearbox, which increases the rotational
speed of the high-speed shaft. The generator spins due to the high-speed shaft, which
generates electricity. The low and high-speed shaft equip with aerodynamic and mechan-
ical brakes. In the event of malfunction of the aerodynamic brake, the emergency me-

chanical brake comes into operation [52].
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Figure 3.4: Major Components of a Wind Turbine [53].
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Typically, the generator provides electricity at a lower voltage level and a step-up voltage
transformer is utilized to raise the voltage level according to the grid level voltage. To
reduce losses, the transformer might be installed in the nacelle or near the bottom of the
hub tower [52].

3.3 Extracted Output Power of the Wind Turbine
The turbine wind’s extracted output power can be defined as [17]
Py =5 pTR2USC, (A, ) (3.1)

Where,

Pw = extracted wind output power in Watt,

p = density of air in Kg/m?,

R = blade radius in meters or (m)

Uw = speed of wind in m/s

Cp = wind power coefficient

A = tip speed ratio or TSR and

B = pitch angles in degrees or (°)

A and B of the turbine determine the value of the Cp. The wind power coefficient is calcu-
lated using the [17]

¢s

C,(ALB) = c; (;—2 —caf—cs)e M+ co (3.2)
Ali - /1—0%08,8 - Zéo_ii (33)

A= “]’/;R (3.4)

T, = ZTW (3.5)

Where,
Tw = torque of the turbine in N/m,
or = rotational speed in rad/s.

The turbine’s characteristic coefficients are ¢c; = 0.5176, ¢ =116, c3=0.4,c4 =5,c5=21
and cs = 0.0068 [18].
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For several values of pitch angles B, the Cp vs A characteristics have been illustrated as

shown in figure 3.5. When pitch angle, p = 0°, the optimum values of power coefficient
(Cp_opt) and TSR (Aopt) are found 0.48 and 8.1 respectively.

0.50
T T T T T T T T p=0°
0454 <~
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——— . — -
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Tip Speed Ratio [A]

Figure 3.5: Wind power coefficient (Cp) vs TSR (A) characteristics curve [42].

The rotational speed, or in VSWT is set to adopt the Maximum Power Point Tracking
(MPPT). The MPPT curve for DFIG based wind turbine has been depicted in figure 3.6.
According to the available wind speed, the MPPT curve is separated into four functioning
areas [54]:

Point A to B (minimum speed zone): The DFIG speed in this location is around
70 percent of the synchronous speed.

Point B to C (optimal speed zone): This working zone considers DFIG's most ef-
fective operation region until the maximum speed is reached which is about 1.2
pu or 120 percent of the synchronous speed.

Point C to D (maximum speed zone): The generator speed achieves its maximum
speed in this working zone and the rotor side converter of DFIG sets to maintain
the speed at its maximum speed.

Beyond point D (restricted/overspeed zone): Due to the increased inbound wind
speed, mechanical power generation may surpass the rated power at this operating
position. As a result, the pitch controller is turned on to keep the rated turbine

speed.
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Figure 3.6: MPPT curve for DFIG based wind turbine [55].

3.4 Modelling Drive Train System

The wind turbine's rotational mass is made up of blades with a rotor hub and a generator

shaft. Drive train system could be developed utilizing single lumped mass or 2-mass

model. When studying the interaction between wind turbines with grid systems, a single

lumped mass model is enough for the purpose of time efficacy [52]. The following equa-

tion [56] has been used to model the single mass drive train system:

Where,

-22-

dwy

Te_Tm Bm wr
dt Jeq Jeq

or = rotational speed in rad/s,
Bm = damping or friction co-efficient in Nm/s,
Tm = torque (mechanical) in Nm,

Te = torque (electromechanical) in Nm and

Jeq = rotational equivalent inertia of the generator in kgm?.

(3.6)



The modelling of the single lumped mass drive train system of the turbine is presented in
figure 3.7.

Figure 3.7: Single lumped mass drive train system of the turbine [56].

