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ABSTRACT

The increasing penetration of renewable energy sources, particularly wind power,
necessitates the development of efficient control strategies and system stability im-
provements. This thesis presents a comprehensive investigation into the modelling
and analyzing the fault ride-through techniques in Type 4 wind generators. The Type
4 wind generator, which incorporates a permanent magnet synchronous generator
(PMSG), has emerged as a promising solution for renewable energy generation. The
objective is to investigate the transient behaviour of the wind generator and develop
strategies to incorporate its fault ride-through capabilities. Various control strate-
gies are examined, including maximum power point tracking, dc chopper control, and
active and reactive power control. Electromagnetic simulations (EMT) simulation
studies and validations will be conducted to evaluate the performance of these con-
trol strategies under different operating conditions. Today, renewable energy systems,
including wind generators, are expected to meet the same reliability standards as tra-
ditional power systems. IEEE Standard 1547-2018 suggests that the wind generator
must maintain its connection to the grid during minor faults or disturbances within
the specified voltage limits. The Type 4 wind generator consists of a fully controlled
back-to-back configuration-based voltage source converter; the abilities of the con-
verter can be used to detect the severity of the disturbance and react accordingly.
This thesis implements the low and high-voltage ride-through and the frequency ride-
through capabilities of the Type 4 wind generator as per the IEEE Std 1547-2018.
Lastly, the thesis presents a novel approach that utilizes a dc chopper-based active
power modulation technique. The effectiveness of this technique in damping power
system oscillations and reducing the rise in frequency variations during some contin-

gencies is investigated in a power network with Type 4 wind generators.

Keywords: Type 4 wind generators, dc chopper, MPPT, Fault ride-through capa-
bilities, LVRT, FRT, Active Power Modulation, Frequency stability

il



Acronyms

PMSG  Permanent Magnet Synchronous Generator
EMT  Electromagnetic Transients
IEEE Institute of Electrical and Electronics Engineers
dc  Direct Current

MPPT Maximum Power Point Tracking
LVRT Low - Voltage Ride Through
HVRT High- Voltage Ride Through
FRT Frequency Ride Through

IEA International Energy Agency

VSC Voltage Source Converter

BTB Back to Back

ac  Alternating Current

MMC  modular multilevel converters
IGBT Insulated Gate Bipolar Transistor
TSR  Tip Speed Ratio

GBR Gear Box Ratio

P Active Power

Q Reactive Power

SPWM Sinusoidal Pulse Width Modulation
RPM Rotation per minute

PSF Power Signal Feedback Control
HCS Hill-Climb Search Control

GSC Grid Side Converter

MSC Machine Side Converter

DCC Decoupled Current Controller
PLL Phase Locked Loop

VCO Voltage Controlled Oscillator
EPS Electric Power System

DER Distributed Energy Resource
PCC Point of Common Coupling

SCR  Short Circuit Ratio

v



Contents

[1__Introduction | 1
(1.1 Background| . . . .. ... ... ... 1
(1.2 Types of Wind Energy Conversion System| . . . . . . .. .. ... .. 1
1.3  Gnd Codes|. . . . . . . . . 5)
(1.4 Thesis Objectives| . . . . . . . . . . . . . . .. 6
(1.5 Thesis Organization|. . . . . . . . . . . ... ... ... ... ..... 7

2 Analysis and Control of Type 4 PMSG based wind generator | 8

[2.2  Understanding the Mechanical Aspects ot Wind Energy Generation| . 10
(2.3 Electrical Design and Operation ot wind generators for Power Generation| 12
[2.4  Basic Operating Principles of VSC based Back-to-Back Converter and |

I 1ts Waveform Generationl . . . . . . . . . . ... 13
[2.5  Modelling and Simulation of Type 4 Wind Generators|. . . . . . . . . 17
[2.5.1 Dc Link Chopper|. . . . . . . ... .. ... ... ... .... 18

[2.5.2  Maximum Power Point Tracking (MPPT) . . ... ... ... 19

[2.5.3 Control of the VSC based Back-to-Back Converter|. . . . . . . 20

[2.5.3.1  Outer Loop Controller| . . . . . ... ... ... ... 21

[2.5.3.2  Decoupled Inner Current Controller|. . . . . . . . .. 23

[2.5.4  Phase Locked Loop| . . . . . .. ... ... ... ... ... 26

2.5.5  Overall BTB VSC Vector Controll . . . . . . ... ... .... 27

[3 Transient behaviour of Type 4 PMSG based Wind generator]| 29
[3.1  Wind Generator Test System to Investigate Controller Response and |

| Fault Behaviour| . . . .. ... ... ... ... ... ......... 29
3.2 Maximum Power Point Tracking (MPPT)| . . ... ... ... .... 30




[3.3  Pitch Angle Controller] . . . . . . .. ... ... ... ... .. .... 33

[3.4  Dc chopper with Hysteresis Controll . . . . . . ... ... ... ... 35
[3.5  Step response Transient behaviour of PMSG connected to the Grid] . 36
[3.5.1  Step Change in Wind Speed Reference|. . . . . . .. ... .. 36

[3.5.2  Step Change in Dc Voltage Reference| . . . . . . . . ... .. 41

[3.5.3 Step Change in Grid Side Ac Voltage Reference|. . . . . . . . 42

3.6 Fault Behaviour of PMSG-based Wind Generator] . . . . . . . . . .. 43
[3.7 Summaryl .. ... 44

[4 Implementation of Fault Ride-through Requirements in Simulation |
[ Model | 45
4.1 Introduction| . . . . . . . . .. 45
[4.2  Assignment of Performance Categories of DER | . . . . . ... .. .. 46
4.3 Voltage Ride Through| . . . ... ... ... ... ... ... ..... 48
[4.3.1 LVRT Mode of Operation | . . . . . ... .. ... .. ..... o1

[4.3.2  HVRT Mode of Operation|. . . . . ... ... ... ... ... 51

4.4 Frequency Ride Through| . . ... .. ... ... ... ... .. ... 52
4.5  Fault Ride-Through Capabilities of Type 4 Wi |

| nd Generators| . . . . . . ... 53
4.5.1 Voltage Disturbance Ride Through Capability Test (LV |

| RT and HVRT)| . . . . . .. ... . ... 54
[4.5.1.1  Case Study Details| . . . . ... ... ... ... ... 54

[4.5.1.2  LVRT Capability Test| . . . . .. ... ... ... .. 57

[4.5.1.3  HVRT Study Result and Analysis|. . . . . . ... .. 67

.5.2  Frequency Ride Through (FRT) Capability of Type 4 Wind |

I Generators| . . . . . ... 68
4.6 Summary| . . . . ... 75

[> Improvement Of Power System Oscillation Stability Using Dc Chopper-|
| Based Active Power Modulation in Type-4 Wind System | 76
.1 Introduction| . . . . . . . .o 76
[>.2  Power Imbalance and Frequency Changel . . . . . . . . .. ... ... 78
[5.3  Active Power Modulation Control Mechanism Using Dc Chopper|. . . 79
[>.3.1  Damping Controller|. . . . . .. .. ... ... ... ... ... 81

vi



[>.3.2  Wind Power Modulation Analysis through Dc Chopper Control: |

| A Smmple Test| . . . . ... oo 82
[>.4  Case Study: Kundur Two-Area Four-Machine System| . . . . . . .. 84
[5.5 Summaryl . . ... 88

6 Conclusion and Future Workl 89
[6.1 Suggestions for Future Work| . . . . . . . ... ... 0. 91

|A° Tip Speed Ratio (TSR) based Maximum Power Point Tracking Al- |
92

[B Low Voltage Ride Through Detection for Category Il during abnor- |
L__mal conditions 94

[C High Voltage Ride Through Detection for Category Il during ab- |
L__normal conditions| 98

[References| 101

vil



List of Figures

(1.1 Type 1 Wind Energy Conversion System| . . . . . . . ... ... ...
(1.2 Type 2 Wind Energy Conversion System| . . . . . . . ... ... ...
(1.3 Type 3 Wind Energy Conversion System| . . . . . . . ... ... ...
(1.4 Type 4 Wind Energy Conversion System| . . . . . . . . . ... .. ..

_~ W W N

[2.1 Example of a typical Fully controlled Wind Energy Conversion System| 10

[2.2  Theoretical Power Curve (Power vs Wind Speed) . . . . .. ... .. 12
[2.3 A typical configuration of VSC converter terminal . . . . . . . . . .. 14
2.4 Two-level IGBT valve bridge]. . . . ... ... ... ... ... .... 15
2.5 Bipolar SPWM wave forms|. . . . . .. ... ... ... ... 15
[2.6  Modelling of Type 4 PM5G-based Wind Energy Conversion System| . 17
2.7 Grid side converter vector controll . . . . . .. ..o 22
2.8 Machine side converter vector controll . . . . . . .. ... 23
[2.9  Single-line diagram of Converter ac side connected to an ac grid system| 24
[2.10 Decoupled current controller (inner controller)| . . . . . ... ... .. 25
[2.11 Phase Locked Loop controller{ . . . . . . ... .. .. ... ... ... 26

2.12 VSC-based BTB control structure with inner and outer controllersl . . 28

[3.1  PMSG-based wind generator connected to the grid| . . . . ... ... 30
[3.2 MPPT tracking maximum power point in respective turbine angular |

speed|. . .. 31
[3.3  Tip speed ratio calculation and Controlf. . . . . . . . ... ... ... 32
3.4  Wind speed and Power dynamics: Tip speed ratio (MPPT Control and |

Beta () =0)] . . . .. .. . 32
[3.5 Pitch angle controller | . . . . . . . . ... .. o000 33
[3.6  Pitch angle controller dynamics with MPP'I} . . . . . ... ... . .. 34
[3.7 Response of V. (Dc chopper activated)[ . . . . . .. . ... ... ... 36

viil



[3.8  Power and energy consumed by dc-chopper|. . . . . . ... ... ... 37
[3.9 PMSG-based wind generator connected to the grid] . . . . ... ... 38
[3.10 Response of MSC and GSC due to step change in wind speed| 38
[3.11 g - axis current references at MSC and GSC sides| . . . . . . . .. .. 39
.12 d - axis current references at MSC and GSC sidesl . . . . . . . . . .. 40
£3.13 Response of MSC and GSC due to a step change in (Vierer). . - - - - 41
[3.14 Step change in V,...r: (a) Grid side ac voltage variation (b) d-q current |

reference at GSC (c¢) Active power and Reactive power at GSC|. . . . 42
[3.15 Active power and Reactive power at MSC and GSC; Speed control, dc |

control in GSC for active power control| . . . . . .. ... ... .. .. 43
4.1  Types of Performance Categories as per the IEEE 1547 . . . . . . .. 47
4.2 System 1: Type 4 wind generator connected with grid | . . . . . . .. 55
[4.3  Basic design of converter based wind generator with PMSG|. . . . . . 56
4.4  Flow chart tor LVRT mode detection in Category IIf . . . . . . . . .. 59
1.5 Voltage Recovery at PCC (Weak grid) with without LVRT controll . . 61
1.6 Plot for LVRT operation (Scenario 2)| . . . . . ... .. ... ... .. 61
1.7  MSC response plot for LVRT operation (Scenario 2)[. . . . . . . . .. 62
4.8 Dc link voltage and dc chopper energy response tor LVRT operation |

(Scenario 2)[ . . . . . .. 63
1.9 wind generator response for LVRT operation (Scenario 3)[. . . . . . . 64
[4.10 Voltage response at PCC tor decreasing SCR.| . . . .. ... ... .. 65
[4.11 Reactive power support at PCC with decreasing SCR| . . . . . . . .. 65
[4.12 Active power Response of wind generator with decreasing SCR| . . . 66
[4.13 Energy consumption by chopper during contingency| . . . . . . . . .. 66
.14 HVRT case study result (No tripping)| . . . . . ... ... ... ... 67
.15 HVRT case study result (wind tripping)| . . . . .. .. ... .. ... 69
[4.16 Kundur 2- Area and 4-Machine System .Machine 2 is replaced by a |

similarly rated (900 MVA) Type 4 wind generator|. . . . . . ... .. 70
[4.17 Speed controller modification for Active power modulation in FRT| . 71
.18 wind generator plot for FRT operation (no tripping of wind plant) | . 71
[4.19 Speed response of generators | . . . . . ... ..o 72
4.20 Wind plant response during FRT (power modulation is disabled) | . . 73

[21

Generator speed responses during FRT (power modulation is disabled) | 74

X



.22 wind generator response during FRT (wind plant tripped) | . . . . . . 74
[>.1 A typical Type 4 wind generator with T'ypical dc Chopper| . . . . . . 80
[>.2 a. Damping Controller b. Chopper Controller | . . . . . . .. ... .. 81
5.3  Example of Type 4 wind generator connected to the grid| . . . . . . . 82
(5.4  Power Modulation Signal (delP) and dc Chopper Power| . . ... .. 82
[5.5  Grid side Power Output; Rotor side Power, dc chopper voltagel . . . . 83
[>.6  Kundur’'s Two Area and four machine System| . . . . . . ... .. .. 84
(5.7 Speed of Three generators (pu)| . . . .. ... ... ... ... ..., 85
(5.8 Output Power of Three Generatorsin (MW)| . . . . . ... ... ... 86
(5.9  Mechanical input torque (Governor Output) (pu)| . . . . . ... ... 87
[5.10 Response for the wind generator active power flow and POI voltage |

with dc chopper operation| . . . . . .. ... ... ... ... .. 88




List of Tables

;3.1 The wind generator parameters ( K ,:Proportional Constant, 7;:Integral |
Time Constant )| . . . . . . . . . ... 30
4.1 Voltage ride through requirements of abnormal operating performance |
Category I[II| . . . . . ... 49
[4.2  Voltage ride through requirements of abnormal operating performance |
Category IL [TI|. . . . . . . . ..o 50
4.3 Voltage ride through requirements of abnormal operating performance |
Category IIL [II| . . . . . . ..o o oo 50
4.4 Frequency ride through of abnormal operating performance Category |
LI IID [0, - o oo 53
1.5  The wind generator parameters ( K ,:Proportional Constant, 7;:Integral |
Time Constant)| . . . . . . ... ... 57
4.6 Induction Motor Datal . . . . . . ... ... ... ... 57
[>.1 dc-chopper damping controller parameters|. . . . . . . . ... .. .. 85

x1



Chapter 1

Introduction

1.1 Background

Renewable energy sources (RES), such as wind, solar, hydro, tidal, wave, and biomass,
have significantly contributed to conventional power systems in recent decades. This
shift towards renewable energy is driven by various factors, including the need to
reduce carbon emissions, combat global warming, address environmental concerns,
and mitigate the depletion of fossil fuel resources. One notable example is wind
energy conversion systems, which have become increasingly prevalent in many regions.
According to the International Energy Agency (IEA), the proportion of renewable
energy sources in the global power generation mix is projected to increase from 29%
to 35% by 2025. The majority, exceeding 70%, of this growth is anticipated to
be contributed by China, Southeast Asia, and India [2]. This chapter provides an

overview of wind generator technology types and the need for grid codes.

1.2 Types of Wind Energy Conversion System

Over the years, wind energy has manifested in various applications, such as propelling
sailboats to electrical and mechanical usage like mining salts, pumping water, and
grinding flour. In 1887, a wind generator produced the first electric generation in
Scotland [3]. wind generator design’s electrical and mechanical aspects have devel-
oped over the years, providing solutions for reducing carbon footprints and meeting
increasing demand and supply. wind generators can be classified based on various

factors. The first category is based on blade orientation, where the wind generators



can be categorized into horizontal and vertical-axis. Horizontal-axis wind generators
are more suited to areas with strong winds. In contrast, vertical-axis wind genera-
tors can better accommodate the intermittent nature of wind. Other factors, such
as geographic location (onshore wind generators/offshore wind generators) and wind
speed, can also influence the design of the tower structure and thus impact the wind

power output.[4]

Type 1 WECS
Gear box Induction Turbine Collector Bus
Generator Transformer
B O -
PFC
Capacitors

Figure 1.1: Type 1 Wind Energy Conversion System

Wind generators have undergone significant developments in generation, control,
operation, and connection to the grid. Wind energy conversion systems are classified
as fixed or variable-speed wind generators based on the turbine’s rotational speed.
Fixed-speed wind generators have a simple and reliable structure with mechanical
controllers such as pitch control and no power electronics converter control [4] [5].
Examples of fixed-speed wind generators include the Type 1 wind generator, which is
essentially a Squirrel-cage Induction Generator (as shown in Figure ), and Type
2 wind generators, which use a wound rotor induction generator with the addition
of a variable resistor in the stator circuit (as shown in Figure ). The electrical
grid frequency determines the turbine’s rotational speed in both types. It should be
noted that the induction generator consistently consumes reactive power from the
grid to establish air gap magnetic flux. To address this, switched capacitor banks
are commonly used for reactive compensation. Fixed-speed wind generators utilize
mechanical controls like pitch control and mechanical brakes to manage power gen-

eration and adapt to external disruptions. However, fixed-speed wind generators are



directly connected to the grid, leading to limited control of active and reactive power

flows and ac-voltage, high starting current, and low-voltage ride-through capabilities.

Type 2 WECS
Induction )
Gear box Generator Turbine Collector Bus
Transformer
%’ Grid
'
Variable
Resistors /<

Figure 1.2: Type 2 Wind Energy Conversion System

Type 3 WECS

Gear box Turbine Collector Bus
Transformer P
‘ Grid
. Power
Thyristors # $ Converter

Crowbar
Resistors

Figure 1.3: Type 3 Wind Energy Conversion System

Variable speed wind generators are efficient, reliable and have partially/fully con-
trolled active and reactive power capabilities. The double-fed induction generator-
based wind generator (Type 3 wind generator) is shown in Figure and the per-
manent magnet synchronous generator (PMSG) based wind generator (Type 4 wind
generator Figure [1.4]) comes under this category [6] [7].
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The control of the rotor circuit in the Type 3 wind generator and back-to-back
(BTB) converter in PMSG is based on a power electronics converter. Type 3 wind gen-
erator uses a converter rated at 30% of the generation rating of the turbine, whereas
PMSG-based wind generator uses 100% rated power converters. As a result, both
types of wind generators can provide reactive power support during turbulence [§],
thus maintaining the voltage. The converter also helps maintain the synchronization
between the generator and grid when there is a change in wind generator speed by
controlling the rotor voltages and currents in Type 3 wind generators and providing

isolation via BTB converter in Type 4 wind generators.

