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ENGLISH ABSTRACT

Voltage-Source Converters (VSCs) have gained widespread usage in the integration
of renewables into modern power systems. This thesis addresses the transient
stability of VSCs during grid faults and the transient overvoltage during fault
recovery, with a particular focus on the impact of widely used grid-following (GFL)
control. The research work in this thesis is of importance for ensuring the secure and
reliable operation of power systems, particularly considering the growing integration
of VSC-based resources.

The first focus of this thesis is to assess the transient stability of GFL-VSCs during
the fault ride-through (FRT) operation, taking into account the dynamics of voltage-
dependent current injection (VDCI). To gain a deeper understanding of the effects of
dynamic interactions between VDCI and the phase-locked loop (PLL) on the
transient stability of GFL-VSCs connected to weak AC grids, a comprehensive
analysis is performed. By incorporating the influence of VDCI, a static model is
employed to investigate the existence of equilibrium points (EPs) during grid faults.
Subsequently, a dynamic model is developed to assess the convergence capability of
GFL-VSCs towards EPs during grid faults. The study reveals the impact of the K-
factor that is resulted from the VDCI characteristic on the transient stability of the
system.

Second, this thesis examines the effects of various reactive current injection modes
(absolute and relative) on the transient stability of GFL-VSCs during FRT
operations. To that end, the dynamic interaction between the current injection profile
and the PLL is captured by the developed nonlinear model. The influences of these
two current injection modes on the existences of EPs and the transient dynamics is
then characterized based on the model. Additionally, to ensure the transient stability
of the system, this study provides recommendations for selecting the reactive current
injection modes.

Third, this thesis analyzes the transient overvoltage (TOV) phenomenon of GFL-
VSCs during fault recovery. The mechanism of TOV is analyzed considering the
slow and fast current reference update modes. The necessity of analyzing the
influence of modulation saturation (MS) mode on TOV is also highlighted. For the
fast current reference update mode, the extended TOV duration is identified, which
is resulted from the current reference surge introduced by mode switching from full
reactive current injection to VDCI. Then, the TOV mitigation method is developed.






DANSK ABSTRAKT

Voltage-Source Converters (VSC'er) har opndt omfattende anvendelse i
integrationen af vedvarende energikilder i moderne kraftsystemer. Denne afhandling
adresserer den transiente stabilitet af VSC'er under netfejl og den transiente
overspanding under fejlretning, med saerlig fokus p&virkningen af den almindeligt
anvendte grid-following (GFL) kontrol. Forskningsarbejdet i denne afhandling er
vigtigt for at sikre sikker og pdidelig drift af kraftsystemer, iseer med henblik p&den
voksende integration af VSC-baserede ressourcer.

Det farste fokus i denne afhandling er at vurdere den transiente stabilitet af GFL-
VSC'er under fejlride-through (FRT) drift, med inddragelse af dynamikken i
spaendingsafheaengig streminjektion (VDCI). For at opn&en dybere forstdelse af
virkningerne af dynamiske interaktioner mellem VDCI og phase-locked loop (PLL)
pa&den transiente stabilitet af GFL-VSC'er forbundet til svage vekselstremsnet
udfares en omfattende analyse. Ved at inkorporere indflydelsen af VDCI anvendes
en statisk model til at undersege eksistensen af ligevaegtspunkter (EP'er) under
netfejl. Derefter udvikles en dynamisk model til at vurdere konvergenskapaciteten af
GFL-VSC'er mod EP'er under netfejl. Studiet afslerer virkningen af K-faktoren, som
er resultatet af VDCI-karakteristikken, paden transiente stabilitet af systemet.

For det andet underseger denne afhandling virkningerne af forskellige reaktive
streminjektionsmetoder (absolutte og relative) paden transiente stabilitet af GFL-
VSC'er under FRT-drift. For at opn&dette fanges den dynamiske interaktion mellem
streminjektionsprofilen og PLL'en af den udviklede ikke-linesere model.
Virkningerne af disse to streminjektionsmetoder p&eksistensen af EP'er og den
transiente dynamik karakteriseres derefter ud fra modellen. Derudover giver denne
afhandling anbefalinger til valg af reaktive streminjektionsmetoder for at sikre den
transiente stabilitet af systemet.