3.5 Controller for Pitch Angle

Wind turbines extract wind power based on the speed of wind; hence the extracted output
power of a wind generator is continually fluctuating due to wind speed fluctuations. The
controller for the pitch angle as shown in figure 3.8 is used for DFIG to keep the genera-

tor's output power below the rated level.

\ 4
\ 4

1 — p
1+Ts

Actuator Rate Limiter

) NS pE——

PI Controller

Figure 3.8: DFIG’s pitch angle controller.

To manage tracking error, a traditional P1 controller is employed where K, and T are the
proportional and integral constant respectively. The pitch control actuator is comprised of

a 1% order transfer function, where T is the time constant. The pitch controller is employed
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in a varying speed wind turbine to maintain the DFIG's rotational speed below its rated

value (or = 1.21 pu).

3.6 Induction Machine Characteristics

Based on the required operation, an induction machine can function as a generator or
motor. When the shaft of an induction machine rotates faster than the synchronous speed,

it works as a generator. Under the generator mode, an induction machine operates in the

negative torque region hence, giving negative slip.
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Figure 3.9: Induction machine’s Torque-slip curve [57].

As depicted in figure 3.9 an induction machine works as a generator if it is governed by

a prime mover at larger than 100 percent of the synchronous speed [57].

3.7 WRIG Model
DFIG is based on Wound Rotor Induction Generator (WRIG) machine. Hence, the differ-

ential equations of WRIG model in the “d” and “g” axis rotating reference frame are ex-

pressed as [42]:

d
Vsd = Rs- lsqg T :;d — Ws. Pggq (37)
des
Veg = Rs.isq + dtq + ws. Pgqg (3.8)
Vrd - Rr- lyg T Z’:d — Wy Prg (3-9)
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Vg = Ryrg + 22+ 0. 91 (3.10)
Here,

Rs = stator winding resistance (Q2)
Rr = rotor winding resistance ()
Lm = mutual inductance (henry)
w, and wy are rotor and stator angular frequency (rad/s) respectively
Vi, Vi, Vsd and Vg are “d” and “q” axis rotor and stator voltages (volt) respectively
Ird, Irg, Isd @nd isqare “d” and “q” axis rotor and stator current (ampere) respectively
Ora, Prq. Psa AN @gq are “d” and “g” axis rotor and stator flux linkage (weber) re-
spectively

The flux linkages of stator and rotor can be denoted as [42]

Qsa = Lt igqg + Ly lrg (3.11)
Psq = Lst-lsq + L. Trg (3.12)
Ora = Lyt lpg + Ly isq (3.13)
Orq = Lyt lrg + Ly lgq (3.14)

Here,
Lm is represented as mutual inductance.

L« and Lt are the self-inductance of rotor and stator winding respectively.

PSCAD EMTDC® v4.5 has a built-in WRIG model [58], which has been used in this
thesis work for power system model and further analysis.

3.8 VSWT-DFIG Based Configuration
The VSWT-DFIG arrangement is depicted in Figure 3.10. The model includes an aero-

dynamically designed wind turbine, a controller for pitch angle, a partially rated power
converter based on the semiconductor device and a WRIG generator. The stator of the
WRIG is directly linked to the grid system and the rotor of the WRIG is connected to the
grid via a partially rated power converter which is rated at 30 percent of the generator

rating. The power converter is controlled by the rotor and grid side controller (RSC and
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GSC). A DC link circuit is used in between the RSC and GSC. The phase angle, 64 of grid
side has been extracted using the Phase-Locked Loop (PLL) block [59].
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Figure 3.10: Configuration of VSWT-DFIG [59].

3.9 Chapter Summary

The purpose of this chapter is to illustrate a system model of the wind turbine as well as
various characteristic curves associated with the turbine. Three types of wind energy con-
version topologies are first addressed. Later, for varying speed turbine systems, an over-
view of wind turbine components, extracted power output, drive train model and pitch
controller ideas have been shown. Finally, a basic DFIG wind turbine model has been
presented.
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4 DFIG Control Scheme

This chapter aims to present DFIG control schemes including rotor and grid side control-
lers. To achieve stability during fault or network disturbance situations, modified PI con-
trollers with optimized proportional and integral constant parameters have been used in
RSC and GSC. A two-level power converter including a DC link circuit and protection
scheme has also been addressed.