Type 4 WECS
Gear box Turbine
Transformer Collector Bus
. [ | :
@ @ f _@
Grid
PWM
VSC Converter

Figure 1.4: Type 4 Wind Energy Conversion System

The converter types (Grid following or Grid forming), turbine topology, control
characteristics, reactive power assistance and voltage ride-through capabilities via
power electronics converter have proved to be the basis of future trends. In a Type 4
wind generator, the generator is connected via a back-to-back converter to the grid,
leading to machine isolation during contingencies and, thus, less mechanical stress
on the rotor. To aid wind generators’ operation, maintenance, and integration into
the grid due to the high penetration of renewable sources, control structures like
mechanical control such as pitch control, active power and reactive power control,
maximum power point techniques, and dc chopper are implemented [9] [10]. The
variable-speed wind generator does not need an external reactive power compensation
device. In this thesis, a PMSG-based wind generator (Type 4 wind generator), one
of the variable speed wind generators, is used to study the application of IEEE Std
1547-2018 for fault ride-through.



1.3 Grid Codes

Converter-interfaced generation significantly impacts power system generation. The
increasing penetration of RES equipped with power electronics converters has led to
tremendous research on integrated systems stability, control, and dynamics. Handling
system frequency and voltage has become critical, and IEEE Std 1547-2018 provides a
uniform standard. Grid codes are the rules manufacturers and system operators follow
at various levels to maintain smooth operating conditions. They are constantly revised
and updated based on changes in technology. Individual grid codes are specific to
each utility and may modify the settings within the guidelines listed in the Standard.

In the past, renewable energy generation was considered an auxiliary supplement
to traditional power systems. Traditional systems heavily relied on generators, speed
governors, and voltage regulators to manage dynamics and active and reactive power.
As a result, when contingencies arose, renewable energy systems were promptly dis-
connected from the grid. However, the increasing electricity demand, the need to
reduce carbon footprint, and growing environmental concerns have led to greater in-
tegration of renewable energy systems into the existing power grid. The performance
standards of renewable energy systems, such as wind generators, are now expected
to be as reliable as those of the existing electric power system. The IEEE Std 1547-
2018 helps to provide suggestions for requirements and performance criteria for power
generation systems, which include the acceptable range of grid frequency or voltage
deviations, the duration for which the system should remain connected during faults,
etc.

IEEE Std 1547-2018 [I] is the recommended IEEE standard that utilities can use
to design specific grid codes. According to IEEE Std 1547-2018, the wind genera-
tors must remain connected to the grid during minor faults or disturbances, such as
voltage reductions that fall within limits specified by the standard. This is known as
low voltage ride-through (LVRT), allowing for faster recovery after the disturbance
has passed. However, the wind generator is disconnected when there are severe con-
tingencies, such as a total voltage collapse, to prevent damage to the turbine or the
grid. The turbine control system must detect the disturbance’s severity and respond
appropriately by remaining connected or disconnecting from the grid. Similarly, some
events, such as short circuits, sudden load changes, or the disconnection of large power

plants from the grid, can cause disturbances in the system’s grid frequency. The grid



frequency may deviate from its normal operating range. The wind generators are
connected to the grid through power electronic converters, which can be sensitive to
frequency changes. So, the frequency ride-through capabilities include control mech-
anisms that allow wind generators to adjust their output power to ride through the
frequency disturbances. Therefore, the ride-through operation of renewable energy
systems is mandatory during abnormal conditions because it ensures frequency and
voltage maintenance and continuous energy flow. In this thesis, the assumed grid
code directly implements the IEEE Std 1547-2018 [I] with default values for settings

for implementing fault ride-through capabilities in wind energy conversion systems.

1.4 Thesis Objectives

The main objective of this thesis is:

B Developing and studying the modelling of Voltage source converter and con-
verter control operation on an electromagnetic transient (EMT) program. PSCAD

was chosen as the EMT program.

B Implementation of Type 4 Wind Energy Conversation system in PSCAD: Study-
ing the controller behaviour and fault behaviour of Type 4 wind generator.

Modelling and studying different components of the turbine.

B Assessing the fault ride through performance and chopper operation in different

SCR conditions, the advantage of LVRT mechanism in the weak grid.

B Implementing a frequency ride through a mechanism based on IEEE 1547 grid
code in a Type 4 wind generator and studying advantages of wind generator
active power modulation during grid frequency change on grid frequency sta-
bility.

B Designing and implementing a special damping controller in the DC chopper
controller in a Type 4 wind generator for fast active power reduction to reduce

the change in frequency and damps the frequency oscillations.



1.5 Thesis Organization

After the introduction in Chapter [I| Chapter [2] briefly describes wind aerodynamics
in designing wind generators in electromagnetic simulations. It also explains the
different control mechanisms in a Voltage source converter (VSC) based back-to-back
converter, including active/reactive power control, de-link voltage control, decoupled
control, etc. It also explains the dc link chopper controller and maximum power point
technique (MPPT) and its advantages.

Chapter |3 studies the Type 4 wind generator transient behaviour and fault be-
haviour using the PSCAD test case. Converter control of the machine side converter
and grid side converter is observed. Simulations are carried out to confirm the re-
sults of the existing literature. The impact of additional features like Tip speed ratio
(MPPT technique) and DC chopper in parallel to the dc link are also observed.

Chapter {4 outlines the voltage ride-through (VRT) and frequency ride-through(FRT)
techniques. The fault ride-through techniques are implemented as dictated in IEEE
Std 1547-2018 [1] .

Chapter [5| briefly explains the need for frequency stability in a power system and
studies the impact of the dc chopper with a damping controller on fast frequency
recovery. Case studies are provided to verify the results of this method, followed by
Chapter [6] which presents a summary of the conclusions and suggestions for future

works.



Chapter 2

Analysis and Control of Type 4
PMSG based wind generator

This chapter overviews the basic mechanical and electrical subsystems and the con-
trol mechanism of a permanent magnet synchronous generator (PMSG) based wind
generator, also known as a Type 4 wind generator. This system is a popular full-scale
converter-based wind energy system. The focus of this thesis is on the PMSG-based
wind generator. The PMSG-based wind generator includes a wind generator, which
converts the kinetic energy of wind into mechanical energy, and a PMSG, which
converts the mechanical energy into electrical energy. The PMSG is connected to a
full-scale power converter (i.e., with the total rating of the PMSG), which controls
the flow of electrical energy between the PMSG and the electrical grid. The power
converter can be operated in a grid-connected mode, which feeds the electrical energy
generated by the PMSG into the grid, or in a standalone mode, where it supplies
power to a local load.

The control mechanism of the PMSG-based wind generator involves two main
control loops: the active power control loop and the reactive power control loop. The
active power control loop regulates the electrical power output of the wind genera-
tor, which is influenced by wind speed and other environmental factors. This thesis
implements a speed controller which regulates the active power flow of the wind gen-
erator. The speed control loop is responsible for maintaining a constant rotor speed
of the wind generator, which is necessary to ensure that the generator produces the
desired electrical power output. The reactive power control loop helps to maintain

the respective ac voltage at ac side of the converter.



In summary, this chapter provides a basic understanding of the mechanical and
electrical subsystems and the control mechanism of a PMSG-based wind generator.
This information is helpful for further investigation into the performance and imple-

mentation of fault ride-through capability in wind generation systems.

2.1 Introduction

Full-scale converter-based wind energy conversion systems utilize various ac genera-
tor types, such as permanent magnet synchronous generators, self-excited induction
generators, and synchronous generators for wind energy conversion. The primary fea-
ture of fully scaled wind generators is a full-rated back-to-back converter connecting
the generator and the grid [I1] [12]. The back-to-back converter configuration is an
ac/dc/ac converter system that comprises a machine-side converter, a dc link, and
a grid-side converter. The machine-side converter rectifies the output from PMSG
and inverts it back to the grid-side converter while receiving dc support from the
capacitor. Complete control over the back-to-back converters assists in achieving
flexible connections with the grid and enhancing fault ride-through ability during
contingencies[I3][14]. The presence of a dc link capacitor in a full-scale power con-
verter aids in decoupling the grid, providing better operation of the PMSG-based
wind generator(Type 4) [15] [16].

Type 4 wind generator systems are becoming very popular due to their ease of
control and more reliable operation. Synchronous generators used in Type 4 are of
the permanent magnet type, so the field winding typically present in generators is
absent. As a result, the generator’s volume and mass are also reduced. The absence
of exciting winding and slip rings on the rotor leads to higher efficiency and more
straightforward control (i.e. no exciter control). It ensures safer and more reliable
operation than the generator with a field winding. Type 4 wind generators can have
fault ride-through capabilities and provide improved reactive power contribution [17].

An electromagnetic transient (EMT) simulation model is developed on the PSCAD
program to demonstrate the Type 4 wind generator operation. The Type 4 wind gen-
erator’s typical structure includes a PMSG-based turbine model with a gearbox and a
back-to-back converter with a machine-side converter, grid-side converter, and dc link
in between, as shown in Figure 2.1 More advanced topologies, i.e. modular multi-

level converters (MMC), are possible. This thesis uses the typical two-level voltage



source converter often used for low-voltage applications such as ac grids connected to
a PMSG. The voltage source converter can be based on Insulated Gate Bipolar Tran-
sistor (IGBT) or Gate Turn-Off Thyristor (GTO). The stability of a grid-connected
wind power plant based on a Type 4 wind generator is analyzed against a test wind

generator example.

Type 4 WECS
Gear box Turbine
Transformer Collector Bus
Grid
PWM
VSC Converter

Figure 2.1: Example of a typical Fully controlled Wind Energy Conversion System

2.2 Understanding the Mechanical Aspects of Wind
Energy Generation

Wind energy is one of the renewable sources, with a global power capacity of over 743
GW as of 2022, and has reduced 1.1 billion tons of carbon emissions. However, wind
energy is variable and intermittent, and its availability depends on various factors such
as time, height, weather conditions, and temperature. A wind generator consists of
blades hinged to a rotor hub, a nacelle frame containing the gearbox connecting low
and high-speed shafts, a yaw control system, a rotor mechanical brake, a generator,
and a power electronics converter system for connecting to the grid. The turbine
blades capture the kinetic energy of the wind and transfer this energy into the rotary
motion of the generator via a shaft [I8] [19]. The generator converts this mechanical
energy into electrical energy. The wind energy availability E,,;,; can be expressed as
Equation 2.1
1

E’wind = §mvw2 (21)

where m is the air mass flowing at wind speed V.
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The wind energy with the air mass (m) flowing at wind speed V,,, air density p,

and the area swept by the blades A over a specific period t leads to Equation [2.2]

1
Eyind = 5pAﬂ/;,f” (2.2)
The available power in the wind is calculated as
Ewin
Puind = = d (2.3)

Based on the wind speed and area swept by the rotating turbine blades, the total

available power is given as

1
P’wind = §pAV’w3 (24)

The power coefficient (C),) is often regarded as the efficiency of the wind generator.
This thesis uses Equation [20] [21] for modelling the wind generator.

| g . 0.5%x7mx20(TSR — 3) B
p—§—(@)*sm( 150 _3+7 )—(Q*W*(TSR—?))) (2.5)
pP= %pAVwSCp(B,TSR) (2.6)

Where TSR (= {#) is the tip speed ratio defined as the ratio of the rotor’s speed
at the tip of the blade and the wind speed, where r is the radius of the turbine and
w is the rotational speed of the turbine.

The theoretical maximum power (also known as the Betz limit) that the wind
generator can extract is 59.3% as obtained in Equation with p = 1.225 (kg/m?)
A = 7854 m?), and so C, < 0.593.

1
Praz = Pper. = §pAVw3(O.593) (2.7)

The power curve is characteristic of wind generators, showing the output power
produced by wind generators at different wind speeds. Figure[2.2]shows the theoretical
power curve where at the cut-in wind speed of (3 m/s), the active power begins rising
and gets curtailed to zero at the cut-off speed of (12 m/s). No output power is
produced below cut-in wind speed since the developed torque cannot cause effective

blade rotation. Typically, the range for cut-in wind speed is between 2 m/s to 5 m/s,
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Power (MW)

which allows the turbine to overcome the static friction and losses and generate a
minimum amount of power.

For speeds greater than the rated speed, constant power is maintained using aero-
dynamic control, like controlling the pitch angle of the turbine blades. The power
curve depends on the geographical conditions, wind generator technology and struc-
ture. Cut-off wind speed value is assigned as per the mechanical design and material
of the respective wind generator to avoid damages due to high-speed wind striking

and creating turbulence as a protection scheme.
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Figure 2.2: Theoretical Power Curve (Power vs Wind Speed)

2.3 Electrical Design and Operation of wind gen-
erators for Power Generation

The Type 4-PMSG-based wind generator used in the thesis employs a gearbox, a
permanent magnet synchronous generator (PMSG), and a power controller system.
The PMSG has permanent magnets in the rotor to create the excitation field. When
the wind hits the wind generator blades with speed V,,, they start rotating and convert
the mechanical energy in the wind into kinetic rotational energy of the PMSG rotor.

The rotor poles then produce a rotating magnetic field at the same electrical speed
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as the high-speed shaft, generating a voltage of electrical frequency of f, as shown in

Equation 2.8

PN
- 260
‘P’ represents the number of poles, ‘N’ is the mechanical speed (number of rotor

Frequency(f) (2.8)

revolutions per minute), and ‘f” is the frequency of the generated ac voltage, whose
value is typically 50 Hz or 60 Hz depending on the grid.

A gearbox helps to convert the low-speed shaft speed of the rotating turbine blades
into the high-speed rotation required for generating the PMSG voltage frequency.
Gearboxes require regular maintenance due to sudden load variations that can lead

to wear and tear. The gearbox ratio (GBR) can be expressed numerically as:

GBR — Generator speed(rpm)

2.9
Turbine speed(rpm) (2:9)

To run the Type 4 wind generator efficiently, the PMSG must be set to a particular
rotational speed to provide maximum power at the respective wind speed. When the
PMSG is connected directly to the ac grid, it tries to follow the frequency variation of
the grid. However, a direct connection to the ac grid can hinder the goal of achieving
maximum power transmission. One way to overcome this challenge is to interface
the PMSG to the ac grid using an asynchronous back-to-back (BTB) voltage source
converter. This connection allows the generator frequency to be different from the
ac grid frequency, enabling the PMSG to operate at its optimal speed. The control

system of BTB converters will be explained in detail in subsequent sections[22] [23].

2.4 Basic Operating Principles of VSC based Back-
to-Back Converter and its Waveform Genera-
tion

The voltage source converter is connected in inverter mode to the 3-phase ac ideal
source via a 3-phase transformer [24] [25] as shown in Figure[2.3] The dc side system
is not shown, but there would be another converter as discussed in Section[2.5 Active
power (P) flows from the converter to the ac network in inverter operation. A positive
sign is assigned to ‘P.” Equations [2.10] and are the mathematical representation

of the active and reactive power, respectively. The phase shift between the converter
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Figure 2.3: A typical configuration of VSC converter terminal

ac bus voltage (V7) and the ac source fundamental voltages (V) of both sides of the
transformer and the phase reactance is mainly responsible for active power flow. A
positive reactive power (Q) means that the magnitude difference |V;|—|V3] is positive,
and the converter has a leading power factor. Similarly, |Vi| — |V3| is negative for a
negative value of Q. The VSC’s control system controls the magnitude and phase
angle of converter output ac voltage (V7). If the resistance of the transformer is
ignored and taking into account the direction of power flow as in Figure the

3-phase active power and reactive power (in pu) are expressed as :

p VI)'(VQ sin(4) (2.10)
B WY
=% " x .cos(0) (2.11)

where: 0 is the phase angle between the fundamental voltages of Vi and V5, Vj
fundamental voltage at the converter ac side, V5 fundamental voltage at the source
side and X is the combined inductance of the transformer and the phase reactor.
The sinusoidal pulse width modulation (SPWM) technique generates the con-
verter’s ac side voltage, assuming a two-level converter topology, as shown in Figure
2.4l This technique also helps in eliminating low-order harmonics in ac voltage forms.
Consider one phase arm (say phase ‘a’) of the three-phase converter in Figure .
In SPWM, a high-frequency carrier signal (triangular waveform) is compared with
the desired sinusoidal modulating signal. If the modulating signal is larger than the
triangular wave, the output phase voltage Va(t) is switched to the positive dc bus

voltage, and if it is smaller, it is switched to the negative dc bus, as shown in Figure
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Amplitude

2.5l Depending on the triangular carrier signal’s frequency, the converter output
‘Va(t) (square waveform) consists of high-frequency harmonics and the fundamental
component. A high-pass filter is usually added downstream from the converter to
reduce the harmonic content of the current entering the ac network. The modulation
signals for phases (b) and (c) are 120 degrees and -120 degrees displaced in phase from

that of phase (a), respectively, to produce a three-phase balanced waveform [26].
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Figure 2.4: Two-level IGBT valve bridge
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Figure 2.5: Bipolar SPWM wave forms
The converter is connected to the grid via a transformer. The transformer provides
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electrical isolation between the dc and ac sides and matches the ac grid voltage to the

converter’s internal voltage. The modulation index (m = f:—rf) is the ratio of the peak
magnitude of the sinusoidal modulating signal (A,,) and peak magnitude of the high-
frequency triangular carrier signal (A.). ‘m’ is kept between the linear modulation
range of [0,1]. The fundamental frequency component V;(t) of the converter output

voltage is given by equation [2.12
o Vae
Vi(t) = me sin(wt + 0) (2.12)

where: ‘¢’ is the V; phase angle relative to ac voltage V5, ‘V;.” is the dc voltage between
the positive pole and the negative pole of the dc link, and ‘w’ is the fundamental
angular frequency.