For det tredje analyserer denne afhandling feenomenet transient overspaending
(TOV) af GFL-VSC'er under fejlretning. Mekanismen for TOV analyseres med
henblik p& de langsomme og hurtige opdateringsmetoder til stremreferencer.
Nadvendigheden af at analysere indflydelsen af metode til modulationsmaetning
(MS) p& TOV fremhaeves ogs& For den hurtige opdateringsmetode til
stremreferencer identificeres den forleengede TOV-varighed, som skyldes
stremreferencetoppen introduceret ved skift fra fuld reaktiv straminjektion til VDCI.
Derefter udvikles en metode til at minds TOV.
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND AND CHALLENGES
1.1.1. CHALLENGES OF VSC-DOMINATED POWER SYSTEM

With the ongoing transition towards a low-carbon energy system, the integration of
renewable energy resources such as wind and solar power into power systems has
witnessed a significant rise [1]-[43]. This integration is facilitated by the utilization
of voltage source converters (VSCs) . Consequently, the contemporary power
system is experiencing a fundamental transformation from the traditional dominance
of synchronous generators (SGs) to a system where converters play a prominent
role, as depicted in Figure 1.1 [1]-[43]. The dynamics of VSCs differ from SGs as
they are primarily influenced by their control algorithms rather than swing
dynamics. This characteristic of VSCs allows for enhanced control flexibility and
faster dynamic responses. However, the wide-timescale control dynamics of VSCs
may interact with power system dynamics, resulting in system oscillations over a
wide frequency range [1]-[43]. Hence, the dynamic analysis of VSC-based power
system is crucial for its secure and reliable operation.

Two fundamental control strategies are employed for VSCs, namely grid-forming
(GFM) and grid-following (GFL) control [6], [7], [10], [12], [23], [46], [47], [52].
The former operates VSC as a voltage source and utilizes the active power control
for grid synchronization [6], [7], [10], [12], [23]. The latter controls the VSC as a
current source and synchronizes it with the power grid using the phase-locked loop
(PLL) technique [12], [46], [47], [52]. Despite a growing interest in developing
GFM control in recent years, most of today's commercial VSCs still adopt GFL
control. Therefore, this thesis aims to focus on the dynamics analysis of the GFL-
VSCs.

In recent years, there has been significant research on small-signal stability of GFL-
VSCs. [44]-[45]. However, the investigation of the dynamic behavior of GFL-VSCs
during large grid disturbances, such as grid faults, remains an actively developing
area. Further, grid codes are also continually evolving with specific requirements on
fault ride-through (FRT) of GFL-VSCs [72]-[73], [75]-[76]. The grid code
requirement on the FRT has a critical impact on the reliability of VSC-based
systems, as evidenced by recent real-world incidents of tripping VSCs during grid
faults [48]-[49], [111]-[113]. For example, the North American Electric Reliability
Corporation (NERC) has reported a significant reduction in the active
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Application of VSCs

Generation Transmission Consumption

Figure 1.1. Converter-based power system. Source: [1].
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power output from solar power plants due to the trip of GFL-VSCs during grid faults
[111]. The causes of such VSC tripping have been further investigated therein, and
the results are given in Table 1.1 and Figure 1.2 [111]. The loss of synchronization
(LOS) and transient overvoltage (TOV) contribute most to the trip of GFL-VSCs.
To tackle the challenges, this thesis performs a large-signal dynamics analysis of
GFL-VSC from the perspective of grid code compliance. More specifically, the
focus of this thesis is to examine the transient stability of GFL-VSCs under grid
faults, as well as investigate the TOV phenomena during fault recovery.
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Table 1.1. Causes of generation reduction during a disturbance: Detailed capacity
reduction and its root causes. Source: [111].

Cause of Reduction Reduction [MW]
PLL Loss of Synchronism 389
Inverter AC Overvoltage 269
Momentary Cessation 153
Feeder AC Overvoltage 147
Unknown 51
Inverter Underfrequency 48
Not Analyzed 34
Feeder Underfrequency 21

= PLL Loss of Synchronism
= Inverter AC Overvoltage
= Momentary Cessation

= Feeder AC Overvoltage

= Unknown

= Inverter Underfrequency
= Not Analyzed

= Feeder Underfrequency

Figure 1.2. Causes of generation reduction during a disturbance: Percentage of each cause.
Source: [111].
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1.1.2. STATE-OF-THE-ART

1.1.2.1 Transient Stability Analysis of GFL-VSCs

In the context of GFL-VSCs, a PLL is commonly employed as a dedicated unit for
synchronizing the converters with the voltage at their point of connection (PoC)
[53]. The transient stability of a GFL-VSC refers to its capability to maintain
synchronism with the power grid despite large disturbances like grid faults, loss of
generator, or large load swing [54]. The first focus of this thesis is to investigate the
transient stability of GFL-VSCs during grid faults, which is essential for the
effective FRT operation [52]. In weak grids with low short-circuit ratio (SCR), the
PoC voltage that is used as the input of PLL is prone to being influenced by the
injected current [55]. As a result, the transient stability of GFL-VSCs during grid
faults can be affected by both the injected current and the PLL dynamics, especially
in low SCR grids [52].