4.1 Two Level Power Converter

Wind energy applications often use two or three-level converters. In this work, a two-
level power converter has been used as shown in figure 4.1. The power circuit of the left
and right hand part of the converter is linked by a DC link circuit consisting of switch S,
resistor Rc and capacitor Cq4c. The converter is comprised of twelve power electronics
switches named S1r, S2r, S3r, S4r, S5r and S6r for the rotor side and S1g, S2g, S3g, S4q,
S5¢g and S6g for grid side converter. The gate pulses for controlling the converter are
produced using the well-known PWM technique. At the fundamental frequency of the
output voltage, a triangular carrier waveform of 3 kHz is compared to a reference sinus-
oidal waveform [60]. The rotor side converter takes three-phase input voltages (Vra, Vio
and V() and converts them to DC voltage (Vdc), which is the grid side converter's input

voltage, while the grid side converter's output voltages are Vga, Vgb and V.

Rotor Side Converter DC Link Grid Side Converter
ol oS ® ol o
SILIK} SS&IK} S%:IK} K K} S:;g-IK Ssg-IK}
Via
From —¢ Ve + Vea
WRIG ? | seoq Vie z= ¢, Voo ¢——1— T0
Rotor re - Grid
| Voo &——
S2 S4 S6 S2g S4g Ség
HI(} 9 % % e Y ¢

Figure 4.1: Two-level power semiconductor converter

-27-



This interconnection has several benefits, including local grid voltage and frequency man-

agement and improved power quality in both transient and dynamic operations [55].

4.2 DC Link Circuit

The AC/DC rectifier of the RSC side transforms the generator’s output to DC power
which is sent to the GSC using the common DC link circuit and then supplied to the grid.
A capacitor is included in the DC link connection. The capacitor charging and discharging
occurs through RSC and GSC currents respectively in the DC link connection. During a
fault scenario, the voltage across the DC link connection increases dramatically because
of the power imbalance between the generator and the electricity delivered to the grid.
The protective strategy is to incorporate a DC chopper into the DC link circuit to avert
damage of the power semiconductor converter. The comparator block is used for control-
ling the DC chopper circuit switch. When in the DC link voltage, Vqc is greater or equal
1.15 pu, the DC chopper protection circuit activates to prevent the damage of the con-
verter. The dynamic behaviour of DC voltage across the capacitor (V) can be repre-
sented by the following equation when power losses in the DC connection are ignored
[57]:

dVac 1
dt B CacVac

(Pr - Pdc) (4.1)

Where Cgc expresses the DC link capacitor and Pqc is the power delivered to GSC.

4.3 Detailed Configuration of DFIG

A detailed configuration of the DFIG including aerodynamic wind turbine model, WRIG
generator, IGBT based back-to-back converter, DC link circuit, DC link protection con-
troller, RSC, GSC and other different elements have been presented in figure 4.2. PSCAD
EMTDC® v4.5 has a built-in WRIG model [58], which has been used in this work. As
indicated in figure 4.2, the stator of the WRIG is directly linked to the power grid system
and the WRIG’s rotor is tied to the power grid via a partially rated power converter which
is rated at 30 percent of the DFIG’s rating. The WRIG is governed by the wind turbine,
which converts wind energy into electrical energy. The rotor of the WRIG provides the
rotational speed (wr). The rotor position (6y) is determined from the WRIG rotor. When

the turbine's rotational speed surpasses the rated speed, a pitch angle controller comes into
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operation to reduce the output power by adapting the pitch blade angle. A transformer is

employed to link the GSC to the grid system.
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The Proportional plus Integral (PI) controller is considered the most common and widely

used controller for the optimization of power system applications. Pl controller consists

of proportional (Kp) and integral (K;) parameter constants which are tuned to achieve

certain objectives. In this work, total eight PI controllers have been utilized to attain the

stability of the power system model during fault or network disturbance situations. A

schematic diagram of the PI control tuner has been illustrated in figure 4.3.
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From figure 4.3, the Pl compensator equation can be written as [61]

K
Q®=m+§

1
=K,(1+%—)

= K,(1+) (4.2)
Where,

% is the time constant, T;.
1

Kp is the proportional parameter constant
K is the integral parameter constant

Kp and K; are tuned in this work experimentally to attain the stability of the power system

model during fault or network disturbance situations.