The amplitude of the converter’s output voltage and the corresponding reactive
power can be controlled by adjusting the modulation index (m). Similarly, the active
power output can be regulated by changing the phase angle of the modulating signal
(0). It is essential to maintain m at or below unity (m < 1) to ensure the proper
functioning of SPWM. If m exceeds 1, the triangle wave will miss many crossings
with the modulating signal, and the magnitude of the output signal will no longer be
linearly proportional to m. Additionally, when the ac side is connected to an external

ac source, it is crucial to ensure that the magnitude of the ac bus voltage, V,,, does

Ve
2

to the diode connected in anti-parallel to the IGBT transistor turning on.

not exceed the dc link voltage (#4<), as this can result in uncontrolled conduction due

In Type 4 wind generators, a back-to-back VSC converter arrangement is com-
monly used, with one VSC acting as a rectifier to convert the variable frequency wind
generator voltage to the dc bus voltage and the other acting as an inverter to convert
the dc voltage to the ac grid at the nominal frequency. The three-phase two-level
VSC bridge is the most straightforward switching configuration that produces an ac
square waveform from a dc source. The phase reactor limits the short-circuit current

and affects the active and reactive power flows into the network, as given by equations

2.10] 2.11] and 2.12]
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2.5 Modelling and Simulation of Type 4 Wind Gen-
erators

This thesis develops models for Type 4 wind generators that provide fault ride-through
capability based on IEEE Std 1547-2018 [1] during contingencies. Fault ride-through
means that the wind generator can remain connected to the grid during faults that
cause a drop in ac voltage above the disconnection threshold, allowing for a quicker
recovery of the system than disconnection. However, during the fault period, specific
control measures may need to be implemented to ensure a healthy resumption of
power transfer [27] [28].

A Type 4 wind generator includes a generator connected to the ac grid through a

back-to-back voltage source converter (VSC) arrangement via a dc link, as shown in

Figure 2.6
TYPE 4 WECS (PMSG with BTB Converter)
BUSM : BUS G
Vm, Im BACK -TO-BACK CONVERTER Vg, Ig
bm_————————————— = | Lc
g ) | Aa I
PMSG — 3 1
Irm\_t%[i% VAT o %"d%ﬂ t —
5% ' ACT
I | 1 = | R
= I_VsClL _ _ _ _____ VsSC2 N =
LC Filter
LC Filter
MACHINE
SIDE CONTROLLER
CONTROLLER
Vw
I
—Pp | MPPT | =—————eep>

Speed Speed ref Vacref Vdcref  Vacref

Figure 2.6: Modelling of Type 4 PMSG-based Wind Energy Conversion System
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The permanent magnet synchronous generator (PSMG) produces a variable fre-
quency voltage proportional to the windmill’s rotation per minute (RPM). The ma-
chine side converter (VSC 1) is a rectifier to convert this variable frequency ac voltage
into dc voltage. The grid side converter (VSC 2) acts as an inverter and injects power
into the ac grid by converting dc voltage back to ac at the grid frequency. As wind
energy is intermittent and variable, the maximum power that can be extracted from
the windmill depends on wind speed, and there is an optimal wind generator speed
for a given wind speed. The back-to-back power train permits the interconnection of
two ac systems with different frequencies. The dc link capacitor between the rectifier
and inverter is a temporary energy storage that manages active power differences and
maintains an active power balance in normal conditions. The capacitor helps limit dc
voltage variation and filters high-frequency dc link voltage harmonics. A dc chopper
(i.e., discharging switch) is often connected across the capacitor as a protective device
during faults on the ac grid, which can result in the capacitor overcharging as the
output power drops due to the fault. This protective measure acts as an energy dump
to dissipate excess energy safely [29]. The LC filters are used to filter out ac side’s
higher-order harmonics at both MSC and GSC.

The following sections of the thesis discuss the controller used in voltage source
converters, the dc chopper, and maximum power point tracking methods to achieve

maximum efficiency at a specific wind speed.

2.5.1 Dc Link Chopper

The dc Chopper consists of IGBT controlled resistor. It protects the converter by
dissipating dc link overvoltage caused by a decrease in active power flow resulting
from disturbances in the grid [30] [31]. The chopper is triggered by a hysteresis
controller, activated when the voltage across the capacitor reaches an upper threshold
(Vi upper) and turns off when it falls below a lower threshold (Ve jower). This action
helps maintain the dc voltage between the upper and lower thresholds and protects
the capacitor from overvoltage while dissipating excess power in the resistor. The
chopper’s resistance value is determined based on equation where Ppopper 15 the
maximum power absorbed by the dc chopper; it is generally the same as the rating
of the wind generator. Depending on the overvoltage and hysteresis thresholds, the

chopper switch is turned on for a period 7,,, and off for a period T,;. Depending on

18



the T;, and T,;¢ duration, the effective resistance R.; across the capacitor can be
calculated using equation [2.14]

Vid 2
R, — V(e upper)” (2.13)
PChopper
T
Rt = Rop.m—m— 22— 2.14
ff Tt Top; (2.14)

2.5.2 Maximum Power Point Tracking (MPPT)

Wind energy is an intermittent energy source; the maximum power available depends
upon various factors like air density, turbine blade area, pitch angle, power coefficient
and, most importantly, wind speed. The maximum power that can be extracted from
the wind varies with each wind speed value. Maximizing the wind’s power content and
making the converter and control schemes more efficient and cost-effective is essential.
A maximum power point tracking (MPPT) controller tracks the peak power point
concerning wind speed [32].

MPPT control techniques can be divided into two categories: direct power control
and indirect power control. Direct power control does not require mechanical sensors
or any prior information. Examples include perturb and observe algorithm, which
alters the operating point of the wind generator, such as the pitch angle of the blade,
by a small amount and then observes how this change affects the power output.
One of the advantages of this algorithm is its simplicity, as it only requires basic
measurements of the turbine’s power output and wind speed. However, it also has
certain disadvantages, such as slow response times, susceptibility to rapid changes in
wind speed, and power output fluctuations.

Indirect power control is simple, uses information like wind speed, torque esti-
mation or power curve to collect the data and find the maximum power point, and
includes methods such as power signal feedback (PSF) control, hill-climb search (HCS)
control and tip speed ratio (TSR) control [33].

PSF control requires maximum power curves of wind generators obtained from
simulations or field data to generate optimum power reference with rotor speed as
input. PSF control can keep the power output constant, regardless of wind conditions,
and can be helpful for large-rated wind generators. Hill Climb Search uses a control

algorithm continuously tracking out for maximum power point. It is the most flexible
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algorithm which accommodates the power—speed relation. In this method, the turbine
continually adjusts the operating point in response to changes in wind speed and
direction. TSR control involves adjusting the operating factors, such as the pitch
angle of the wind generator or the rotor speed, to maintain the optimal tip speed
ratio, which is the ratio of the blade tips’s speed to the wind speed. This method is
commonly used in small wind generators. Ultimately, the choice of control method
depends on the particular wind generator design and operational environment. While
TSR control may be more straightforward and cheaper, it may not perform optimally
in variable wind conditions. In contrast, PSF and HCS control may provide better
results but come at a higher cost and complexity [33] [34].

This thesis uses Tip speed control for maximum power point tracking operation.

In Section , the Tip speed ratio was defined as TSR = {#, where V,, is the wind
speed (m/s), and w is the rotor speed and r the blade’s radius (m). In the TSR control,
a table look-up approach determines the optimum tip speed ratio for maximum power
at a given wind speed (Appendix [A]). This TSR optimum value is used to control the

generator speed.

2.5.3 Control of the VSC based Back-to-Back Converter

The VSC back-to-back (BTB) system consists of a rectifier which converts an ac
signal to a dc signal, a dc link capacitor, and an inverter which converts a dc signal
to an ac signal. These are connected in the back-to-back configuration as shown in
Figure [2.6| and allow smooth power transmission between two different ac frequency
systems. Each converter controls its generated voltage to achieve necessary active and
reactive powers. As stated in Equation and Equation 2.11] suggest, the converter
generated voltage’s phase angle 6 and magnitude |V| can be used to control active
(i.e. active) and reactive power outputs respectively by generating different values of
respective complex parts of the converter current (i, = igctive + Jireactive) [39] [36].
There are different ways of controlling the phase angle (§) and the magnitude
of converter voltage (m), mainly direct and vector control. In direct control, the
modulation index (m) and the phase angle (§) are directly regulated by PI controllers,
where m is responsible for setting the desired voltage magnitude of the converter’s
ac voltage (V.), consequently responsible for reactive power flow and phase angle
(0) is responsible for setting the active power flow. Direct control leads to coupled

interactions, which means that a change in power order causes a transient change in
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reactive power and vice-versa. There is also no way to limit over-current explicitly.
To address the dependability issue, vector control may be used to control the active
and reactive currents in each VSC. The controller provides a decoupled response,
meaning P can be independently changed without affecting () and vice versa [37] [3§]
[39]. Additionally, over-current is prevented using an open-loop approach by limiting
the d and q current orders to safe values. Each converter has an outer controller

tailored to achieve a specific objective, which will be explained later.

2.5.3.1 Outer Loop Controller

The outer controllers are used to achieve the broader system level objective, such as
the dc voltage control, the ac voltage control, the active power control, and the reac-
tive power control. So, as shown in Figure 2.6/ in the vector control, outer controllers

provide the reference values for the inner current controllers.

(a) Grid Side Controller
Figure shows the grid side converter (GSC) control of the Type 4 wind

generator. The GSC Controller uses a dc voltage controller to regulate the
active power flow and an ac voltage controller to regulate the reactive power
flow. The dc voltage controller maintains the desired dc voltage level across the
dc link capacitor by regulating the g-axis current reference, denoted as 74 f.
The dc voltage reference vgeey is compared to the measured and filtered dc

voltage vVic(measured) aCTOSS the capacitor.

The proportional-integral (PI) controller helps regulate the error and generates
an order for i4.r. A phase-locked loop tracks the voltage phase at the point of
common coupling (Bus-G in Figure and uses it as a timing reference for
the firing pulses. The PLL will be explained in detail in subsequent sections.
The ac voltage controller compares the measured ac voltage (Vge(measured)) With
the reference ac voltage (vVgeres ), and a PI controller generates the active cur-
rent reference, denoted as ig4,.¢, for the inner control loop. The outputs of the
dc voltage controller’s i,.; and the ac voltage controller’s i4..; are input to
the decoupled current controller, which generates the required g-axis and d-
axis voltage references, denoted as vger and vg4r. These references are then

converted to abc coordinates, and firing pulses are generated using SPWM, as

described in Section 2.4]
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Figure 2.7: Grid side converter vector control

(b) Machine Side Controller

The machine side converter controls its ac side voltage and the wind generator
speed (wyer). The speed w;s is controlled by increasing or decreasing the power
drawn from the generator, and this is achieved through the component (iy.s),
which is responsible for the active power. The ac voltage vgerer at BUS-M
in Figure is controlled via the reactive current reference ig4,.r. Figure

illustrates the above control strategy.
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Figure 2.8: Machine side converter vector control

2.5.3.2 Decoupled Inner Current Controller

Figure shows a single-line diagram of the ac grid system and ac converter system
connected via the resistor (R) and reactor (L) representing the converter transformer
and the phase reactor.

The voltage and current relationship in three-phase instantaneous form is ex-

pressed as
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In equation [2.15, v¥, = [v9,v{,v9] and vS,. = [vS,vi,vE] represent three-phase

voltage at grid bus and the converter terminal respectively. Park’s transformation
shown in equation [2.16] is applied to the ABC-frame in equations [2.15 and converted
to a synchronously rotating dq reference frame, as shown in equations [40]. The

angle 6 is in phase with the positive sequence of the fundamental frequency ac wave-

form vJ,. and is generated using a phase-locked-loop (PLL) to the system voltages
Ugbc‘
g [ia 5 cos(6) ‘ sin(#) ?5 iy
- iy | = 3 cos(f — 120)  sin(f — 120) 7 i (2.16)
: ) | .
i cos(f +120)  sin(f+120) 5 to
' ' 0 —w 0 i vy V5
d || -R |" alq |V a
o || = | +|w 0 0. g | + Z( i — |vi|) (2.17)
i0 i0 0 0 O 10 vy v§

Equation which is the Laplace transformation of Equation[2.17] clearly shows
that the dg system is coupled due to off-diagonal terms in transfer function G(s). The
converter output voltages are vg and vj, and each affects both i; and i,. Equation
[2.17 can be rewritten as Equation [2.19] decoupled in nature.

I,(s) —wL R+ Ls| ~|vi(s)—vi(s)

N J/ q

[Id(s)l _ [R+Ls wL r {vg(s)—vg(s)} 2.18)

G(s)
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Figure 2.10: Decoupled current controller (inner controller)

A PI controller generates the intermediate control signals v;l and U; as given in
Equation Note that v;l only affects 74 and U; only 4, so decoupled control is
possible. The actual vg and v voltages for the VSC can be generated from v, and
v; using the control system shown in Figure m The references for phase a, b and
c voltages (vq, vs,v.) can be generated by using the inverse Park’s transform on v§
and vg. Sinusoidal PWM can generate the firing pulses to achieve the given output
voltage. This inner controller is common to both machine-side converters and grid-
side converters. The current magnitude can be limited in the open loop by limiting
values of ig..; and i,.r so that the magnitude of the current, i.e. \/Z(z'?iref) + (i2es))
does not exceed the rated current value.
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2.5.4 Phase Locked Loop

The Phase Locked Loop (PLL) provides a reference phase angle for the ac voltage
input at Bus M and Bus G, as depicted in Figure 2.6, The operation of converters
heavily relies on accurately tracking the phase angle at Bus M and Bus G. This
reference angle, denoted as 6, is utilized for Park transformation matrices (Equation
and is also used as a reference for generating firing pulses for the converter

switch.

Phase difference Calculator

/ \
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Va (t) > vd 6
=
—> 9 T Whase
Vb (t) e
o
=)
—> —>
Ve (t) Vq

Theta

Figure 2.11: Phase Locked Loop controller

Figure demonstrates the operation of dq-based PLL [37]. The PLL consists of
a voltage-controlled oscillator (VCO) that adjusts its output frequency based on the
input reference signal. The phase difference between the ac voltage and the output of
the PLL, represented by 6, is fed to a PI controller that aims to minimize this phase
difference to synchronize # with the ac voltage. The input to the VCO is adjusted
using the output of the PI controller, ensuring that # remains synchronized with
the ac voltage. The phase detector mechanism shown in the figure, utilizing the dgq
transform as phase angle = (tanfl(;’—;i)), which results in zero average phase error
when 6 is in sync with phase a of the positive sequence component of the ac voltage
[41].
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To facilitate the frequency locking process of the filtered ac voltage, a ”lock-in
range” value is included in the control system. This value represents the expected
steady-state value of controller wyqse, which equals 27 f where ‘f” is the nominal oper-
ating grid frequency. This value makes it easier to lock the frequency of the filtered
ac voltage and reduces the controller’s effort. The PLL aids in generating modulat-
ing signals for the firing circuit, which uses the sinusoidal Pulse Width Modulation
(PWM) technique to trigger the IGBT valves precisely.

2.5.5 Overall BTB VSC Vector Control

In this chapter, we have explained the mechanical and electrical aspects of wind
power generation. We have discussed the control methods used for regulating voltage
and power in an ac electrical system using Voltage Source Converters (VSCs). VSCs
are electronic devices that convert dc power to ac power with variable voltage and
frequency.

Various control methods have been employed to regulate voltage and power in an
ac electrical system using VSCs, including direct and indirect control. These control
methods involve generating current references to regulate the output voltage and
power of the VSC. The direct control method modulates the amplitude and phase
of the VSC output voltage to control the reactive and active power, respectively.
However, it has a disadvantage, as changing the reactive current results in a transient
change in active power. Additionally, direct control does not limit the converter’s
current, which could lead to overcurrent and damage.

On the other hand, the indirect control method involves generating d and ¢ current
references and using a decoupled control strategy. This strategy ensures decoupled
control of active power (P) and reactive power (Q), and over-current is avoided by
limiting the magnitudes of ig.f and ¢4es. Indirect control is the approach used in
this thesis.

To prevent over-speeding of the generator and overvoltage in the dc link capacitor
during ac side faults or contingencies, a chopper is often placed between the two
back-to-back converters (BTBs). The overall VSC vector control is shown in Figure
2.12
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Chapter 3

Transient behaviour of Type 4
PMSG based Wind generator

This chapter analyzes the system behaviour and control mechanism of the PMSG-
based wind generators, which are Type 4 wind generators. The analysis is done with-
out fault ride-through techniques to focus solely on the normal operating behaviour
of the wind generator. In the upcoming chapters, the analysis and findings presented
in this chapter will serve as the foundation for implementing fault ride-through mech-
anisms for PMSG-based wind generators. The techniques will be based on the IEEE
Std 1547-2018 (IEEE 1547) [1] for distributed energy resources, which outlines the
requirements for grid-connected distributed energy resources. In addition to fault
ride-through techniques in Chapter 4, chapter 5 will also focus on developing a new
control approach for power oscillation damping in PMSG-based wind generators. The
following sections describe the operational behaviour of the maximum power point
tracking (MPPT) controller, dc chopper, and inner and outer current control loops
under different conditions, such as sudden changes in demand, faults, or changes in

the generator’s operating conditions.
3.1 Wind Generator Test System to Investigate
Controller Response and Fault Behaviour

The system in Figure [3.1| will be used as the test system. The system is implemented
on the PSCAD, one of the EMT simulators. The components, such as the BTB
converter and chopper, are briefly described in Chapter [2] from sections t0[2.5.3|
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The performance of a 2 MW wind plant is observed. A voltage source behind a series-
connected impedance represents the grid. The back-to-back converter configuration
includes the voltage source converter’s controllers and the dc chopper (as discussed in
Chapter [2)). The controller parameters for both the inner and outer loop controllers,
regulating active power flow and reactive power flow for the rectifier and inverter
sides, are provided in Table The network transformer is rated at 20 MVA, 11
kV/69 kV and has a 10% leakage reactance.