The assessment of transient stability in GFL-VSCs typically encompasses a two-step
process.

e The first step is to evaluate the existences of stable equilibrium points
(SEPs) [55], [86], [89]. This is a necessary condition for GFL-VSCs to
maintain stable operating points during faults [55], [86], [89].

e The subsequent step involves examining the transient dynamics of GFL-
VSCs. This implies whether the system can reach SEPs during the transient
process [56], [57]. The transient dynamics of the system are influenced by
both the initial conditions and the controller parameters of VSCs [58]-[71],
[78]-[110].

The existence of equilibrium points (EPs) in GFL-VSCs during grid faults is
contingent upon the properties of the grid impedance and current injection profile
[55], [60]. Verification of the existence of EPs in GFL-VSCs during grid faults can
be achieved by deriving the steady-state solutions of system dynamical model, as
evidenced in previous studies [55], [60], [61]. However, the existence of EPs alone
does not guarantee the transient stability of GFL-VSCs. It is necessary to conduct
further investigate the capability of VSC to converge to these EPs, considering the
influence of the PLL dynamics [62]-[65].

In recent years, there has been an increasing research focus on examining the
dynamic influence of the PLL on the transient stability of GFL-VSCs [57], [62],
[63], [65], [67], [68], [78]-[85], [87]- While the Equal Area Criterion (EAC) has
traditionally been utilized to evaluate the transient stability of SGs, its application
has extended to the analysis of transient dynamics in GFL-VSCs due to its intuitive
physical insights, as demonstrated in previous works [62], [63], [65], [78]-[85].
However, in the application of the EAC, the proportional gain (K,) of the PLL is

12
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often overlooked, resulting in conservative stability predictions [62], [63]. To
address this issue, the proposed EAC method in [80] and [82] considers the effect of
K,. [65] and [81] considers both the impact of K, and integral gain (K;) from the
perspective of dynamic damping term and is found out that this term could be
positive or negative damping based on operating regions. Operating the GFL-VSC
within the positive damping region is recommended to improve the transient
stability of the system [65]. Nevertheless, it is worth noting that GFL-VSCs possess
the capability to achieve stability even in the negative damping region. Thus, while
the positive-damping-based stability prediction offers improved accuracy compared
to conventional EAC methods, it still exhibits a certain level of conservatism [65]. A
method proposed in [84] fully considers the effects of positive and negative damping
in the EAC method, leading to a reduction in conservativeness compared to
conventional methods. In addition, the phase portrait has been reported in [57], [87]
and [88] for more accurate transient stability analysis, providing numerical solutions
to the nonlinear differential equations, but offering limited insights for PLL
parameter tuning. To offer specific design guidelines for improving transient
stability using PLL, researchers have made various efforts to obtain analytical
solutions for the system that consider the nonlinear dynamics of the PLL [67], [68].
In a study conducted by [67], the stability boundaries of the system were determined
by analytically calculating them using the Taylor-series expansion method,
considering various PLL parameters. Analytical insights into the stability margin are
obtained using the Hamilton stability criterion in [68].

The existing body of research on transient stability in GFL-VSCs has primarily
concentrated on a fixed current injection profile during grid faults, which might not
align with grid code stipulations [72]. An important requirement, as stated in [72],
involves adapting the reactive current injection dynamically in response to the
magnitude of the PoC voltage during FRT, i.e., voltage-dependent current injection
(VDCI) [72]. Weak grid conditions with low SCR amplify the sensitivity of the PoC
voltage to injected currents due to larger grid impedance. This voltage influence
extends beyond PLL synchronization and necessitates the redistribution of current
references to adhere to grid code specifications. Consequently, the interaction
between VDCI and PLL, which plays a crucial role in the system, significantly
influences the analysis of transient stability. However, previous studies have given
limited attention to this aspect.