4.5 Rotor Side Controller

In this work, four cascaded PI controllers have been used in RSC as depicted in figure
4.4. At RSC, various error signals are compensated using Pl controllers. The reference
grid voltage (Vg*) is kept at 1.0 pu for maintaining grid code requirements. The active
and reactive power provided to the grid is regulated by “g” and “d” axis rotor currents
lrq and Irq respectively [61].

The comparator block has been employed to adopt the grid code condition for LVRT.
Under typical operating condition i.e. grid voltage is greater than 0.9 pu, the active power
provided to the power grid maintains active reference power output as stated in equation
4.3. When the grid voltage, Vg falls below 0.9 pu, the comparator block considers it faults
or network disturbance situations and curtails the active power transmission to zero. Thus,
the reactive power fed into the power grid can be maximised by managing the power this

way.

Based on the experimental technique, the parameters of the PI controllers (Pl 1 to Pl 4)
have been determined. Different values have been explored under various system situa-

tions and the values presented in Table 4.1 are ultimately chosen as the optimal values.
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Limiters are used to keep the PI controllers’ limits within acceptable limits. Thus, reactive

power can be effectively fed into the grid assuring LVRT competence in the transient and

dynamic state.

Table 4.1: PI controllers optimized parameters at RSC

P1 Controllers Kp Ki
Pl1 1 10
P12 0.9 8
P13 1.5 15
Pl4 0.01 0.05
Ve* =1.0 pu
- 2.0
Ve —= PI2 | [
J
2.0 .
Ira — I/rd: dq - I/m*
Iy — Y ad
Irc =——> > > Vic*
20 [V*
Pufig ———p! Pl 4 [
J
+ 2.0
P
Preg - 2P MPPT Je— o,
‘01?_ u: Pioss
V' 3 ]-
0.0 C
Cirl omparator | Ve
Ve >09pu:1
Ve<0.9pu: 0 [« 0.9 pu
Figure 4.4: Rotor Side Controller of DFIG [32].
The active power reference (Prer) has been determined using
4.3)

Pref = Pmppt — Pioss
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Stator, rotor and turbine losses have been considered in the total losses (Pioss) as can be

Friction Factor
Qr —QD X >| +

Turbine Losses

I ﬁ — P
Is:ﬁ (Igd-l'lgq)Rs é’ + ”

seen in figure 4.5.

Stator Losses

Ira é

Rotor Losses

Figure 4.5: Pisss considering stator, rotor and turbine losses [32].

4.6 Grid Side Controller

Four cascaded P1 controllers have been used in GSC as depicted in figure 4.5. At GSC,
various error signals are compensated using Pl controllers. The reference reactive power
(Qg™) and reference DC link voltage are kept at zero and 1.0 pu respectively for maintain-
ing grid code requirements. The DC link voltage (Vqc) and GSC reactive power (Qg) are
regulated by q and d axis currents lgq and lqq respectively [32], [61].
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Figure 4.5: Grid Side Controller of DFIG [32].

Based on the experimental technique, the parameter constants of four PI controllers (P1 5
to PI 8) have been determined. Different values have been explored under various system

-32-



situations and the values presented in Table 4.2 are ultimately chosen as the optimal val-
ues. Limiters are also used to keep the PI controllers' limits within acceptable limits. Thus,
reactive power can be effectively fed into the power grid assuring LVRT competence in
the transient and dynamic state.