Type 4 Wind Generator

PCC L
| E— R
11kV / 69kV 69 kV <0
1kV/11kV

Figure 3.1: PMSG-based wind generator connected to the grid

Table 3.1: The wind generator parameters ( K,:Proportional Constant, T;:Integral
Time Constant )

MSC Controller | ac Voltage controller : Kp=1 pu/pu, Ti=0.1 pu/pu-sec
Speed Controller : Kp=2 pu/pu, Ti=0.07 pu/pu-sec

PLL parameter : Kp=>50 pu/pu, Ti=0.002 pu/pu-sec

GSC Controller | ac Voltage controller : Kp=0.66 , Ti=30.23 pu/pu-sec

de link Voltage Controller : Kp=0.321 , Ti=0.1097 pu/pu-sec
PLL parameter : Kp=>50 , Ti=0.002 pu/pu-sec

3.2 Maximum Power Point Tracking (MPPT)

Wind generators generate electricity from wind energy, which depends on wind speed.
As the wind speed changes, the turbine’s power output also changes, and the turbine’s
power curve is non-linear. MPPT, or Maximum Power Point Tracking, is a method
employed in wind generators to obtain the wind generator’s power output. This
is accomplished by tracing the wind generator’s maximum power point (MPP), the
location on the power curve where the output power peaks for a specific wind speed.
The types of MPP techniques are mentioned in Chapter [2| Section [2.5.2] Without
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MPPT, wind generators might not operate at their maximum power output level,

resulting in lower efficiency and energy production. By utilizing MPPT, the wind

generator can operate at its maximum power point, which can help to optimize its

performance and increase energy generation.
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Figure 3.2: MPPT tracking maximum power point in respective turbine angular speed

Figure |3.2 shows the multiple curve plot for the wind generator output power at

different turbine speeds. Those curves are obtained using the wind generator charac-

teristic equation in Equations and |3.2l Equation [3.3| represents the mathematical

expression for the maximum power obtained using the TSR method. Each curve cor-

responds to a particular wind speed. The peak of each curve represents the maximum

output power points. These points are joined to get the MPPT curve as shown in

Figure [3.2
R
TSROpt = U)Opt?w (31>
4 B . 05720(TSRey — 3) 3
Cp=-—(= L — (2===(T'SRop — 3 3.2

31



\ 4

MPPT

TSRopt i z (speed ref)
Speed -
opt n iqref

R Margm Speed measured

Figure 3.3: Tip speed ratio calculation and Control

1
Pmaa: = épAVSCp(ﬁa TSRopt) (33)

This thesis uses a Tip-Speed Ratio (TSR) based MPPT algorithm. A MATLAB

(a) Wind Speed
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(c) Active power Flow at machine side

10
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Figure 3.4: Wind speed and Power dynamics: Tip speed ratio (MPPT Control and
Beta () = 0)
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code is used to create a data table in this algorithm and is listed in Appendix.
The table contains two parameters, wind speed and the optimum TSR value at the
given wind speed. The given table is used in PSCAD to get the optimum TSR value
for a given wind speed. As shown in Figure [3.3] the MPPT block finds the optimum
TSR value for a given wind speed using the data table. Then the optimum rotational
speed of the PMSG is calculated using the respective optimum TSR value.

Using the EMTP-based test case, the MPPT tracking algorithm is tested. In this
case, the pitch angle (J) is kept at zero value as the wind power extracted is kept
below rated power. As shown in Figure the wind speed increases from 8 m/s
to 11.5 m/s in steps, and the corresponding PMSG output power increases. As the
wind speed changes, the MPPT algorithm tracks the optimum TSR value, and the
controller calculates the corresponding optimum machine speed. The PMSG rotates

at this optimum speed, ensuring maximum power extraction from the wind generator.

P (measured)

Beta max
L -
> > Bet
0J Beta ref (1+STP) o

;’_/

Pitch Controller Dynamics

Pref

Figure 3.5: Pitch angle controller

3.3 Pitch Angle Controller

A pitch angle controller is a controller which can adjust the blade angle as per wind
speed variations. It provides a reduced area for capturing less aerodynamic power
during medium wind speed to operate the converter and wind generator within their
rated power. C), curve as mentioned in Equation [3.2] is the function of pitch angle,
TSR etc. Equation shows that power extraction from wind depends on the C),
curve, an area captured by wind and wind speed.

As the wind speed rises, the amount of power the wind generator generates also
increases. The turbine’s output reaches its maximum rated power when the wind
speed reaches a specific level known as the "rated wind speed.” If the wind speed

continues to increase beyond this point, the turbine’s power output will exceed its
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maximum capacity. To address this, a pitch angle controller is activated when the
wind speed exceeds the rated wind speed. This controller adjusts the pitch angle of
the turbine’s blades to ensure the turbine operates at its rated power level even at

higher wind speeds. The adjustment in the pitch angle is achieved using a pitch angle

(a) Wind Speed

12 1 1 1 1
Q)
§, 10F o — D D -
3 Vw
>

8 1 1 1 1
5 10 15 20 25 30
(b) Active power flow at machine side

1 T T T T
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(c) Pitch Angle

ey
o

(4]
.

(=]

B Beta value (deg)

|
(3))

(3}

10 15 20 25 30
Time (s)

Figure 3.6: Pitch angle controller dynamics with MPPT

controller, as depicted in Figure [3.6] It compares the wind generator’s power output
with the reference power (rated power) and passes the error through a PI controller.
Pitch angle change is a slow operation. The dynamics of the pitch angle change is
modelled as a first-order transfer function with gain K, = 1.0 and time constant

T, = 1 s. The test system is used to check the operation of the pitch controller. As
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shown in Figure [3.6]a), the wind speed changes from 9 m/s to 11.5 m/s. As depicted
in Figure (b), the wind power output increases as the wind speed increases. The
pitch controller is enabled when wind speed V,, is greater than 10 m/s, where the
rated wind speed is set to 10 m/s. The pitch controller power reference is set to
0.75 pu. As shown in Figure (c), the pitch controller is activated for V,, > 10 pu,
causing pitch angle g to increase. Consequently, the wind generator’s output power
is maintained at 0.75 pu. The pitch controller remains active for V,, greater than 10

m/s and V,, less than the cutout speed.

3.4 Dc chopper with Hysteresis Control

In the Type-4 wind generator, a dc chopper is employed in the dc link of the BTB
VSC converter. Its purpose is to prevent over-voltage in the dc-link capacitor when
grid-side disturbances such as faults occur. It consists of an insulated gate bipolar
transistor (IGBT) controlled resistance. This resistor dissipates the power mismatch
if the wind generator output power exceeds the output power to the grid or vice-
versa. As discussed in Chapter [2| by controlling the switching on and off duration of
the IGBT switch, the effective resistance of the dc-chopper is changed, and so does
the corresponding power dissipation. The chopper activates when the dc-link voltage
Ve hits [Vae—min, Vie—maz] range while riding through the fault. A voltage hysteresis
controller is used to issue the chopper firing pulses.

The test system is used to check the operation of the dc chopper. A 10-cycle,
3-phase line to ground fault is applied at the PCC bus at ¢ = 6 sec. During the fault,
the grid-side converter output power becomes zero. During this period, the MSC
converter continuously feeds active power, which causes a power imbalance at the dc
link. As a result, the dc capacitor voltage rises. With the dc chopper disabled, the
dc link voltage rises to 11 pu, as shown in Figure[3.7] Such a high dc link voltage will
damage converter components, and the wind generator will be tripped to save the
system from the rise in dc link voltage. As shown in Figure |3.7] with the dc chopper
enabled, the dc link voltage is controlled with a band of [3.1 pu, 3.3 pu| within the
safe operating range of dc-link voltage.

The dc chopper power and energy consumption are shown in Figure[3.§(a) and (b),
respectively. The energy consumed by the dc chopper during the fault-ride through
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operation is 0.3 MJoule. The chopper switches off at ¢ = 6.35 s once V. reaches the

nominal value and after complete active power recovery of the GSC converter.

dc Voltage : 3 Phase fault

T T
2 L Measured dc voltage — Without Chopper | |
1 R
= = = Reference dc voltage
Measured dc voltage -With Chopper
101 .
—_
3~ L 4
28 °
° N
- 0 6 N
0o
- >
> 4t .
2+ |
0 I
5.8 6 6.2 6.4 6.6 6.8

Time (s)

Figure 3.7: Response of V. (Dc chopper activated)

3.5 Step response Transient behaviour of PMSG
connected to the Grid
To investigate the wind generator’s response, step changes are applied to three differ-

ent controller references, namely wind speed (V,,), dc voltage(Vy.), and grid-side ac

voltage, and their effects are observed.

3.5.1 Step Change in Wind Speed Reference

In this section, the wind speed reference is changed, and the TSR-based MPPT con-
trol, as explained in Section 3.1, will make the converter change its power order to

ensure that the PMSG runs at the optimum speed for extracting maximum power.
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Power Consumption by dc Chopper
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Figure 3.8: Power and energy consumed by dc-chopper

The performance of the outer control loop is observed, which is responsible for man-
aging active and reactive power flow, and the inner decoupled control loop regulates
current references coming from the outer controller for both the MSC and GSC. The
control diagram is shown in Figure It is the same figure from Chapter 2 (Figure
but is repeated for convenience.

When the speed of the wind changes, the speed reference, which controls active
power flow at the MSC side, also changes, resulting in the generator generating re-
spective active power. The wind speed changes from 9 m/s to 8 m/s at 11 s and
back to 9 m/s at 18 s, as shown in Figure According to the MPPT algorithm,
the optimum rotational speed of PMSG varies with wind speed. It can be observed

in Figure [3.10|a) that the optimum speed reference changes from around 0.91 pu for
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TYPE 4 WECS (PMSG with BTB Converter)

BUS M
Vm, Im

BACK -TO-BACK CONVERTER
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____________ VSCZ,
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werr|—1 1
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Speed ref
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(a) MSC- Speed of PMSG (pu)

Figure 3.9: PMSG-based wind generator connected to the grid

(c) GSC- power flow (pu)
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Figure 3.10: Response of MSC and GSC due to step change in wind speed

the wind speed of 9 m/s to 0.82 pu for the wind speed 8 m/s around 18 s and the
rotational speed of PMSG accurately follows the MPPT optimal speed reference due
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to action of speed controller at MSC side. Figure [3.10(b) shows the change in the
active power flow due to rotational speed variation as the MPPT dictates. That is,
at the lower wind speed, the MPPT orders a power reduction in both the MSC and
GSC, as can be observed in Figure 3.10[b) and (c). Due to the change in active
power value, dc-link will observe the power imbalance during the transition and the

transients are observed during the changing wind speed as shown in Figure [3.10{(d).

(@) MSCiq (pu)

1.5 T

=5 : § — ¢ axis current reference
2 : : g axis current measured
T A T R
r: JSS— ‘ \\ P
e 0.5 ™ é /[
g : v
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0 . . . . .

10 12 14 16 18 20 22

Time (s)

(b) GSC iq (pu)

§ —— q axis current reference
:] — q axis current measured

iq ref (pu), iq (pu)

Figure 3.11: q - axis current references at MSC and GSC sides

Figure [3.11f(a) and Figure [3.11{b) shows the variation of g-axis current reference
as active power flow order changes. The decrease and increase of active power flow

due to a change in wind speed are coordinated with the corresponding decrease and
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Figure 3.12: d - axis current references at MSC and GSC sides

increase in g-axis current at both MSC and GSC sides. The increase in active power
flow is manifested as an increase in g-axis current and vice versa. Also, MSC and
GSC side g-axis currents follow the respective g-axis current references generated by
the corresponding upper-level controllers.

In Figure (a,b), a marginal change is observed in the d-axis currents of the
MSC and GSC sides as the change in wind speed directly affects active power flow.
This shows that the decoupled current controller is working correctly, and variation

in wind speed does not significantly affect the working of ac controllers in MSC and

GSC.
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3.5.2 Step Change in Dc Voltage Reference

Figure [3.13| shows the converter controller’s dynamics in the machine and grid side.
In Figure 3.13(a), (Vieres) value has been changed to 2.8pu from 3pu at 11s and
changed back to 3pu at 15s. The dc chopper operation is turned off to study the

system response without the chopper control.
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Figure 3.13: Response of MSC and GSC due to a step change in (Vjeref)

As shown in Figure m(b), at the instant when the dc voltage reference changes,
there is a difference between measured de-link voltage and (Vieres), which results in
error detection at the (V) controller. To regulate the dc voltage to its set point, the
Ve controller transiently changes the active power flow at the GSC side as shown in
Figure [3.13(a).

As the references for the MSC converter controller do not change, the active
and reactive power flow remains constant in this step change operation, as shown in
Figure m(c) As V. controller affects the g-axis current of GSC, a more significant
transient is observed in g-axis current as shown in Figure [3.13|d). The d-axis current

reference remains unaffected, so the reactive power flow remains unchanged.
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3.5.3 Step Change in Grid Side Ac Voltage Reference
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Figure 3.14: Step change in V,.es: (a) Grid side ac voltage variation (b) d-q current

reference at GSC (c) Active power and Reactive power at GSC

At the time ¢ = 11 s, the grid-side ac voltage reference (Vieres) is decreased by
5%, and subsequently, it returns to its initial value of 1 pu at ¢ = 15 s as seen in
Figure 3.14(a). When the (Viees) at the GSC side is decreased, the ac controller
observes the negative error and produces a decreased d-axis current reference (igef)
(Figure [3.14[(b)), resulting in the decrease of the reactive power value as shown in
Figure [3.14](c). Figure [3.14k) proves the decoupled current controller action, which
shows the independent working of inner loop controllers. Only 44,.¢ is changed due

to variation in V,e.r, and no significant change in the g-axis current reference is

observed.
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3.6 Fault Behaviour of PMSG-based Wind Gener-
ator

A 3-phase line to ground fault is applied at the point of connection (POC), i.e. at
BUS G as shown in Figure [2.6| around ¢t = 6 s for six cycles. This section will show
the importance of the dc chopper across the dc link.

As shown in Figure [3.15(a), as the MSC side has an active power controller, the
fault does not affect the machine side power, and the rotational speed remains at its

reference value of 1 pu. Due to the fault, the grid-side power (P,,;4) approaches zero

as depicted in [3.15(b).
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Figure 3.15: Active power and Reactive power at MSC and GSC; Speed control, dc
control in GSC for active power control

As there is no change in power generation on the machine side, this creates a
power imbalance. The chopper has been turned off to observe the severe effect. Figure
3.15|(c) illustrates that as the power imbalance increases during the fault, all the extra

power is dumped across the dc-link capacitor, increasing the voltage to around 11 pu.
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This would cause the capacitor to burn out, and the generator would shut down. As
the fault persists, the d-axis and g-axis references, representing the desired current
components, reach their limit. A current limiter is employed to avoid exceeding safe
levels and prevent damage. As soon as the fault gets cleared, active power, reactive
power and the current references return to the original value, and PMSG successfully
recovers. However, it should be noted that this recovery process is slower than the

generator with fault ride-through capabilities, which will be discussed in Chapter [4]

3.7 Summary

This chapter has provided an overview of the characteristics of the Type 4 wind
generator, the VSC-based BTB converter transmission, and the main components of
a VSC transmission system in a PMSG-based wind generator. It has also delved into
the signal generation, control system, and additional controllers used in a Type 4
wind generator.

The essential wind characteristics of the wind generator, the basic operating prin-
ciples of VSC-based BTB transmission, and the main components of a back-to-back
converter system in Type 4 wind generators have been presented. The generation
of the signal through the Sinusoidal Pulse Width Modulation (SPWM) method and
the control system of the BTB converter for a Type 4 wind generator have also been
discussed. The chapter has further examined the workings of additional controllers,
such as the maximum power point tracking (MPPT) controller. MPPT is a control
algorithm that maximizes the wind generator’s power output by continuously adjust-
ing the rotor speed or blade pitch angle. In case studies, we have observed the use
of a chopper across the dc link, a device that limits the dc link overvoltage during

abnormal grid conditions.
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Chapter 4

Implementation of Fault
Ride-through Requirements in

Simulation Model

4.1 Introduction

Vendors and system operators follow well-established grid Codef] for the electric power
system to maintain uniformity, economical maintenance and safe operation. Grid
codes may differ based on geographic location and grid operators. A widely followed
standard is the IEEE Std 1547 — 2018, whose suggestions for fault ride-through ca-
pability are adhered to in this thesis. Hereafter IEEE Std 1547 — 2018 is addressed
as “IEEE 1547” [1I]. The IEEE 1547 applies to all DER technologies in the electric
power system (EPS). The electric power system may include one or more Distributed
energy source (DER) units, supplemental DER devices and loads. DERs are small-
scale generation and energy storage units which export power to the grid at typical
primary or secondary distribution voltage levels. Resources like renewable energy like
solar photo-voltaic, wind generators, electric vehicles, energy storage, fuel cells, and

diesel or natural gas generators come under distributed energy resources.

LA technical document which suggests different settings for the electric power system’s operation,
maintenance, and development.
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4.2 Assignment of Performance Categories of DER

IEEE 1547 [1] recommends the required operational capabilities of a DER during
normal and abnormal operating conditions. The IEEE 1547 helps to specify the
control mechanisms of DER performance during contingencies and to decide whether
the DER will remain connected or disconnected from the grid [42] [43]. The DER’s
operation is categorized into two types of performance categories.

The first is the normal operating performance categoryP], where the DER terminal
voltage is between 0.88 pu and 1.1 pu. The grid frequency lies between 0.98 pu to 1.02
pu. During normal operating conditions, the operating regions for a DER continuous
operation [}, are categorized as Category A and Category B. Categories A and B
dictate standard operating characteristics of a DER, such as voltage regulation and
reactive power capability requirements. Generally, a DER with performance Category
A capability is not subjected to frequent disturbances and has a lower penetration
level into the power grid. A DER, which comes under performance Category B, has
all the operational capabilities of Category A. Additionally, it has supplementary
capabilities that allow a higher penetration into the distributed system.

Any deviation from the continuous operation is considered an abnormal operating
performance category. This second performance category dictates the capabilities of
DERs in response to contingencies and is categorized as Category I, II, and III. All
the categories are explained below.

The governing authorities assign performance categories I, II and III to DERs
based on the primary power source type, power technology, DER application purpose,
and integration level with the grid. Examples of abnormal performance Category
[ are Synchronous generators (hydro and engine/turbine-driven and fuel cell-based
inverter sources). DERs such as inverters sourced by solar panels, wind generators and
energy storage come under Category II, providing directions for stability /reliability
over a broader range of contingencies. Category III settings for fault ride-through are
assigned to the DER with a higher penetration level. This equips the DER with the
capability to address concerns like system overloads, power quality, and operational

reliability:.