In practical applications, VDCI is typically classified into two modes: absolute
reactive current injection (A-RCI) and relative reactive current injection (R-RCI)
[72], [73], [76]. These modes display variations in the reactive current bias on the
FRT curve [72], [73], [76]. Nevertheless, the current literature lacks investigation
into the influence of this bias on the transient stability of GFL-VSCs.

Research gap for this topic can be summarized as follows:

13
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Research Gap 1 Most existing studies on transient stability of GFL-VSCs assumed
a fixed current injection during grid faults [64]-[70], [78]-[110]. However, existing
grid codes require VDCI [72], [73]. The systematic transient stability analysis under
such case is still missing [J1], [C1].

Research Gap 2 The transient stability of GFL-VSCs under various VDCI modes,
specifically A-RCI and R-RCI mode, has not yet been studied in relation to the
impact of reactive current bias [C2].

1.1.2.2 Transient Overvoltage (TOV) Analysis of GFL-VSCs

In scenarios involving weak grids with high impedance, the voltage at the PoC of
GFL-VSCs exhibits increased vulnerability to the injected current. This vulnerability
can result in reduced voltage stiffness at the PoC. This may increase the risk of
transient overvoltage (TOV) during fault recovery, which has been reported as a
leading cause of the tripping of GFL-VSCs [111]-[113].

In recent years, many research efforts have been directed towards understanding and
mitigating TOV of grid-connected devices [114]-[125].

The occurrence of TOV in grid-connected devices has garnered significant attention
in recent research. Studies have emphasized that improper injection of reactive
current or power can induce TOV, as evidenced by several works [114], [115],
[118], [120]-[125]. It is widely recognized that the provision of adequate capacitive-
reactive current or power from grid-connected devices can effectively support the
voltage at the PoC, particularly during grid voltage sags [114], [115], [118], [120]-
[125]. However, during the recovery phase of grid faults, an excessive injection of
capacitive-reactive current or power can lead to surplus support to the PoC voltage,
resulting in TOV. In addition to improper reactive power injection, the slow
recovery of active power has also been identified as a contributing factor to TOV, as
demonstrated through circuit equations in [115]. Furthermore, the modulation
reference of voltage source converters (VSCs) can influence TOV. Specifically,
saturation of the d-axis modulation reference in the converter station of a modular
multilevel converter-VSC-high voltage direct current (HVDC) transmission-based
wind power integration system has been found to contribute to TOV at the
connection point during fault recovery [116]. Another aspect influencing TOV is the
load property. Inadequate capacity ratio between generation from GFL-VSCs and
the load under off-grid mode, caused by a grid fault, has been reported to induce
TOV [117]. Additionally, inadequate properties of the passive load in a current-
controlled standalone inverter during fault recovery can lead to TOV due to poor
voltage overshoot performance [119]. Lastly, control delay can trigger TOV. The
voltage detection delay in a wind farm has been identified as a cause of inadequate
power reference generation during fault recovery, resulting in surplus injection of
capacitive-reactive power and subsequent TOV [125].

14



INTRODUCTION

To mitigate TOV, various strategies have been proposed in the existing literature.
[115] presents a coordinated operation strategy involving wind turbines and reactive
power compensation devices during fault recovery to achieve TOV mitigation
through appropriate injection of capacitive-reactive power. [114] proposes the
limitation of the d-axis control signal of a line commutated converter (LCC) to
mitigate TOV. [116]-[117] propose TOV mitigation methods by limiting the
modulation reference of VSCs. [119] proposes a parallel virtual impedance control
in standalone inverter to improve voltage overshoot performance at the load side for
TOV mitigation. [125] introduces an algorithm for delay improvement in wind farm
control to mitigate TOV.

In the context of GFL-VSCs with different control mode, i.e., VDCI mode and full-
reactive current injection (FRCI) mode , the update of current references can
experience delays due to the implementation of a voltage magnitude detection filter
(VMDF) with varying bandwidth during dynamics. Specifically, during fault
recovery, the delayed update of current references can result in excessive capacitive-
reactive current injection, potentially leading to TOV at the PoC. However, this
scenario arises only when the output current of GFL-VSCs is under control. In
practice, the voltage swell occurring during fault recovery, as a large disturbance,
may trigger the modulation limiter, which imposes restrictions on the tracking of
current references. Consequently, it becomes crucial to undertake a systematic
investigation that incorporates the impact of modulation saturation (MS) mode in
GFL-VSCs under different speed of current reference update. The existing literature
lacks such comprehensive analysis and understanding of this aspect.