Table 4.2: PI controllers optimized parameters at GSC

Pl Controllers Ke Ki
PI5 1 10
Pl 6 0.9 8
P17 1 10
Pl 8 0.01 0.08

4.7 Chapter Summary

This chapter presents the DFIG control method which includes rotor and grid side con-
trollers. In RSC and GSC, PI controllers with tuned proportional and integral constant
parameters have been employed to ensure stability under fault or network disruption cir-
cumstances. In addition to this, a two-level back-to-back converter that consists of a DC

link circuit with a protection mechanism has been presented.
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5 Results and Analysis

This chapter illustrates a complete power system model which is connected to an infinite
bus. Different fault scenarios including the most severe fault i.e. 3LG have been consid-
ered for the transient stability assessment of the system. Transient stability evaluation has
been performed for a very short period and dynamic stability analysis has been considered
for a longer duration. For both dynamic and transient cases, a comprehensive analysis has

been performed.

5.1 Power System Model

Figure 5.1 depicts the complete schematic model of the power system considered in this
work. DFIG rated at 20 MVA is linked to an infinite bus by means of a 0.69KV/6.6 KV
step-up transformer and a short dual transmission line. The dual transmission line consists
of two circuit breakers (CB) in each line, so that, if an adverse situation occurs during a

fault or network disturbance situation, it can be isolated from the power system.

50 Hz, 100 MVA Base

CB 037Q 1.39mH CB

Capacity
20 MW 0.1 'D W b D_

0.69KV/ 6.6KV :
Infinite Bus
(V=1.0 pu)

AC-DC-AC

CB 0.37Q 1.39mH CB

1LG, 2LG and 3LG
(under transient analysis)

Figure 5.1: A complete schematic of the power system model

The transmission line parameters are shown in figure 5.1 in the form of resistance and
inductance. The rated frequency of the system is 50 Hz, while the system's base power is
100 MVA. Table 5.1 lists the DFIG's required parameters.

-35-



Table 5.1: DFIG's parameters

WRIG

Prase [Rated Power] 20 [MVA]
Vhase [Rated Voltage] 0.69 [kV]
Rs [Stator Resistance] 0.007 [pu]
Rr [Wound Rotor Resistance] 0.005 [pu]
Xmd [Magnetizing Inductance] 2.9 [pu]
Xa [Stator Leakage Inductance] 0.171 [pu]
Xkd1 [Wound Rotor Leakage Inductance] 0.156 [pu]

5.2 Dynamic Stability Performance Analysis

Dynamic stability performance analysis has been conducted by utilizing actual wind
speed data from Hokkaido island in Japan [62] as shown in figure 5.2. The schematic
model power system which is depicted in figure 5.1 used in this work. Dynamic analysis
is performed for a long duration (300 sec) with the varying wind speed data. From figure

5.2, it has been observed that the wind speed varies from 8.6 m/s to 13 m/s for the con-

sidered period.

Wind Speed [m/s]
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Figure 5.2: Variable wind speed data [62].
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The DFIG’s wind speed at rated condition is considered 12.5 m/s. The pitch angle re-
sponse of the wind turbine is shown in figure 5.3, which shows that the pitch angle con-
troller comes into operation when the DFIG’s wind speed surpasses the rated condition
of 12.5 m/s (as figure 5.2).
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Figure 5.3: Pitch angle response

Active power output both in MW and per unit has been shown in figures 5.4 and 5.5

respectively.
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Figure 5.4: Active power output in MW
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Figure 5.5: Active power output in per unit

Active power generation of DFIG varies over time due to the variable wind speed. The
maximum power output can be achieved near 20 MW or 1.0 pu during the wind speed at

rated condition of 12.5 m/s.
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Figure 5.6: Reactive power output response in MVAR

Reactive power output both in MVVAR and per unit has been presented in figures 5.6 and

5.7 respectively.
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Figure 5.7: Reactive power output response in per unit