2Specified operational settings and technical capabilities during continuous operation.
3Continuous operation is when there is a prescribed active power flow between the DER and the
grid while the voltage and system frequency is within a specified range
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All performance categories specify designated limiting requirements for ranges of
allowable settings of control with respect to nameplate ratings, i.e., nominal voltage,
current, maximum active power, apparent power, reactive power, and trip parame-
ter values and specify the minimum equipment capability requirements. Figure [4.1

summarizes a DER operation’s performance categories.

Performance
Categories of
DERs
Normal Abnormal
Operating Operating
Performance Performance
Categories Categories
v v v v
Category
Category A Category B Category I Category II I
. High penetration, more Low Mild X High
lLow penetration, fluctuation to DER penetration penetration Penetration
ess fluctuation to
DER output output, connected to
Bulk Power System
(Voltage regulation and Reactive power capability requirements of the (Voltage and Frequency Ride through
DER during continuous operation) Capabilities of the DER during contingencies )

Figure 4.1: Types of Performance Categories as per the IEEE 1547

As there has been a significant increase in the contribution of renewable sources to
power systems, integration of Type 4 wind generators comes under Category B during
normal operating conditions, and wind energy follows fault ride-through requirements
of Category II and Category III for abnormal conditions.

The assignment of the Category II and III requirements for wind energy depends
upon the area electric power system (EPS) operatorﬁﬁﬂ and authority governing inter-
connection requirements. In this thesis, we implement fault ride-through requirements

for Category II in a 50 Hz system for the Type 4 wind energy generators.

4A responsible authority to design, build, operate and maintain the electric power system which
consists of Local EPS(5) and Area EPS(6)

5a. Local EPS is an entity which may contain DER units, loads and supplemental DER devices.

6b. Area EPS is an entity which serves Local EPSs.
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4.3 Voltage Ride Through

In the normal mode of operations, the DER is typically expected to operate at +/ —
10 percent of nominal voltage continuously. The power frequency variations should
stay within the order of +/ — 0.1Hz for less than 10s. The accuracy of voltage
regulation may also be specified, such as +/ — 0.5 percent of the set point value, i.e.,
the acceptable voltage range is usually 95 — 105 percent. The power factor range is
usually between —0.95 and 0.95. The active power is continuously supplied to the
grid. [1]

During contingencies, voltage tends to deviate from its nominal value, creating an
imbalance in power transfer between DER and connected loads. This often leads to
instability. The IEEE 1547 has suggested two methods: (i) low voltage ride through
(LVRT) and (ii) high voltage ride through (HVRT) to minimize voltage sag and volt-
age rise and maintain voltage during and after contingencies. The normal operating
condition is where applicable voltage falls within the continuous operation range, i.e.,
where the DER must remain in operation and continue to deliver active power at the
assigned pre-disturbance level of active power. Based on the applied voltage value
during voltage disturbances, Tables [4.1] and specify the voltage range, mini-
mum response, type of operation, and minimum ride-through time for Categories I,
IT, and III, respectively.

For example, in Category I (Table [4.1]), when the terminal voltage (V) lies in the
interval [0.88 pu, 1.1 pu], the DER performs as per normal operating condition, which
is described above in this section. For a voltage (V) less than 0.50 pu and more than
1.20 pu, the DER is recommended to operate in ‘cease to energize’ mode up to the
maximum specified time. It may imply disconnection, isolation, a temporary break,
or a trip of the DER. Table suggests the minimum ride-through times for the
applied voltage (V) in the (1.175 pu, 1.20pu], (1.15 pu, 1.175pu], (1.10 pu, 1.15pu] as
0.2 s, 0.5 s and 0.16 s, respectively. When the applied voltage (V) is in the range of
(0.88 pu, 0.7 pu], the minimum ride-through timer starts and follows the expression (
Tiort (8) = 0.7 5+ 225(V — 0.7pu)). The detailed explanation of voltage ride through

1pu

is explained in Section [4.5] 1mm
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Table 4.1: Voltage ride through requirements of abnormal operating performance

Category I[I]

Voltage  range | Operating mode/response Minimum Maximum
(pu) ride through | re-
time(s)(Design crite- | sponse(s)
ria) (design
criteria)
V >1.20 Cease to Energizd'] N/A 0.16
1.175 < V < | Permissive Operationf] 0.2 N/A
1.20
1.15 < V < | Permissive Operation 0.5 N/A
1.175
1.10 < V < 1.15 | Permissive Operation 1 N/A
0.88 <V <1.10| Continuous Operation Infinite N/A
0.70 <V < 0.88 | Mandatory Operation] Linear slope of 4 s/1 | N/A
p.u. voltage starting
at 0.7 s @ 0.7 p.u.
Tiort = 0.7 +
%(Vf().?pu)
0.50 <V < 0.70 | Permissive Operation 0.16 N/A
V < 0.50 Cease to Energize N/A 0.16

Similarly, Table 4.2 and Table give the voltage ride-through settings for Cate-
gories II and III. There are a few abnormal conditions where the above tables are not
consulted, and the operator takes the corrective action, i.e. trip the DER or cease to
energize it. The first instance is when the DER pre-disturbance power is below 10% of

P.ateq, and the local power system is intentionally islanded by disconnecting from the

7 Active power delivery under steady-state conditions is halted. There is a limited reactive power
exchange as specified, e.g., through inverter-based resources and filter banks.

8This operating mode responds to a disturbance of the applied voltages or the system frequency
where the DER performs ride-through (voltage/frequency) either in mandatory operation or in
momentary cessation.

9In this operating mode, there is a prescribed exchange of active and reactive current in response
to a disturbance of the applied voltages or the system frequency.

Omomentarily cessation means the DER is supposed to take a temporary break when faced with
voltage/frequency disturbances. During the momentary cessation period, DER is still in connection
with area EPS and can reinstate the operation immediately. Also, the voltage threshold between
the mandatory and momentary operation can be set based on mutual agreements between the Area
EPS and the DER operator.
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Table 4.2: Voltage
Category II [1]

ride through requirements of abnormal operating performance

Voltage  range | Operating mode/response Minimum Maximum

(pu) ride through | response(s) (de-
time(s)(Design crite- | sign criteria)
ria)

V >1.20 Cease to Energize N/A 0.16

1.175 < V< | Permissive Operation 0.2 N/A

1.20

1.15 < V< | Permissive Operation 0.5 N/A

1.175

1.10 < V < 1.15 | Permissive Operation 1 N/A

0.88 <V <1.10| Continuous Operation Infinite N/A

0.65 <V < 0.88 | Mandatory Operation Linear slope of 8.7s/1 | N/A
p.u. voltage starting
at 3 s @ 0.65 p.u.:
Tiore = 341, (V-0.65)

0.45 <V < 0.65 | Permissive Operation 0.32 N/A

0.30 <V < 0.45 | Permissive Operation 0.16 N/A

V < 0.30 Cease to Energize N/A 0.16

Table 4.3: Voltage
Category III [I]

ride through requirements of abnormal operating performance

Voltage  range | Operating mode/response Minimum Maximum

(pu) ride through | response(s) (de-
time(s)(Design crite- | sign criteria)
ria)

V >1.20 Cease to Energize N/A 0.16

1.10 < V < 1.20 | Momentary Cessationd™] 12 0.083

0.88 <V <1.10| Continuous Operation Infinite N/A

0.70 <V < 0.88 | Mandatory Operation 20 N/A

0.50 <V < 0.70 | Mandatory Operation 10 N/A

V < 0.50 Momentary Cessations 1 0.083

larger grid. The second instance is when within 0.1 seconds of the Distributed Energy

Resources (DER) discontinuing their power supply to the Area Electrical Power Sys-

tem (EPS) and tripping, and the Local EPS load that demands active power equal
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to or exceeding 90% of the pre-disturbance total active power output of the DER is
shed.

4.3.1 LVRT Mode of Operation

In the early days, when wind energy resources were new, it was recommended to
disconnect the wind energy system from the ac grid during a fault. As there has
been a significant increase in the contribution of renewable sources to power systems,
wind generators are equipped with voltage and frequency ride-through abilities, as
discussed earlier. In such a case, the wind generators go to LVRT mode during grid-
side disturbances and remain connected to the grid. Depending upon grid conditions,
grid operators can set the exchange of active and reactive power values in the LVRT
mode operation. The dynamic reactive power support is provided to the EPS by
injecting reactive current to support fast voltage recovery. This mode also ensures
rapid active power recovery after the fault. Section 4.6 presents detailed modelling
and explanation of LVRT in the Type 4 wind generators. As discussed, this thesis
implements Category Il default settings for voltage ride-through for low and high-

voltage disturbances in a 50Hz system. [1]

4.3.2 HVRT Mode of Operation

Overvoltage conditions occur due to contingencies like sudden load change, tripping
of heavily loaded lines, lightning, etc., which can cause excessive current flow and
damage the connected equipment. Overvoltage can be transient (e.g., a voltage spike)
or permanent.

During overvoltage conditions, IEEE 1547 suggests following Table for the
abnormal operating performance of Category I [I]. Table(4.1|suggests that the voltage
(V) falling in between 1.175 pu to 1.20 pu; 1.15 pu to 1.175 pu must operate within
the minimum ride through time, which is 0.2 s, 0.5 s respectively. Similarly, Table
and Table [4.3| specify high voltage ride-through times for the abnormal operating
performance of Category II and III, respectively. When the voltage exceeds 1.20 pu,
DER ceases to energize afterwards for all the categories. The maximum response

time given to trip in HVRT mode is 0.16 s.
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4.4 Frequency Ride Through

Frequency Ride through (FRT) refers to the capability of the DER to maintain stable
operation and ride through during contingencies which cause variations in grid fre-
quency. The grid frequency may deviate from its intended value following disruptions
such as faults or abrupt load changes, generation trips, etc. FRT capability improves
the grid’s stability by ensuring that the DERs can effectively adapt to changes in
frequency as an immediate frequency control mechanism. It aids in maintaining a
reliable and balanced power supply.

In a nominally 50 Hz ac grid, the continuous frequency operation range typically
falls in 48.8 < f < 51.2 (i.e., a dead bandE] of +/ — 1.2 Hz around the nominal
frequency).DER of Category II and III must provide the frequency power operation
for low-frequency conditions, whereas Category I based DER will have the choice to
provide the frequency power operation or not. Table provides the details for
frequency ride-through requirements for the abnormal performance categories I, II
and III. It suggests the DER’s frequency range and operating modes during under-
frequency or over-frequency deviations. For low-frequency conditions (47.0 Hz <
f < 48.8 Hz), DER must follow the Eqn . During high-frequency conditions (51.2
Hz < f < 51.8 Hz), the DER shall have the capability to provide power-frequency
droop operation as per Eqn [4.2] The DER should trip for frequency values above
52.0 Hz and below 47.0 Hz. [1]

The FRT action will be discussed in detail in Section 1.5.2l To activate the FRT
ability in the DER connected to the local EPS, the voltage at PCC must be within
the ride-through range, which is given in Tables [£.1] [4.2] and 4.3

(50 — dbyr) — f
50.kyp

p= mi/n'f<50—dbUF[ Ppre s Pav ] (4‘1)

f=(0+dbor)
5O-kOF s Pmin

] (4.2)

P = minf<50+db0F[ Ppre

Where,
p is the active power output of the DER, per unitized using the nameplate rating
f is the system frequency during a disturbance in Hz

Pavt 18 the available active power per unitized using the DER rating.

"Dead band is the frequency/voltage range in which DER is in continuous operation.
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Table 4.4: Frequency ride through of abnormal operating performance Category I, 11,
I1T [1]

Frequency range | Operating mode Minimum
(Hz) time(s)(Design crite-
ria)
f>52.0 No ride-through require-
ments apply to this range
51.2 < f <51.8 | Mandatory Operation 299
48.8 < f < 51.2 | Continuous Operation Infinite
47.0 < f < 48.8 | Mandatory Operation 299
f <470 No ride-through require-
ments apply to this range

Ppre 18 the pre-disturbance active power output (pu) at the instant just before the
frequency exceeds the dead band.

Pmin 18 the minimum active power below which the DER is not connected to the
EPS.

dbor and dbyp are the single-sided dead band limits for low-frequency and high-
frequency, respectively, in Hz

kor is the per-unit slope of the power-frequency droop characteristic when the
frequency is low

kyr is the per-unit slope of the power-frequency droop characteristic when the

frequency is high.

4.5 Fault Ride-Through Capabilities of Type 4 Wi
nd Generators

This section evaluates the voltage and frequency ride-through capability of a Type
4 wind generator using a PSCAD test case. IEEE 1547 suggests having fault ride-
through capabilities in the DER to ensure the reliable and secure integration of re-
newable energy sources into the power grid. By actively participating in grid support,
wind generators with FRT capabilities contribute to grid stability, increase the reli-
ability of the overall power system, and facilitate the integration of more renewable
energy generation. In this section, fault ride-through techniques outlined in TEEE

1547, such as low/high voltage ride-through and frequency ride-through capabilities,
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are incorporated in the Type 4 permanent magnet synchronous generator (PMSG)
based wind energy conversion system. A Type 4 wind generator is a popular wind
energy conversion system connected to the grid through power electronic converters.
These converters enable the turbines to efficiently convert the wind generator’s vari-
able speed and variable frequency output into a stable ac power output that matches
the grid frequency. By employing fault-ride through control strategies, wind gener-
ators can adjust their converter operation to support the grid and actively mitigate
voltage and frequency deviations. Chapters |1} and [2| explain all the details of PMSG-
based Type 4 wind generators.

The section explores the voltage instability, system operation with different
short circuit ratios, and operation of the dc chopper in a Type 4 wind generator during
the abnormal condition. Electromagnetic transient simulations are used to assess the
voltage ride-through modes. The chapter describes how the control method of wind
generators is adapted to ensure grid-code adherence.

Next, the effect of frequency-based power modulation on grid stability is also
investigated in section [£.5.2] The primary purpose of fault ride-through operation is
to maintain voltage by providing sufficient reactive power support and to achieve grid

frequency through the frequency droop method during and after the fault.

4.5.1 Voltage Disturbance Ride Through Capability Test (LV
RT and HVRT)

This section investigates the wind generator’s voltage ride-through capability during
grid disturbances and its impact on the voltage of the weak grid. The behaviour
of the machine and grid side converter, dc chopper operation, etc., are analyzed
during voltage ride-through operation. Table4.2]is incorporated for LVRT and HVRT
operation. The LVRT and HVRT operation logic is implemented using a FORTRAN-
based customized model in PSCAD (Appendix [B| and [C] ).

4.5.1.1 Case Study Detalils

Figure 4.2/ shows the Type 4 wind generator test system used for the case study. The
wind generator generates a 1 kV voltage, and a step-up transformer steps the voltage
to 11 kV for the medium voltage transmission. The transformer’s High Voltage (HV)

side is connected to the 69 kV grid via a 40 Km long-distance transmission line. A
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single wind generator is rated at 2 MW, and five wind generators contribute 10 MW
of active power. As shown in Figure 4.2 an aggregate model of the modelled wind
generator is simulated, equivalent to assuming five identical wind generators with the

same prime mover powers. The grid impedance is represented as a series R-L circuit.

Type 4 Wind Generator

PCC La
- 40 Km | <
m
3 3 "
Ea = G 69KV
1KV / 11KV
11KV / 69kV @ 69KV / 6.6kV

Fixed Induction
Load Machine

Figure 4.2: System 1: Type 4 wind generator connected with grid

The wind generator parameters are shown in Table [£.5] A total load of 14 MW is
connected to the PCC bus. The total load consists of an induction motor load of 11
MW and a constant impedance load of 3 MW. Table /4.6 shows the induction motor
load parameters. This simulates a practical situation with a mix of static and motor
loads. The motor also creates a more challenging voltage control scenario, as after a
fault, the voltage can be depressed for a longer duration[44].

The details of the controller structure are discussed in Chapter [3] The wind
generator is a PMSG-based Type 4 wind generator, and the schematic diagram for
the controller is shown in Figure[4.3] It is a similar figure from Chapters 2 and 3 but
is repeated for convenience. The ac grid is represented by a simple voltage source
behind the impedance model. The grid impedance is a series R and L¢ circuit. The
values of R and Lg are changed to generate different Short Circuit Ratios (SCR)
of the grid to create strong and weak grid scenarios [45] [46]. The SCR value is
calculated as per Equation , where Viqqe is the nominal grid voltage and Z,,4 is
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TYPE 4 WECS (PMSG with BTB Converter)

BUSM BUS G
BACK -TO-BACK CONVERTER
Vm, Im Vg, Ig
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LC Filter
MACHINE
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Tt
=P | MPPT | =y
Speed Speed ref Vacref Vdcref  Vacref

Figure 4.3: Basic design of converter based wind generator with PMSG

the grid impedance, and Sy is the rated MVA of the grid. So, by changing the grid
impedance value, the SCR of the grid can be changed. In this case study, the grid is
rated at 80 MVA and V' = 69 kV is used. The X/R ratio of 10.0 is used to calculate
the R and Lg grid impedance circuit. Note that transmission line impedance is

included with grid impedance for SCR calculation.