Research gap for this topic can be summarized as follows:

Research Gap 3 Limited investigation has been undertaken to delve into the impact
of MS on TOV analysis of GFL-VSCs during grid fault recovery. The effect of
different speed of current reference update on TOV during MS mode is also not well
understood. The upper boundary of TOV during MS mode also need to be calculated
to predict the severity of TOV.
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1.2. RESEARCH QUESTIONS AND OBJECTIVES

Several research questions and corresponding objectives can be formulated in Table
1.2 based on the research gaps identified in section 1.1.

Table 1.2. Research questions and objectives. Source: [J1], [C1], [C2], [C3].

Research Questions

Research Objectives

Q1. How will the VDCI requirement
affect the transient stability of GFL-
VSCs during grid faults?

Develop a large-signal model of GFL-
VSC, encompasses the dynamics of both
VDCI and PLL.

Clarify the influence of VDCI on the
existence of EPs.

Evaluate the dynamic trajectory of the
GFL-VSC system and elucidate the
parametric effect of VDCI and PLL on
the transient stability of GFL-VSC.

Q2. What are the impacts of different
reactive current injection modes on
the transient stability of GFL-VSCs?

Develop a large-signal model of GFL-
VSC system accounting for the different
reactive current injection modes.

Identify the influences of reactive
current injection modes on the
existences of EPs

Compute the dynamic trajectory of the
system and analyze the effect of reactive
current injection modes on the transient
dynamics of GFL-VSCs.

Provide recommendation on the
selection of reactive current injection
mode (R-RCI or A-RCI) from the
perspective of transient stability.
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Table 1.2. Research questions and objectives, continued. Source: [J1], [C1], [C2],
[C3].

Research Questions Research Objectives

Quantify the upper boundary of the TOV
at the PoC of GFL-VSCs under MS

Q3. How to analyze the TOV of mode.

GFL-VSCs during fault recovery
considering different control (VDCI
and FRCI mode) and operation (MS
mode) modes?

Elaborate the effect of slow and fast
update of current reference on dynamics
of PoC voltage during fault recovery
under MS mode.

Develop TOV mitigation strategy.

1.3. PROJECT LIMITATIONS

The limitations in this PhD project can be listed as follows.

e The focus of this PhD project is on the the current control loop and PLL of
the GFL-VSC during FRT scenarios. Specifically, the investigations are
limited to severe grid voltage sags. Under such conditions, the primary
objective of GFL-VSCs is to provide FRT functionality by injecting
reactive current to support the voltage at PoC [72], [73]. Consequently, the
outer control loops, including power control, dc-side voltage control
(DVC), and ac-side voltage control (AVC), are typically disabled during
severe grid voltage sags [57]. However, it is worth noting that the impact of
the outer control loops may become significant in cases of non-severe grid
voltage sags [126], which exceed the scope of this thesis.

e This PhD project focuses on investigating the transient behavior within the
infinite grid bus scenario, which assumes a simplified representation of the
grid as an ideal voltage source connected in series with an impedance.
However, it is crucial to acknowledge that practical grids encompass a
multitude of components, such as SGs, GFM- and GFL-VSCs. These
additional components introduce greater complexity to the dynamics of the
grid, making the analysis of transient behavior significantly more intricate.
Consequently, providing clear and definitive insights becomes more
challenging due to the increased complexity arising from the existence of
these diverse grid elements.
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1.4. STRUCTURE OF THE THESIS

The structure of this thesis is presented in Table 1.3.

Table 1.3. Structure of the thesis. Source: [J1], [C1], [C2], [C3].

Chapters Title Main Content Corre§popd|ng
Publications

Background and
challenges

Research questions and
objectives
1 Introduction
Project limitations
Structure of the thesis
List of publications

Introduction

System description

Transient Stability Analysis of EPs
Analysis of GFL- _ _
’ VSCs Considering Analy:‘l?] g:‘n tirca;nsnent [91] [C1]
VDCI y
Case studies and
discussion
Summary

. Introduction
Impact of Reactive

Current Injection .
3 Modes on Transient AIEYEROFSE [C2]

Stability of Grid- . .
Following VSCs Analysis of t_ran5|ent
dynamics
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Table 1.3. Structure of the thesis, continued. Source: [J1], [C1], [C2], [C3].