The terminal voltage as shown in figure 5.8 remains constant at 1.0 pu which confirms
that the tuned PI controllers successfully augment the grid voltage fluctuation for the con-

sidered time.
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Figure 5.8: Terminal Voltage response
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The frequency response characteristic of the power system is shown in figures 5.9 and
5.10. Figure 5.9 presents the zoomed scale of the frequency fluctuation which depicts that
the variation lies under the permissible limit of the grid code (+ 0.20 Hz) as discussed in
section 2.7. In this work, mainly the LVRT functionalities have been addressed, however,

frequency fluctuations also lie under the permissible limit.
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Figure 5.9: Frequency response characteristics of the power system (zoomed scale)
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Figure 5.10: Frequency response characteristics of the power system
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As depicted in figure 5.11, the DFIG's DC-link voltage remains almost constant. Although
the wind speed varies greatly, the variation in the DC-link voltage is minimal as shown

in figure 5.12.
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Figure 5.11: Response of DC Link voltage
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Figure 5.12: Response of DC Link voltage (zoomed scale)
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Figure 5.13 presents the rotor speed response under varying wind speeds. According to
the rotor speed response, it is seen that almost all the time the rotor is operating over speed

mode (>1.0 pu) due to the nature of DFIG’s characteristics.
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Figure 5.13: Rotor Speed response in per unit

5.3 Transient Stability Performance Analysis

Transient analysis is performed in a short period. In this work, the simulation runtime of
the transient analysis is considered 10.0 seconds. The fault conditions are depicted in fig-
ure 5.14. Asymmetrical (1LG and 2LG) and most severe symmetrical 3LG faults have
been considered in this work to analyse the performance of the model power system as
well as the robustness of the tuned PI controllers.

Fault
1LG
2LG CB CB
3LG Opened Reclosed
[s]
0 1.1 1.2 2.0

——

Duration of
fault 0.1 s

Figure 5.14: Fault condition for transient analysis
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According to figure 5.14, fault has been applied on 1.1 sec at one of the transmission lines
as shown in figure 5.1. The duration of the fault is 0.1 sec and 1.2 sec later, the two circuit
breakers of the line are opened to isolate it from the power system. Circuit breakers are
reclosed on 2.0 seconds considering the fault has been cleared. The wind speed of the
turbine has been kept at the rated value as shown in figure 5.15 which is 12.5 m/s. This is

because wind speed does not fluctuate significantly in the short span of time (10 sec).

15
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Wind Speed [m/s]

11

10
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time [s]

Figure 5.15: Wind speed at the rated condition for transient analysis

As depicted in figure 5.16, due to faults applied on 1.1 second, terminal voltage drops
significantly below the 1.0 pu. The voltage dip is more significant in the case of the most
severe symmetrical 3LG fault. In order to comply with the modern grid code standards as
discussed in section 2.5, 90 percent of the voltage must be restored to pre-fault levels in
1500 milliseconds or 1.5 seconds after the fault. In our case, the terminal voltage has
recovered to 90 percent of its pre-fault value within 500 milliseconds or 0.5 seconds after
the fault. It is also evident that the terminal voltage has attained exactly 1.0 pu at steady
state for all types of faults. However, some overshoot has been observed, which is negli-
gible and obvious for such type of fault condition. Thus, it can be said that the tuned PI
controllers successfully augment the voltage stability of the designed model power sys-

tem.

-43-



T T T T

a 1.0

o i

o H

] é : 1 :

S 084 O S S S

> | 1 ! 1

© E

£ i s s :

R e (s o —— .

e H : ; .

@ e ‘ ‘ : !
3 3 3LG
1 | ——1LG ||

0.2 . i : : : ; : i :
0 2 4 6 8 10

time [s]

Figure 5.16: Terminal Voltage under different types of faults

Figure 5.17 and 5.18 depict active power output response in MW and per unit respectively
under different types of faults. It has been observed that 2LG and 3LG faults have the
most severe impact during the fault period. However, around 4 seconds active output
power started to reach around the rated generator’s capacity which is 20 MW or 1.0 pu.
Some overshoot has been observed in the case of the 2LG and 3LG fault scenario but in
the normal or steady-state, active output power response reaches the stable state.
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Figure 5.17: Active power output response in MW under different types of faults