SCR = Zoridl (4.3)

where |Zy.4] = \/(RQG + Xé) , R and X represents resistance and reactance of the

grid impedance respectively.
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Table 4.5: The wind generator parameters ( K,:Proportional Constant, 7;:Integral
Time Constant)

MSC Controller | ac Voltage controller : Kp=1 pu/pu, Ti=0.1 pu/pu-sec
Speed Controller : Kp=2 pu/pu, Ti=0.07 pu/pu-sec

PLL parameter : Kp=>50 pu/pu, Ti=0.002 pu/pu-sec

GSC Controller | ac Voltage controller : Kp=0.66 , Ti=30.23 pu/pu-sec

de link Voltage Controller : Kp=0.321 , Ti=0.1097 pu/pu-sec
PLL parameter : Kp=50 , Ti=0.002 pu/pu-sec

PMSG parame- | Rated Voltage : 1 kV

ters

Rated MVA : 2 MVA

Rated frequency : 50 Hz

Stator Winding Resistance : 0.017 pu
Stator Leakage Reactance : 0.064 pu

D axis reactance (Xd) : 0.55 pu

Q axis reactance (Xq) : 0.11 pu
D-Damper winding resistance : 0.055 pu
D-Damper winding reactance : 0.62 pu
Q-Damper winding resistance : 0.183 pu
Q-Damper winding reactance : 0.175 pu
Angular Moment of Inertia : 0.7267 sec

Table 4.6: Induction Motor Data

Induction Motor | Rated Voltage : 6.6 kV

Rated MVA : 3.73 MVA

Rated frequency : 50 Hz
Stator/rotor turn ratio : 2.637687
Angular Moment on inertia : 2.6 sec
Mechanical Damping : 0.01 pu
Stator resistance : 0.0054 pu
Wound rotor resistance : 0.00607 pu
Magnetizing Reactance : 4.362 pu
Stator leakage reactance : 0.102 pu
Wound rotor leakage reactance : 0.11 pu

4.5.1.2 LVRT Capability Test

a. Control of Type 4 wind generator During LVRT
Due to the high penetration of Type 4 wind generators into the grid, the capa-
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bilities of the Type 4 wind generator fall under Category B for normal performance
operation and Category II for abnormal performance. The voltage ride-through re-
quirements for a Category II system are given in Table [£.2] and details are discussed
in Section 4.3} A detailed flow chart representation can be developed from Table [4.2
and is shown in Figurel4.4] This algorithm makes decisions based on the RMS voltage
of the PCC bus.

According to the flow chart, the system is in its normal operation region when the
PCC voltage is in the nominal range of (0.88 pu < Vpee < 1.1 pu). The contingencies
such as faults and load change lead to voltage sag. If the PCC voltage goes below 0.88
pu, the LVRT control mode is triggered. It helps to improve the PCC voltage and
causes quick voltage recovery. This is achieved by modifying the functionality of the
grid side converter (GSC) to prioritize the reactive power as soon as LVRT mode is
detected. The GSC is responsible for the reactive power exchange between the wind
and grid systems. To do this, the outputs of upper-level controllers (i.e.,Vy. controller
and V. controller) are frozen at their values just before the fault. As mentioned in
Chapter [2| the dq transform convention is used here. With the orientation of the dq
frame, the active power is controlled by q-axis current reference (iy.r), and reactive
power by the d-axis reference current (ig.f). In some implementations, i4.f can be
set as per the system’s requirement, and then i,,.; is computed as (igcf)= \/Z (imaz)?
- (igres)?). However, the LVRT model in the thesis gives importance to reactive power
support during LVRT mode. (i4r) is set to 0.0 pu, and the reactive current order

(iaref) is set proportional to the RMS ac voltage error, i.e.,
2:dr’ef = K(‘/ac—ref - Vac) (44)

so that a larger voltage deviation results in more reactive power generation, to restore
the voltage. Giving more importance to reactive power during LVRT will help in faster
recovery from voltage sag.

During LVRT mode operation, only the GSC control is prioritized as above, but
the machine-side converter’s (MSC) control remains in the ac voltage and wind speed
control mode. The control algorithm also calculates a time delay (Tpyrr) which
depends on the PCC voltage level. If the system does not recover within this time
(Tpvrr), the controller sends a trip signal to the main breaker of the wind generators.
The time delay decreases as PCC voltage increases. If the PCC voltage goes to

0.2 pu or below, (Tpygr) is set to zero, and the controller instantly sends the trip
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NO
0.88 < Vpee<1.10

0.65 < Vpce <0.88
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Q= QLVRT 0.30 < Vpec < 0.45
8.7s
TLVRT =3s+ m (V—O65pu)
P = PLVRT Vpee <0.30
Q = QLVRT
LVRT=0.32 s
P = PLVRT
Q = QLVRT
TLVRT=0.16 s
YES
T< TLVRT
NO

TRIP -«

Figure 4.4: Flow chart for LVRT mode detection in Category II

signal. To conduct the LVRT studies, the author developed a Category II-based
customized LVRT controller component specific to the Type 4 wind generator. It
calculates the voltage-dependant time delay (Tpyrr) and sets the priority d and q
current orders described in the previous paragraph. A counter counts the elapsed

time (7") to generate the trip signal if T exceeds Trygrr. The counter is reset to
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zero when the wind generator comes out of the LVRT mode. The code is listed in
Appendix

b. Study and analysis of the LVRT mode

The models for the LVRT controllers were discussed in the previous sections. This
section discusses how they can be effectively used for riding through faults. The test
system shown in Figure 4.2]is simulated in PSCAD. A disturbance of a two-phase to
ground (AB-G) fault of 12 cycle duration is applied at ¢ = 7 s at the midpoint of
the grid side 69 kV transmission line. The reason for selecting this particular type of
disturbance is to create a voltage sag at the PCC bus of the wind generator, which
will trigger LVRT and also allow the wind generator to stay and ride through the
fault.

i. Scenario 1: Effectiveness of special control of GSC during LVRT

As discussed in Section [£.5.1.2] during LVRT, the GSC goes to a reactive power
priority control mode where the GSC is ordered to provide zero active power and
controlled reactive power during the LVRT event. The test system is simulated with
a grid SCR of 2.1 with normal operational GSC control and LVRT mode with reactive
power priority control.

As shown in Figure[d.5] the PCC voltage plot indicates that without LVRT control,
the PCC voltage (Vj..) remains in a low voltage condition and fails to recover to its
normal operating range of [0.88 pu,1.1 pu] after the fault. On the other hand, with
LVRT mode, the system successfully recovers from the fault in about 1.575 s. This
shows the benefit of LVRT reactive power priority control, which helps voltage recover
in weak systems. As soon as the fault is cleared, the induction motor draws a large
amount of reactive power, which is the cause of the voltage dip during fault recovery.
With LVRT mode with reactive power priority control, the wind generator provides
reactive power support, which helps to bring the system back to normal operation.
The operation of the LVRT mode when connected to an ac network of different SCRs

is studied in subsequent scenarios.
ii. Scenario 2 : Relatively Strong System

Scenario 2 uses the test system with an SCR value of 3.2. Figure [4.6] shows the
LVRT response of the wind generator in a relatively stronger system, (a) ac voltage
of the PCC, (b) LVRT enable signal and (c) active and reactive powers.
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Figure 4.6: Plot for LVRT operation (Scenario 2)

Due to the fault at ¢t = 7 s, the PCC voltage value drops to around 0.5 pu,
triggering the LVRT mode. During the fault, the grid side converter remains in
LVRT mode, and as soon as the fault is cleared at ¢ = 7.24 s, the PCC voltage
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quickly returns to about 0.9 pu and then to 1 pu in about 1.3 s. During the fault,
due to the low voltage condition, power consumption of the induction motor and
constant impedance loads decreases; hence, the induction motor speed also decreases.
As soon as the fault is cleared and the PCC voltage reverts to normal, the induction
motor speed increases and the power consumption of the motor and fixed impedance
load increases. During this time, the induction motor draws a lot of reactive power,
which causes the PCC voltage to decrease below 0.88 pu. This drop in PCC voltage
activates the LVRT mode for a specific time per the voltage ride-through criteria as
mentioned in Section and the system slowly returns to normal operation.

As seen in Figure. (¢), during LVRT mode, the wind generator GSC controller
goes into a different control mode, reduces the active power to zero and provides
reactive power support to the grid. This reactive power flow is decreased as PCC
voltage improves. This confirms the ability of the LVRT controller response to ensure
that the wind generator successfully rides through and recovers from the fault. On
fault clearance, there is a momentary reversal of power which causes the dc capacitor
to overcharge, resulting in a transitory spike. This is likely due to the fact that the
PLL is incorrectly tracking the phase at the instant of fault removal. Generally, a
surge arrestor would be present, limiting this spike, but this was not included in the

model.
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Figure 4.7: MSC response plot for LVRT operation (Scenario 2)
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Figure shows the plots of the response of the machine side converter, (a)
active power flow from MSC, (b) speed of PMSG, and (c) torque of PMSG. The
response plot in Figure [4.7|(c) shows that the grid side disturbance does not create
any significant transients in the operation of the machine side converter in the Type
4 wind generator. As discussed in Chapter [2], this is due to the dc link voltage, which
remains within the maximum limit of 3.45 pu during fault and LVRT operation. This
operation can be explained as follows. In a Type 4 wind generator, MSC and GSC
are coupled via a dc link capacitor. During the fault and the subsequent period of
LVRT mode operation, the active power output of the grid side converter is zero. The

dc capacitor absorbs the total power coming from the MSC, which causes the rise in

the dc link voltage, as shown in Figure (a).

(a) DC Voltage across the capacitor
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Figure 4.8: Dc link voltage and dc chopper energy response for LVRT operation
(Scenario 2)

As the dc link voltage goes above 3.1 pu, the dc chopper gets activated and limits
the dc link voltage rise by dissipating power coming from the MSC, as can be seen
from the plot showing the energy consumed by the dc chopper. In this scenario,
the wind generator does not trip even though the wind generator enters the LVRT
mode multiple times. This is because the time duration in which the wind generator

remains in LVRT mode does not exceed the tripping time for the LVRT operation,
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as given in Table

iii. Scenario 3: Relatively Weak System

The grid side SCR is changed to 1.8 to create a weak system. The test system
is simulated using PSCAD, and a similar 12-cycle fault (AB to ground) is applied
at t = 7 s at the midpoint of the 69 kV transmission line. The PCC voltage and
GSC response plots are shown in Figure [4.9, Due to the weak system behaviour, the
voltage remains below 0.85 pu even after the fault is cleared, as shown in Figure [4.9
(a). As per Table , the LVRT tripping time for the voltage 0.85 pu is 4.74 s. This
is validated by Figure [£.9(b), where the wind generator enters LVRT mode at ¢ = 7.2
s and gets tripped at time ¢ = 11.9 s.
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Figure 4.9: wind generator response for LVRT operation (Scenario 3)

iv. Scenario 4: wind generator behaviour during LVRT for different SCR condi-
tions of the grid

In scenario 4, the SCR of the grid is varied from 3.5 to 1.8 (from relatively strong to
weak ). The SCR is achieved by choosing an appropriate grid impedance (Zy..¢ = Re
+jX¢) as mentioned in Equation[4.3] A similar kind of fault (AB-G for 12 cycles) is
applied at t = 7 s for each SCR condition, and wind generator behaviour is observed.
The PCC voltage plot is shown in Figure4.10l Figure shows that as the system
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Figure 4.10: Voltage response at PCC for decreasing SCR.
Reactive power support at BUS-G with decreasing SCR
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Figure 4.11: Reactive power support at PCC with decreasing SCR

weakens, fault recovery and the voltage sag at the PCC last longer, and the wind
generator remains in LVRT mode for more time. As mentioned before, during LVRT,
the GSC’s active power order is reduced to zero, and the GSC only provides reactive
power support. This can be seen from the GSC converter’s plot responses to reactive
and active power flow, as shown in Figure and Figure [£.12] respectively. The
lower the SCR value, the more reactive power is generated by the GSC of the wind
generator. Due to sluggish fault recovery of the system as the grid becomes weak,

the larger the time for which the wind generator remains in the LVRT mode and
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Figure 4.12: Active power Response of wind generator with decreasing SCR
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Figure 4.13: Energy consumption by chopper during contingency

subsequently in zero active power mode. This adds more stress to the dc chopper
due to the additional heating as it dissipates the energy imbalance between MSC and
GSC. This can be seen from the dc chopper energy plot as shown in Figure 4.13| as

SCR. decreases, the energy dissipation by the dc chopper increases.
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4.5.1.3 HVRT Study Result and Analysis

IEEE 1547 recommended HVRT default settings are implemented in a custom model
for the Type 4 wind generator. During HVRT mode, the GSC stays in its normal
control mode and does not go into reactive priority control. As the PCC voltage
exceeds 1.2 pu, the wind generator enters HVRT mode. Similar to LVRT mode, if
the time duration in HVRT mode exceeds a voltage-dependent timing threshold, as
given in Table[4.2] an appropriate signal is generated to trip the GSC side ac breaker.
Two scenarios are used to show the HVRT capability of the wind generator. In one
scenario, less severe voltage disturbance is considered, and the wind plant successfully
rides through the disturbance, whereas in another scenario, the plant tripped due to
HVRT threshold time.

i. Scenario 1: Short duration HVRT condition with mild overvoltage)

To simulate the HVRT condition, the same test system as shown in Figure is
used. The SCR of the grid is 2.1. A similar line-line-ground fault is applied at ¢t = 7
s for 12 cycles. The induction motor load was tripped just before the fault cleared at

t = 7.24 s. This situation will assist in evaluating the functionality of the high-voltage
ride-through controller. Figure shows the PCC voltage and GSC responses.
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Figure 4.14: HVRT case study result (No tripping)
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Figure 4.14] shows that when the PCC voltage goes below 0.88 pu due to fault,
the wind generator goes to LVRT mode, and the LVRT signal becomes high. As the
fault is cleared at t = 7.24 s and the induction motor is tripped, the PCC bus voltage
rises above 1.1 pu, the wind generator goes to HVRT mode, and the HVRT signal is
set to 1, as shown in Figure [£.14] (b). The plant does not trip as the rise in voltage is
below 1.2 pu, and the time duration of the plant remains in HVRT mode is less than
the HVRT threshold time (tgypgr), as mentioned in Table The plant gradually
recovers from HVRT mode and returns to normal operation due to ac controller of
GSC.

This overvoltage in Figurem (a) can be explained as follows. While experiencing
a fault, the wind generator operates in Low Voltage Ride-Through (LVRT) mode,
and the Grid-Side Converter (GSC) supplies reactive power support by injecting
additional reactive power into the grid. An induction motor load utilizes most of this
reactive power, as shown in (c). As the induction motor trip following the fault
clearing around t = 7.24 s, a high reactive current from a wind generator flows to a
grid. As a grid is relatively weak, this extra reactive current suddenly increases the
grid’s voltage and the PCC bus.

ii. Scenario 2: HVRT in wind generator during severe overvoltage conditions

In this scenario, the test system consists of a total load comprised of an induction
motor and a constant impedance. Similar to the previous example, an SCR of 2.1 is
used, and a line-to-line fault is applied at time t = 7 s.

The total load (induction motor and constant impedance load) was tripped just
before the fault cleared at ¢t = 7.24 s. As illustrated in Figure [{.15{a, b), the PCC
voltage surpasses 1.2 pu just after the fault is cleared at ¢ = 7.24 s, leading to the
tripping of the plant at ¢t = 7.27 s due to HVRT criteria. The induction motor tripping
causes a surge in reactive current from the wind generator to the grid. The relatively
weak grid experiences a rapid voltage rise around ¢ = 7.25 s at the PCC bus due to

this sudden influx of reactive current, as shown in Figure (c).

4.5.2 Frequency Ride Through (FRT) Capability of Type 4
Wind Generators

This section examines the Frequency Ride-Through (FRT) capability of a Type 4 wind

generator and its impact on grid stability during contingencies. FRT holds particular
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Figure 4.15: HVRT case study result (wind tripping)

significance for renewable energy systems such as wind generators that connect to the
grid via power electronic converters. These converters are crucial in converting the
wind generator’s variable speed and frequency output into a steady ac power output
that aligns with the grid frequency. By implementing FRT control strategies, wind
generators can dynamically regulate their converter operation to assist the grid and
minimize frequency deviations actively.

To demonstrate the effect of FRT, a modified version of Dr. Prabha Kundur’s
two-area and four-machine system, referred to as Kundur’s system, is used [47]. The
system configuration is shown in Figure[4.16] The system is modified by replacing the
second 900 MVA synchronous generator (G2) with a single aggregated wind generator
with the same rating. This system example allows for observing frequency variations
following disturbances, enabling an evaluation of the frequency-dependent behaviour
as outlined in Table [4.4] The grid frequency is measured using a Phase-Locked Loop
(PLL) at the Grid-Side Converter (GSC) ac side, and it is low pass filtered to eliminate
noise and pollution caused by harmonics. This filtered measurement serves as the
reference signal for the FRT application.

The frequency ride-through capability is implemented per Table in the Type
4 wind generator. Figure 4.17| shows the speed controller. Table shows that

IEEE 1547 recommends using frequency droop-based active power modulation in
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Figure 4.16: Kundur 2- Area and 4-Machine System .Machine 2 is replaced by a
similarly rated (900 MVA) Type 4 wind generator.

wind generators. To implement this capability in the Type-4 wind generator, the
speed controller of the MSC converter is modified as shown in Figure [£.17 The
measured grid frequency within the dead band will not pass through. The speed
reference of the MSC controller is modulated using a speed signal (Aw). At first,
the modulating power p is calculated using Equation and depending upon the
frequency value. The Gain (K) is calculated such that (Aw) = (K . p), where (Aw)
is equivalent modulation speed signal. The speed is adjusted by controlling the active
power reference current 4,,..¢. This (Aw) is added to the speed controller. The optimal
reference speed (Speed opt ) is generated by looking up an MPPT characteristic as
was discussed in Section [2.5.2] To create a range for power modulation, the MPPT
speed order is reduced by a small margin so that the wind generators operate at 90%
of maximum available power, and a 10% reserve is available for the power modulation.
Two distinct scenarios assess the wind generator’s frequency ride-through capability.
i. Scenario 1 (FRT with no tripping of wind plant)

a. Operation with Active Power Modulation

The test system shown in Figure is used for this case study. Initially, the load
L7 is at 85%. Then at t = 21s, it is re-connected and restored to 100%. The sudden
re-connection of the load creates a transient imbalance between total generation and
load which causes a decrease in grid frequency and initiates an electro-mechanical
oscillation. This can be seen in Figure (a) from the GSC’s grid side frequency
plot. As the grid frequency decreases below 48.80H z around t = 23.5s, an FRT signal
is triggered according to the requirement of Table [4.4] also can be seen from Figure
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Figure 4.17: Speed controller modification for Active power modulation in FRT

4.18| (b). The grid side controller modulates the active power order per Equation
based on the wind generator’s response to the measured grid frequency. Figure 4.18
(c) shows the wind generator’s active power flow response. The active power of the
wind generator is modulated and settles at a steady state of 739 MW. Figure [4.1§]
(d) shows the reactive power flow.
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Figure 4.18: wind generator plot for FRT operation (no tripping of wind plant)

In this scenario, the wind power system remains connected to the grid and does not
experience a tripping event. This is because the grid frequency does not drop below
the tripping frequency threshold of 47 Hz, as stated in Table[4.4] This allows the wind
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power system to ride through the disturbance and continue operating. During the
disturbance, the system frequency experiences oscillations for a while but eventually
dampens out and returns close to the nominal frequency of 50 Hz within 40 s. This
indicates the system successfully recovers from the disturbance without significant
frequency deviations.