-44-



1.5

é 1.0 .....,...I s
5 ]
g
=
o 05
[
Q
]
o
o 00
]
=
S
< -0.5 r
' —3LG
. —2LG
—1LG
1.0 . . . \ : :
0 2 4 6 8 10
time [s]

Figure 5.18: Active power output response in per unit under different types of faults

The reactive power output response in MVVAR and per unit has been presented in figures
5.19 and 5.20 respectively. During the fault phase, reactive power injection from the gen-
erator to the grid is maximum in the case of 2LG and 3LG fault scenarios which are 14
MVAR or 0.99 pu for both cases. For the fault case of 1LG, it is around 5 MVAR or 0.25
pu. Reactive power injection is important to keep the terminal voltage at 1.0 pu

——3LG
Z ° ——2LG
g ——1LG
S 10
5
S
=S 5
o)
g \
: N
[4)
g S M""‘R’-‘&-.__
o -
L]
X 10 W
-15 T . . - .
0 2 4 6 8 10

time [s]

Figure 5.19: Reactive power output response in MVAR under different types of faults
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Figure 5.20: Reactive power output response in per unit under different types of faults

The frequency response characteristics of the power system is shown in figures 5.21 and
5.22. Figure 5.21 presents the zoomed scale of the frequency fluctuation which depicts
that the variation lies under the permissible limit of the grid code (x 0.20 Hz) as discussed
in section 2.7. In this work, mainly the LVRT functionalities have been addressed, how-

ever, frequency fluctuations also lie under the permissible limit.
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Figure 5.21: Frequency response characteristics under various types of faults (zoomed scale)
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Figure 5.22: Frequency response characteristics under different types of faults

DC link voltage response under different fault scenarios has been presented in figure 5.23.
For different fault conditions, DC link voltage stays near to the rated value which is 1.2
kV.
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Figure 5.23: DC link voltage under different types of faults
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Rotor speed under different fault scenarios has been presented in figure 5.24. Rotor speed
rises to maximum during fault period, but it reaches near to rated speed condition very

quickly after the fault period.
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Figure 5.24: Rotor speed in per unit under different types of faults
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Figure 5.25: Pitch angle response under different types of faults
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Figure 5.25 presents the pitch angle response under different types of fault scenarios. The
pitch controller should work only when the wind speed is greater than the rated speed
which is 12.5 m/s. Although it is observed that during the fault period the pitch angle
controller comes into operation due to a sudden drop in voltage level and increased rotor
speed. As shown in figures 5.24 and 5.25, the pitch controller is dependent on the rotor
speed variation. Whenever rotor speed increases from the rated speed of 1.21 pu, the pitch
controller comes into operation to stabilize the turbine blade. During fault period, a surge
in rotor speed has been observed due to the maximum injection of reactive power from

generator to grid with a view to stabilizing the terminal voltage.

5.4 Chapter Summary

This chapter provides graphical representation of various analyses that have been ob-
served during the PSCAD/EMTDC simulation. A complete power system model that is
linked to an infinite bus has been considered to observe the resilience of the system. Anal-
yses have been carried both for the dynamic and transient conditions. Transient analysis
has been performed for a short period of 10 seconds assuming wind speed does not fluc-
tuate significantly during this short period whereas dynamic simulation has been per-
formed for longer period of 300 seconds. Fault analysis considering the most severe 3LG
fault has been examined with a view to assessing the voltage stability and LVRT criterion
of the grid code. Simulation results show that tuned PI controllers effectively augment the
LVRT functionality by injecting maximum reactive power of 14 MVAR and 5 MVAR
into the grid during 3LG/2LG and 1LG faults respectively. It is also observed that the
terminal voltage has recovered to 90 percent of its pre-fault level within 500 milliseconds
or 0.5 seconds after the fault. Moreover, the DFIG’s active power output response stays
at the rated capacity during steady-state for both transient and dynamic conditions. It is
also evident that the terminal voltage has attained exactly 1.0 pu at steady state for all

types of faults.
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6 Conclusion and Future Work