Furthermore, the FRT controller implemented in the wind power system takes
action to improve the transient stability of the overall system. The generator speed
responses of the other generators connected to the system also exhibit well-damped
behaviour. This indicates that the FRT control strategy effectively enhances system
stability by providing high damping to electromechanical oscillations, as shown in
Figure 4.19, From the above test, it is clear that the FRT control strategy with wind
power modulation improves the transient stability of the system by providing high
damping.
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Figure 4.19: Speed response of generators

b. Operation without Active Power Modulation

To prove this advantage of frequency droop-based power modulation, the same
system is simulated with the power modulation disabled during FRT operation. In
this case, as shown in Figure m (a), in the absence of active power modulation, the
grid frequency decreases and falls below 48.8 Hz during the disturbance. The recovery

is slower than the scenario with active power modulation, where the lowest frequency
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recorded was 48.0 Hz as well (Figure[4.18] (a)). This implies the system experiences a
larger frequency drop and takes longer to settle during FRT operation without power
modulation. The settling time refers to the duration for the system to stabilize after
a disturbance. A longer settling time implies that it takes more time for the system
to recover and return to its nominal operating conditions. As shown in Figure 4.20
(b,c), the simulation result indicates that the wind plant output remains constant
after a load change. This means that wind power generation does not respond to the

system disturbance and continues to inject the same amount of power into the grid.

(a) Frequency of the grid
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Figure 4.20: Wind plant response during FRT (power modulation is disabled)

Figure displays the generator speed responses of G1, G3, and G4 with dis-
abled active power-based FRT. In this case, without active power modulation, the
system’s settling time is significantly higher (> 80 s) than the scenario with active
power modulation. These results highlight the positive impact of power modula-
tion concerning frequency during fault ride-through events. With power modulation
enabled, the wind power system can actively respond to changes in grid frequency,
helping to stabilize the system more rapidly and efficiently. By modulating the power
output in coordination with the grid frequency, the wind power system contributes to

the restoration of grid stability and reduces the settling time following a disturbance.

ii. Scenario 2: Severe frequency variation
A simulation was conducted, replicating the scenario described in the previous
section, with the initial load L7 set at 40%. The load is restored to 100% at ¢t = 21
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Figure 4.21: Generator speed responses during FRT (power modulation is disabled)

s. Due to large load increases, initially, the grid frequency decreases below 48.8 Hz
at t = 22 s as shown in Figure (a).
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Figure 4.22: wind generator response during FRT (wind plant tripped)

At this point, the FRT signal is set as HIGH, as shown in Figure [4.22|b). After 3.5
seconds of the disturbance, the frequency drops below 47 Hz, which according to the
IEEE 1547 FRT strategy in Table [4.4] initiates a trip to the wind plant at ¢ = 23.5
s. The reduction in power output from the wind generators to zero, approximately

around ¢t = 23.5 s, is evident in Figure [4.22(c), confirming the trip occurrence. Figure
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d) illustrated the reactive power flow t ransients d uring t he disturbance.

4.6 Summary

This chapter has developed simulation models for the voltage and frequency ride-
through mechanisms based on the IEEE 1547 Std for the modelled Type 4 wind
generators (Chapter . The TEEE 1547 Std specifies t he requirements for intercon-
necting distributed energy resources (DERs). Default settings have been selected for
fault ride-through models. Type 4 wind generators have full-power conversion capa-
bility and can control active and reactive power output. These systems are crucial in
modern renewable energy integration and have required effective control strategies to
ensure grid stability and reliability.

The simulation models developed in this chapter have captured the behaviour of
the Type 4 wind generators during voltage and frequency disturbances. The LVRT
mech-anism, as defined by the IEEE Std, has enabled the wind generators to ride
through low-voltage events without tripping. The wind generators can actively
support the grid voltage during these events by implementing appropriate control
strategies, such as reactive power injection or curtailment. Similarly, the fault ride-
through capability has helped in the over-voltage conditions.

Furthermore, the simulation models have also showcased the Type 4 wind gener-
ators’ capability to modulate their power output based on frequency changes in the
grid. This frequency ride-through capability allows wind generators to maintain grid
frequency during disturbances. This suggests that power electronics-based power gen-
erators, such as wind generators, can help to balance the supply-demand dynamics

and improve system performance.
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Chapter 5

Improvement Of Power System
Oscillation Stability Using Dc
Chopper-Based Active Power
Modulation in Type-4 Wind

System

5.1 Introduction

Factors such as loss of generation, change in load and fault etc., can cause variations in
the grid frequency. Such disturbances in the power grid cause the load and generation
imbalance which subsequently causes the deviation in grid frequency. There is a
limit to the change in grid frequency due to operational constraints [I]. The IEEE
1547 suggests providing frequency response support to maintain grid frequency within
operational limits during disturbances. Frequency response support means generating
systems can adjust the power output according to changes in grid frequency [4§].
Synchronous machines dominate the traditional power system, so frequency response
support from synchronous generators is inherent. Those frequency responses can be
classified as primary and secondary frequency responses. Primary frequency response
is where the active power flow of generators changes due to the inertia of the rotating
masses of synchronous generators by changing the rotational speed of the machine.

The primary frequency response can be specific to the technology. After the primary
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frequency response of the synchronous generator, governor action is considered the
secondary frequency response, where the machines’ active power input is changed.
Due to the mechanical nature of the governor, the secondary frequency response is
relatively slow.

Renewable energy sources such as wind generators, batteries, and photovoltaic
panels of large capacity are getting integrated into the conventional grid. Many of
the old synchronous generators are retiring, and new synchronous machine genera-
tors are getting installed in smaller numbers. There is a net decrease in synchronous
generators in the modern grid. The Wind generators are controlled by fast-power
electronic controllers, which have faster response time than synchronous generators.
Unlike synchronous generators, frequency response support is not an integral capabil-
ity of typical grid-following wind generators. The controllers are primarily operating
in constant power mode. As a result, frequency response support has diminished in
the grid.

Usually, in a Type 4 wind generator, the pitch controller mechanism or chang-
ing the wind generator speed or both techniques are used to achieve the required
change in the active power, to get the frequency support. The overall process of the
control and recovery in both methods is slow due to the mechanical nature of the
pitch and wind generator speed control. There is a limitation to the fast change in
the output power of wind generators. This can be explained as follows. In Type-4
wind generators, the machine side converter regulates the active power flow, and the
grid side converter controls the dc-link voltage. To get fast frequency support, the
machine-side converter tries to regulate the active power value, and this causes a
significant change in wind generator speed. There is a limitation to the maximum
change in wind generator speed due to the mechanical stability of the wind generator.
During frequency support, the wind generator operates at a different speed. Due to
its mechanical nature, the generator takes some time to return to the pre-disturbance
speed.

To improve the frequency response support in the grid, it is recommended in the
IEEE 1547 to use distributed energy resources like wind energy. The goal is to main-
tain a steady frequency following the disturbance. According to the IEEE 1547, as
discussed in Chapter [4] the active power output of the wind generators is modulated

using a frequency-power droop-based controller. Wind generators use special con-
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trollers to provide frequency ride-through support during abnormal conditions. It
uses active power modulation to regulate the ac grid frequency.

A dc chopper is often installed between the machine and grid-side inverters to fa-
cilitate a temporary imbalance between the generator output power and grid demand
by absorbing the imbalance of active power. A dc chopper is a fast-acting power
electronic-based controlled resistor. By controlling the energy consumed by the dc
chopper, the output power of the wind generator can be reduced in a controlled way.
A hysteresis-based control mechanism is used to control the dc chopper, and more
details about the operation and control of the dc chopper are discussed in Chap-
ter 2| and Chapter |3| of the thesis. This chapter proposes the ancillary function of
the dc chopper controller using active power modulation to damp electromechanical
oscillations in the wider network [49].

The idea is to obtain a fast control response from the dc-chopper control as a
primary frequency response for the Type 4 wind generator. During disturbances,
when there is more generation in the grid compared to load, this causes an increase
in grid frequency. A fast reduction in the wind power output can be achieved using
a dc chopper controller, which will reduce the rise in grid frequency and control
grid frequency changes as per IEEE 1547. In addition to the fast power reduction,
dc chopper control dampens electromechanical oscillation. Using Electromagnetic
transient simulations, the effectiveness of dc-chopper control is studied using a realistic

case study of a modified Kundur 2-area and 4-machine system.

5.2 Power Imbalance and Frequency Change

Consider an ac grid consisting of several synchronous generators, buses, loads, inverter-
based generators, etc. The ac grid can be equivalently modelled as a single generator
with equivalent inertia constant (H.,) and generating power (Pg), which is the net
generation of the grid. This equivalent generator sees a load (Pr), which is the net
load of the grid. The overall frequency of the grid is directly related to the speed
(Weq) of the equivalent generator. The speed dynamics of the equivalent generator

can be represented in Equation (damping terms are neglected for simplicity).

2H,, OW.,

—P._P 1
W, ot ¢ iL (5-1)
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where, Py is the net generation, including all generation from traditional synchronous
machines and all renewable sources like PV, wind, etc. W} is the base frequency in
radian/second. For a 50 Hz system,W}, =314.14 rad/sec.

Generation and load power imbalance can be expressed as P;,, = Pg — P;. As
seen from Equation [5.1] there is a change in grid frequency only if P, # 0. The grid
frequency increases if the net generation exceeds the net load, P;,, > 0. Similarly, grid
frequency decreases if there is more load consumption than power generation. It is
important to note that while grid voltage is a local variable, grid frequency is a global
concept. The total power generated and consumed throughout the grid is influenced
by it. Generators and loads are typically distributed across a wide area within the
grid. Therefore, any disturbance that leads to a generation loss or load tripping can
affect the grid’s frequency. The frequency change resulting from such disturbances
can be felt at locations that are electrically distant from the actual disturbance.

The following sections will explain using the dc chopper in the Type 4 wind
generator as an active power modulation controller. This modulation helps mitigate
frequency deviations caused by load changes or generator disturbances, improving the

overall stability and performance of the power system.

5.3 Active Power Modulation Control Mechanism
Using Dc Chopper

Figure [5.1] shows the typical dc chopper. During disturbance in the grid, the power
output at the grid side converter (GSC) decreases due to the voltage sag at the POI
bus of the wind system. This decrease in power flow causes a power imbalance at the
dc link of the Type-4 wind generator as the power fed by the machine side converter
(MSC) remains unchanged. This power imbalance causes dc voltage to increase, and
if the dc link voltage rise is not controlled, the wind system will be tripped to avoid
any damage to different components due to dc link overvoltage. The dc chopper limits
the dc link voltage rise by absorbing the power imbalance.

The chopper consists of a resistor and an IGBT switch connected in series. By
controlling the on and off time duration of the IGBT switch, the effective resistance
of the dc chopper can be varied, and subsequently, the power consumed by the dc
chopper can be changed. The wind generator GSC output power can be modulated

by controlling dc chopper power consumption. This can be achieved by controlling
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the dc chopper’s effective resistance (R.yy) using proper IGBT switching. This can

be explained as follows:
If 'T" is the IGBT switching period, where "T” is the sum of the switch-on duration

T,,) and switch-off duration (7,;¢). With this switching of IGBT, the effective
ff

resistance of the dc chopper:

[
DC chopper g A
[¢]
5
e,
Gate pulse (GP) § <
=T x | L |f
Re § v
Reff T

Figure 5.1: A typical Type 4 wind generator with Typical de Chopper

Ton

“Ton+T, ff

The effective dc chopper resistance can be changed by adjusting the duty cycle(1Tp
= Tonjj:%off>‘ Subsequently, the active power absorption by the dc chopper can be
controlled. As shown in Figure (a), the chopper power is compared with an active
power modulation signal delP and the corresponding error is passed through a PI
controller to produce the duty cycle (Tp). The controller objective is to adjust the
IGBT switch’s switch-on duty cycle period so that the dc chopper’s power matches
the modulating signal delP. The dc chopper can only consume power, so the wind

generator output power can only be reduced from the current operating power by

Ry;=R (5.2)

using dc chopper control. The signal is produced by a damping controller discussed

below.
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Figure 5.2: a. Damping Controller b. Chopper Controller

5.3.1 Damping Controller

This section proposes using an additional control function, damping control with the
dc chopper. The main objective of the damping controller is to provide a fast re-
duction of wind generator output power by absorbing the extra power due to grid
disturbance. Additionally, it aids in damping electromechanical oscillations in the
grid frequency and reduces the rise in the grid frequency. The damping controller
generates the active power modulation signal ‘del P’ to achieve electromagnetic oscil-
lations damping, as depicted in Figure (a). The input to the damping controller
is the measured grid frequency. The typical damping controller structure consists
of a measurement filter block, a gain block, a washout filter and a lead-lag block is
used [47]. A measurement filter removes high-frequency noise in the measured grid
frequency signal. The washout block acts as a high pass filter, which ensures that the
damping controller only operates during transient conditions. The parameters for the
lead-lag block are adjusted to provide the required phase lead or lags to the input
signal to maximize the damping effect. The gain block makes the controller a fast or

slow response. Enable signal is used to turn the damping controller on or off.
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5.3.2 Wind Power Modulation Analysis through Dc Chopper
Control: A Simple Test

To demonstrate the active power modulation using a dc chopper, consider a Type-4
wind system connected to a 69kV grid, as depicted in Figure [5.3] In this setup, the

grid is represented as an ideal voltage source. The wind plant has a power rating of

150MW.

Type 4 Wind Generator

}Hg PI Section

1kV/11kV

PCC
Iabc(t)
>
?HF
_g L Vabc(t)
P,Q Grid

11kV / 69kV

Figure 5.3: Example of Type 4 wind generator connected to the grid

(a) Power modulation signal

DelP (pu)

Pchop (pu)

40 45 50

Figure 5.4: Power Modulation Signal (delP) and dc Chopper Power

The controllers described in Chapters [2| and [3| are used in the Type-4 wind sys-
tem. As shown in Figure [5.3(b), to test the system, a delP signal is given by
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Figure 5.5: Grid side Power Output; Rotor side Power, dc chopper voltage

—0.4 + 0.4sin(wt) is applied at the dc chopper controller input. As dc-chopper can
only consume power, the del P signal is selected to be positive over the selected time.
At t = 10 s, the damping controller is enabled. Figure shows the power modula-
tion signal del P and the corresponding filtered dc chopper active power, showing that
the chopper power follows the power modulation signal delP. Figure |[5.5( shows the
response plot for (a) the grid side wind power output, (b) the output of the machine
side converter and (c) the de-link voltage. As expected, the output power of the wind
plant (at the grid side) is also modulated according to the de-chopper power modula-
tion signal del P, as shown in Figure (a). Also, the rotor side active power flow is
almost constant, and the dc link capacitor voltage does not change significantly due
to the presence of the dc-link voltage controller at the grid-side converter controller.

This simple test confirms that the dc-chopper could be used for wind system
active power modulation. The following section discusses the application of this dc
chopper controller in a realistic system consisting of many synchronous generators,

loads etc. and the benefit of fast frequency support from the wind generator to the
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grid by reducing the grid frequency rise and providing damping to electro-mechanical

oscillations in the grid.

5.4 Case Study: Kundur Two-Area Four-Machine
System

Kundur’s two-area and four- machines system is shown in Figure [5.6, which is used
to test the effectiveness of the dc chopper-based active power modulation for the fast
frequency response. This system is commonly used in power system analysis and
control studies to represent interconnected power systems with multiple generators
and loads [47].

Area l Area 2
®_|_GD_I25 km [10 km 110 km 110 km
G1 1 5 6 7 8
C9ul?
C7
I L
Type 4 Wind Generator L7 — L
- G1,G2,G3,G4
900MVA,
20KV
G2 G4

Figure 5.6: Kundur’s Two Area and four machine System

The Kundur’s system is modified to include a type-4 wind generator. The Gener-
ator G2 is replaced by a Type-4 wind system of a similar rating of 700 MW. All other
parameters of the Kundur System are kept as they are. The slip speed of Generator
G1 is used as input to the damping controller of the dc chopper. Table mentions
the dc chopper damping controller parameters. It consists of the settings and char-
acteristics of the controller, such as gain, and time constants, to achieve the desired
damping and stability performance in the system.

At steady state, 30% of load L7 is tripped at ¢ = 85 s. This load trip is equiva-
lent to 320 MW. Two simulations are performed using the same disturbance of load
tripping with and without a dc-chopper active modulation controller. Considering
both scenarios where the damping controller is enabled and disabled, the speeds of

generators G1, G3 and G4 are plotted in Figure[5.7] The generator’s speed responses
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Table 5.1: dc-chopper damping controller parameters

dc Chopper Damping Controller | Kyq = 37.5

Measurement time constant = 0.01 sec
Washout time constant = 10 sec

Lead and lag time constant: 7 sec and 13 sec
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Figure 5.7: Speed of Three generators (pu)

show that the grid frequency increases due to sudden load trips due to net power im-
balance. Without a dc chopper controller, the frequency increases to 5 Hz above the
nominal frequency of 50 Hz, i.e. rise above 2 Hz, which will make the wind generator
trip. With the subsequent action of the governor of synchronous generators, the grid
frequency was restored to the nominal frequency after a long period of around t =
200 s. As discussed in Chapter [d according to the IEEE 1547, wind generators will
be tripped due to high grid frequency. Figure shows the generator speed response
with the dc-chopper modulation controller. Due to the sudden load trip, the maxi-
mum rise in speed (frequency) is 0.007 pu, i.e., 0.35 (50 Hz system) Hz, much lower
than the case without the damping controller. Also, the grid frequency was restored

to the nominal frequency very quickly (within 20 s) compared to the wind generator
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without a dc chopper controller. Without dc chopper operation, the restoration of
grid frequency mainly depends on the synchronous generators and the speed of their
governor action. Governor action is a mechanical process which is relatively slow;
the total restoration time after disturbance is 130 s as compared to 20 s for a wind

system with an active power modulation, as shown in Figure [5.7]

(a) Active Power flow - Generator G1

700 T T I I T
—— Damping controller ON :
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E OO e T DT T T
400 1 1 1 1 1
80 100 120 140 160 180 200
(b) Active Power flow - Generator G3
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e
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(c) Active Power flow - Generator G4
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Figure 5.8: Output Power of Three Generators in (MW)

All generators’ output power and input mechanical torque are shown in Figure|5.8
and Figure |5.9] respectively. Due to the load trip, there is more generation and less
load in the grid leading to an increase in the grid frequency as shown in Figure 5.7
The output power of synchronous generators is reduced due to the governor action of
synchronous generators by decreasing the input mechanical power, as shown in the
output power and input torque plot of synchronous generators. In both scenarios,
synchronous generator powers are reduced to the same steady-state output power
with and without a dc chopper damping controller. The wind system POI voltage and
power flow at the POI bus are shown in Figure (a) and (b). In the wind system
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(a) Mechanical Torque - Generator G1
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Figure 5.9: Mechanical input torque (Governor Output) (pu)

without a dc chopper damping controller, the output power of the wind generator
remains constant at 700 MW. However, with the dc chopper damping controller, a
fast reduction of the output power of the wind generator to 200 MW is observed due
to an increase in grid frequency following the trip of the load. This reduction in power
output is due to the energy absorbed by the dc chopper during this period, as shown
in Figure (b). As the grid frequency gradually returns to nominal frequency, the
wind generator output returns to the pre-disturbance power of 700 MW.

Figure [5.10] (¢) and (d) show the plot for the power modulation signal and the
chopper energy, respectively. During FRT mode, the total energy consumed by the
dc chopper of a single wind generator is 3.2 MJoule, much lower than the dc chop-
per’s resistor rating for this wind system (i.e. for each 2MW wind generator, the
4-second rating is equivalent to 8 MJoule). Due to this sudden load trip, the wind
system POI voltage does not change significantly, which does not trigger LVRT or
HVRT operation. This means that the dc chopper remains idle, and the wind gener-
ator continuously operates in the pre-scheduled power during the disturbance. The
above results show that using a dc chopper with active power modulation helps in

the fast reduction of wind power, decreasing the rise in grid frequency, dampening
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Figure 5.10: Response for the wind generator active power flow and POI voltage with
dc chopper operation

electromechanical oscillation, and providing frequency support.

5.5 Summary

This chapter has discussed the benefits of employing a dc chopper with active power
modulation. This technique has reduced the maximum change in frequency, effectively
dampening frequency oscillations and leading to a more stable power system. It is
crucial to highlight that the frequency damping feature has been an ancillary service,
and priority has been given to LVRT or HVRT operation.

If LVRT or HVRT mode has been enabled in response to grid disturbances, the
dc chopper could not have been employed for active power modulation during that
phase. Instead, the dc chopper controller has reverted to its primary control mode,
following pre-established control algorithms and strategies to meet the criteria set by
LVRT and HVRT standards, as described in Chapter
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Chapter 6

Conclusion and Future Work

Power systems are continuously evolving, and with increasing awareness of global
warming and the need to reduce carbon emissions, the use of renewable energy sources
like solar and wind is increasing. This leads to the development of technologies of
control systems, battery storage, and standards to manage various operating param-
eters effectively. These include controlling the flow of active and reactive power to

maintain optimal operation.

1. This thesis has developed computer simulation models that enable the investi-
gation of fault ride-through capabilities of a Type 4 wind generator, which has
become the most widely used form of wind generator. The algorithms used for
successful fault ride-through have been taken from the IEEE 1547-2018 stan-
dard and have used default values for the setting. The research has involved
modelling a typical Type 4 wind generator using the PSCAD (Power System
Computer-Aided Design) software. This modelling has allowed a detailed study
of the converters used in the wind generator system. The research has compre-
hensively explained the converters’ controller operation and significance within

the Type 4 wind generator system.
In Chapters [2] and [3] it has been shown that the utilization of back-to-back

voltage source converter (VSC) converter technology has allowed the VSC to
remain connected to a fixed-frequency grid, despite the variable and intermittent
characteristics of wind. The research model has involved formulating a tip
speed ratio-based algorithm to extract the maximum power from intermittent

wind energy sources to optimize the operation and enhance efficiency. A dc
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chopper with hysteresis loop control has been incorporated to maintain the

power balance without overloading the dc bus capacitor.

. Chapter 4] has demonstrated how electromagnetic transient (EMT) simulation
can be effectively incorporated to design Voltage Ride Through (VRT) and
Frequency Ride Through (FRT) strategies, allowing for the seamless integration
of Type 4 wind generators into the grid. The LVRT mechanism, as specified in
IEEE 1547, has allowed the Type 4 wind generator to endure most low-voltage
events without shutting down. The wind generator has actively maintained
grid voltage during such events by employing suitable control techniques like

injecting reactive power or curtailing power output.

Similarly, the HVRT technique has helped to ride through overvoltage condi-
tions without excessive tripping of the wind generator. The frequency ride-
through (FRT) capabilities have also been incorporated in the wind genera-
tor and discussed in detail in Chapter [l The FRT has used active power
modulation to ensure stable operation. It has been illustrated that the wind
generator could withstand and continue operating within specific frequency de-
viation ranges without tripping or disconnecting from the grid. The specific
ride-through requirements and limits vary depending on the application and

grid regulations.

. The thesis has also introduced a novel ancillary use of the dc chopper in the
modelled Type 4 wind generator as a mechanism for power oscillation damping
in Chapter [5} Traditionally, the primary purpose of the chopper has been to
maintain the power balance between wind generation and load consumption. It
has been observed that there has been a high rise in grid frequency during some
fault conditions, and the electro-mechanical oscillation damping has also been

poor.

The proposed method, which uses a damping controller with the dc chopper
in the Type 4 wind generator, has significantly reduced the grid frequency rise
and improved electromechanical oscillation damping. The effectiveness of the
dc chopper damping controller has been studied using a modified Kundur’s two
area four machine system, where one of the synchronous generators has been

replaced with an equivalent rated Type 4 wind generator.
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The proposed method has decreased the maximum frequency change from 5 Hz
to 0.35 Hz (i.e. 0.1 pu to 0.007 pu) in the 50 Hz system. Also, the damping of
frequency oscillations has been much faster, i.e. in 20 s instead of 130 s (without
the damping controller). Thus, this has enhanced the frequency riding-through
capability of the wind generator during severe faults and has contributed to a

more stable power supply.

6.1 Suggestions for Future Work

The concepts and models studied in this thesis have great potential for understanding
the basics of Type 4 wind generators and the need for fault ride-through techniques.

This thesis can be used as a reference for the following future work :

1. The dc chopper control for fast active power reduction can be investigated for

its efficacy in damping power oscillations in realistic large grids.

2. Recently, Grid Forming (GFM) Converters have been proposed as a new tech-
nology. The application of voltage and frequency ride-through can be investi-

gated in GFM converter-based wind generators.

3. The thesis used an aggregated model where the whole wind power plant is mod-
elled as a single aggregated converter. However, in a real wind power plant, each
wind generator may be subject to different wind conditions; future investiga-
tions could investigate the IEEE 1547 capability (LVRT, HVRT, FRT, FFR) of

such detailed wind models.
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Appendix A

Tip Speed Ratio (TSR) based

Maximum Power Point Tracking
Algorithm

This MATLAB algorithm uses the Tip Speed Ratio (TSR) method to track the maximum
power based on the wind speed for the Type 4 wind turbine. The ”Wind Turbine Data”
section defines the wind turbine parameters. Using the Equations and TSR and
Power are calculated for the wind speed array. This code generates a text file which contains
wind speed and respective optimum TSR. This text file will be used in the lookup table
in the speed controller, which regulates active power in the Machine Side Converter. The
section [3.2] explains the MPPT in detail.

clc

clear all

close all

------------------------------ Wind Turbine Data---------------———————-—-—-—----
Vw=1[123456789 10 11 12 13 14 15]; 7% Wind Speed

Beta = 0; % Pitch Angle

rho = 1.225; % Air density

R = 50; % Radius of the turbine

A =pi *x R * R; % Area of the blade

GB = 150; % Gear Box
——————————————————————————————————— First Loop——------"""--""-"""""""""""""-———-

k=1;
for j = 1:15
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end

Vw = j;

for i

= 1:100 % frequency

w(j,i) = i * 2 * pi;

TSR(:,i) = (R * 2 * pi * i) / (Vw * GB); % calculation of TSR
Cp(:,1) = ((4.0/9.0) - (Beta/60.0)) * sin(0.5 * pi * 20.0 *
(TSR(:,i) - 3.0) * (1.0) / (150.0 - 3.0 * Beta))

(2.0 * Beta / 1087.0) * (TSR(:,i) - 3.0);

P(j,i) = 0.5 x Cp(:,i) * (Vw"3) * rho * A x le-6;

i=1:

Vw (k)
Power
Wbase

% power present in wind

10

=1;

= P(i,:); % Power Matrix based on Wind speed
= 2 % pi * 50; %» Base Rotation Speed

W= (1:100) * 2 * pi / (Wbase); J Rotational speed range (pu)

[Pmax,

Popt_index] = max(Power); % Finding the index at which P= Pmax

wopt (k) = W(Popt_index); % Storing the respective rotational speed
TSRoptpu(k) = (wopt(k) * Ra) / Vw(k);% Calculation of optimum TSR

kK =k + 1;

hold on

A = [Vw; TSRoptpul’;
save wind_curve.txt A; % Saving the data in text format
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Appendix B

Low Voltage Ride Through
Detection for Category II during

abnormal conditions

Table is used for implementation of voltage ride-through capability for abnormal per-
formance Category Il in Type 4 wind turbine as suggested in IEEE Std 1547-2018. This
FORTRAN code detects voltage dip when a fault occurs and send the LVRT enable signal
to the Grid side controller of wind turbine. Depending upon the terminal voltage, the al-
gorithm calculates the appropriate time during which, the wind turbine will ride through
and provide reactive power support. Section uses the code and studies the LVRT
capability of the wind turbine.

! Category II Low voltage ride through requirements for the

!
| Type 4 wind turbine
! Detecting LVRT Mode from the Vrms signal and issuing trip
! signal to breaker

#LOCAL REAL Slope

#LOCAL REAL Vmin

#LOCAL REAL Vmax

#LOCAL REAL Vmid

#LOCA1 REAL T_h

#LOCA1 REAL V_TEMP

#LOCAL REAL T_rem

#LOCA1 INTEGER Trip_Temp

#LOCAL REAL Vmidil

IF (TIMEZERQO) THEN
$TRIP=0;
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$LVRT=0;
ENDIF
Trip_Temp=$TRIP

Vmax=0.88 11111 Level 1 voltage towards LOW voltage
Vmid=0.65 111 Level 2 voltage

Vmid1=0.45 11111 Level 3 voltage

Vmin=0.3 11111 Level 4 voltage

Vh=1.1 11111 Level 1 towards HIGH Volatge
T_h=0.625

SLOPE=1.0

$TRIP=0;

$LVRT=0; ! LVRT

IF ($ENAB .EQ. 1) THEN ! Enabling

IF ($V .LT. Vmin) THEN I Vpcc < 0.3volt
$TRIP=1 ! Trip when Vpcc < 0.3 volt
ENDIF

! 0.65 < Vpcc < 0.88

IF (($V .LE. Vmax) .AND. ($V .GE. Vmid)) THEN ! 0.65 < Vpcc < 0.88
$LVRT=1 ! LVRT mode -- ON
IF ($tON1 .EQ. 0.0) THEN ! tON = O and set LVRT value to time
lat which ! LVRT enabled

$t0ON1=TIME
ENDIF
Tlvrt=3 +(8.7x($V-0.65)) I Tlvrt is calculated as per IEEE
T_rem=TIME-$t0ON1 ! Check minimum ride through time value for

! respective Vpcc
IF (T_rem .GT. Tlvrt) THEN ! if Trem < Tlvrt
$TRIP=1
ENDIF
ENDIF

! 0.45 <= Vpcc <0.65

IF (($V .LT. Vmid) .AND. ($V .GE. Vmid1l)) THEN ! 0.45 <= Vpcc < 0.65
$LVRT=1 I LVRT mode -- ON
IF ($tON2 .EQ. 0.0) THEN ! LVRT_status = O and set LVRT value
! to time at which LVRT enabled
$t0N2=TIME
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ENDIF
Tlvrt=0.32
T_rem=TIME-$t0ON2 ! Check minimum ride through time value
! for respective Vpcc
IF (T_rem .GT. Tlvrt) THEN ! if Tres <Tlvrt =0.32
$TRIP=1
ENDIF
ENDIF

I 0.30 <= Vpcc < 0.45

IF (($V \geq \text{Vmin}) \land ($V < \text{Vmidi})) THEN

$LVRT = 1 ! LVRT mode —-- ON
IF ($t0ON6 = 0.0) THEN ! LVRT_status = 0 and set LVRT value to
! time at which LVRT enabled
$tON6 = \text{TIME}
END IF
Tlvrt = 0.16
T_rem = \text{TIME} - $tON6 ! Check minimum ride through time value
I for respective Vpcc
IF (T_rem > Tlvrt) THEN ! if T_rem < Tlvrt = 0.16
$TRIP = 1
END IF
ENDIF
I 0.88 < Vpcc < 1.1 | Dead Band- Normal Operation

IF (($V < \text{Vh}) \land ($V > \text{Vmax})) THEN ! 0.88 < Vpcc < 1.1

$LVRT = 0 ! LVRT mode -- OFF
$TRIP = O
$tON1 = 0.0
$tON2 = 0.0
$t0ON6 = 0.0
ENDIF
ELSE
$tON1 = 0.0 ! LVRT_status = time instant when lvrt = 1 (first time),
! mno trip, no LVRT mode means continuous operation
$tON2 = 0.0
$tON6 = 0.0
$TRIP = 0
$LVRT = 0
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ENDIF

IF (Trip_Temp = 1) THEN
$TRIP = 1

ENDIF
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Appendix C

High Voltage Ride Through
Detection for Category II during

abnormal conditions

Table [£.2]

Table is used for implementation of voltage ride-through capability for abnormal
performance Category II in Type 4 wind turbine as suggested in IEEE Std 1547-2018. This
FORTRAN code detects overvoltage when a fault occurs and send the LVRT enable signal
to the Grid side controller of wind turbine. Depending upon the terminal voltage, the
algorithm calculates the appropriate time during which, the wind turbine will ride through.
Section uses the code and studies the HVRT capability of the wind turbine.

I Category II High voltage ride through requirements
I for the Type 4 wind turbine

! Detecting hVRT Mode from the Vrms signal and

! issuing trip signal to breaker

#LOCAL REAL Slope

#LOCAL REAL Vh

#LOCAL REAL Vmax

#LOCAL REAL VmidA

#LOCAL REAL VmidB

#LOCAL REAL Thvrt

#LOCAL REAL T_rem

#LOCA1 INTEGER Trip_Temp

IF (TIMEZERQ) THEN
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$TRIP = 0;
$HVRT = 0;
ENDIF
Trip_Temp = $TRIP
Vmax = 1.20
VmidA = 1.175
VmidB = 1.15
Vh = 1.1
$TRIP = O;
$HVRT = O; ! HVRT

IF ($ENAB = 1) THEN ! Enabling

IF ($V > Vmax) THEN I Vpcc > 1.2 volt
$TRIP = 1 ! Trip when Vpcc > 1.2 volt
END IF

1 1.175 < Vpcc <= 1.20

IF (($V \leq Vmax) \land ($V > VmidA)) THEN ! 1.175 < Vpcc < 1.20
$HVRT = 1 ! HVRT mode -- ON

IF ($tON3 = 0.0) THEN ! tON = 0 and set LVRT value to time at
!which LVRT enabled
$t0ON3 = \text{TIME}
END IF
Thvrt = 0.2 ! Thvrt is calculated as per IEEE
T_rem = \text{TIME} - $tON3 ! Check minimum ride through time
value for respective Vpcc
IF (T_rem > Thvrt) THEN I if T_rem < Thvrt
$TRIP = 1
END IF
ENDIF

' 1.15 < Vpcc <= 1.175

IF (($V \leq VmidA) \land ($V > VmidB)) THEN ! 1.15 < Vpcc < 1.175

$HVRT = 1 ! HVRT mode -- ON
IF ($t0ON4 = 0.0) THEN ! LVRT_status = 0 and set LVRT value
to time at which LVRT enabled
$t0ON4 = \text{TIME}
END IF
Thvrt = 0.5
T_rem = \text{TIME} - $t0ON4 ! Check minimum ride through time
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value for respective Vpcc

IF (T_rem > Thvrt) THEN | if T_rem < Thvrt = 0.16
$TRIP = 1
END IF
ENDIF

' 1.10 < Vpcc <= 1.15

IF (($V \leq VmidB) \land ($V > Vh)) THEN ! 1.1 < Vpcc < 1.15

$HVRT = 1 ! HVRT mode —-- ON
IF ($tON5 = 0.0) THEN | HVRT_status = O and set LVRT value
to time at which LVRT enabled
$t0ON5 = \text{TIME}
END IF
Thvrt = 1
T_rem = \text{TIME} - $tON5 I Check minimum ride through time
value for respective Vpcc
IF (T_rem > Thvrt) THEN ! if T_rem < Tlvrt = 0.16
$TRIP = 1
END IF
ELSE
$tON3 = 0.0 ! LVRT_status = time instant when lvrt = 1 (first time),
no trip, no lvrt mode means continuous operation
$t0ON4 = 0.0
$tON5 = 0.0
$TRIP = 0
$HVRT = O
ENDIF
IF (Trip_Temp = 1) THEN
$TRIP = 1
$HVRT = O
ENDIF
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