The goal of this thesis is to demonstrate LVRT augmentation of a grid-tied DFIG-based
wind turbine. Voltage stability is one of the critical grid code requirements which needs
to be maintained strictly. During fault or network disturbance situation, significant volt-
age dip occurs which needs to be recovered as fast as possible. Modern grid code implies
that the 90% of the voltage needs to be recovered to pre-fault value within 1500 millisec-
onds or 1.5 seconds. Thus, it is essential to perform both dynamic and transient analyses
to assess the LVRT capabilities of the designed power system. Dynamic analysis has been
performed for longer durations (300 seconds) under real wind speed data of Hokkaido
island in Japan, on the other hand, transient analysis has been performed under fixed wind
speed condition considering wind speed does not fluctuate for a short period of 10 sec-
onds. Fault analysis including the most severe 3LG fault has been considered in transient
conditions with a view to assessing the tuned PI controller scheme and robustness of the
designed power system model. PSCAD/EMTDC simulation tool has been used exten-
sively to design the DFIG wind turbine aerodynamic model, DFIG control scheme and
power system model analysis. PI controllers of the RSC and GSC have been tuned exper-
imentally. In order to achieve optimized values of PI controllers, several simulations have

been conducted under different values of PI gain constants.

It has been observed that tuned PI controllers successfully augment the LVRT function-
alities by injecting adequate reactive power to the grid during fault or network disturbance
situations. Under transient analysis, the terminal voltage has recovered to 90% of its pre-
fault value within 500 milliseconds or 0.5 seconds after the fault. It is also evident that
the terminal voltage has attained exactly 1.0 pu at steady state for all types of faults. Dur-
ing the transient fault period, reactive power injection from the generator to the grid is
maximum in the case of 2LG and 3LG fault scenarios which are 14 MVVAR or 0.99 pu for
both cases. For the transient fault case of 1LG, itis around 5 MVVAR or 0.25 pu. Moreover,
the DFIG’s active power output response stays at the rated capacity (20 MW) during

steady-state for both transient and dynamic conditions.
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Some notable key suggestions for broadening the scope of this work are summarized as

follows:
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In this work, the used PI controllers have fixed parameter gain constants that are
not adaptive based on the system change for the large-scale power system. Also,
the tunning of the PI controllers is cumbersome and time inefficient. Thus, in the
case of large power systems, the conventional PI controllers fail to inject enough
reactive power during the fault or network disturbance situations. So, it is recom-
mended to use more advanced control strategies like fuzzy-Pl, artificial neural
networks, or other adaptive control schemes to augment the LVRT capabilities of
the large-scale power system. Although the LVRT competency can be enhanced,
the computational obligation for employing these intelligent controllers is very
high. Furthermore, the success of employing such an intelligent control algorithm
mainly depends upon the experience of the designer. Other hardware-based aux-
iliary control strategies like FACTSs devices are also an option but cost is always

an important concern in this regard.

Voltage, as well as frequency stability, are the two most important grid code re-
quirements which need to be maintained strictly. In this work, only voltage stabil-
ity control has been addressed. So, it is also important to work on the frequency
stability issues by employing control schemes like droop controller, virtual inertia

controller, etc.

Varying wind speed turbine like DFIG is costly due to the partially rated semicon-
ductor converter. On the other hand, a fixed-speed wind turbine like SCIG is sim-
pler and less costly than DFIG. But the capacitor bank of the SCIG can not provide
enough reactive power during fault or network disturbance situations which failed
the LVRT capabilities of the grid. So, an ideal option could be the hybridization
of wind farms by installing a low-capacity DFIG wind turbine with a higher ca-
pacity SCIG wind turbine. Thus, cost optimization, as well as LVRT augmentation

could be served.

. Inthis thesis work, an infinite bus has been considered in the power system model.

An infinite bus has active and reactive power capabilities with fixed frequency



and voltage ratings. So, for more realistic simulation, IEEE 9 bus or IEEE 13 bus

systems could be ideal options in future works.

V. In future work, it is also crucial to do research on the features of the wind speed
restriction and the control mechanism to handle the situation when the wind speed

falls or fluctuates lower than the speed at the rated condition.
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