Corresponding

Chapters Title Main Content Publications
Impact of Reactive Case studies and
Current Injection discussion
3 Modes on Transient [C2]
Stability of Grid- Summar
Following VSCs . y
Introduction
TOV Analysis of -
Grid-Following System description
4 _ [C3]
VSCs during Fault .
TQV analysis
Recovery
Summary

. Summarize contribution
Conclusions and

5 of the thesis and provide
future works
future works
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CHAPTER 2. TRANSIENT STABILITY
ANALYSIS OF GFL-VSCS
CONSIDERING VDCI

2.1. INTRODUCTION

Despite the considerable amount of research dedicated to the transient stability of
GFL-VSCs, most existing studies have focused on the assumption of a fixed
active/reactive current injection profile during grid faults, which may not align with
the requirements outlined in the grid code [72], [73]. An example of such
considerations is the VDCI requirement specified in [72], which necessitates the
dynamic adjustment of the reactive current injected by GFL-VSCs during FRT in
accordance with the detected magnitude of the PoC voltage. In scenarios
characterized by weak grid conditions, the voltage at the PoC exhibits a high
sensitivity to the active and reactive currents injected, owing to the voltage drop
across the grid impedance [J1], [C1]. The impact of the affected PoC voltage
extends beyond the synchronization dynamics of the PLL, as it also necessitates the
redistribution of active and reactive current references in accordance with the
requirements outlined in the grid code [J1], [C1]. The redistribution of the current
reference, coupled with the output phase angle of the PLL, further introduces
updates to both the injected current profile and the dynamics of the PoC voltage
[J1], [C1]. Therefore, the dynamic interaction between VDCI and PLL plays a
pivotal role in the transient stability analysis of GFL-VSCs; however, it has been
largely overlooked in previous investigations [J1], [C1]. The study conducted in [73]
investigated the influence of VDCI dynamics on the FRT performance of GFL-
VSCs through electromagnetic transient (EMT) simulations. While the study in [73]
made contribution in this area, its reliance on simulation-based observations limited
its generalizability and analytical insights, rendering the findings case-specific.

This chapter presents the study conducted in [J1] and [C1] that specifically focus on
addressing the challenge of analyzing the impact of VDCI on transient stability of
GFL-VSCs during FRT. An analytical model is developed in this study,
incorporating the dynamics of both PLL and VDCI during symmetrical grid faults
[J1], [C1]. The developed model is subsequently employed to examine the existence
of EPs and analyze the transient dynamics of the system, placing emphasis on the K-
factor, which governs the nature of VDCI [J1], [C1]. The range of acceptable K-
factor values is further determined to ensure the transient stability [J1], [C1].
Ultimately, the theoretical analysis is validated through time-domain simulations
and experiments.
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2.2. SYSTEM DESCRIPTION

Figure 2.1 illustrates the employed control scheme in the GFL-VSC. The
implementation of a single-loop current control strategy ensures accurate tracking of
the current reference (lrefaq) during transient dynamics. The PoC and grid voltage are
represented by vc and vg, respectively [J1], [C1l]. Vem and Vgm represent the
magnitudes of these two voltages [J1], [C1]. The filter inductance is denoted as L,
while the grid inductance and grid resistance are represented by Ly and Rq,
respectively [J1], [C1]. The synchronization of the VSC with the power grid is
achieved through the utilization of a dedicated synchronization unit, referred to as
the synchronous reference frame PLL (SRF-PLL) [74], as depicted in Figure 2.2
[J1], [C1]. The nominal grid frequency is denoted as wg, while the frequency
deviation (Aw), output phase angle (dr.L), and output frequency (werL) of the PLL
are also presented in Figure 2.2 [J1], [C1]. The parameter K, represents the
proportional gain of the PLL controller, while K; represents the integral gain of the
PLL controller [J1], [C1].

The control strategy employed by the GFL-VSC during steady-state operation prior
to the occurrence of a grid fault involves injecting the active current with rated value
(lim) and zero reactive current, i.e., lefa (active current reference) = lim and lrefq
(reactive current reference) = 0. In this study, the grid fault scenario is emulated by
introducing a voltage sag from the grid side, resulting in a decreased voltage at the
PoC. Several existing grid codes [72], [75] mandate the injection of capacitive-
reactive current by the VSC to compensate the decreased PoC voltage. This
capability, known as FRT functionality, prevents the VSC from tripping during grid
faults. The magnitude of the injected reactive current needs to be dynamically
regulated in accordance with Ve [J1], [C1]. Figure 2.3 (a) depicts two FRT curves
exhibiting different K-factors, which dictate the slope of the FRT curve and are
typically chosen within the range of 0 to 10 [73], [75], [76]. During FRT, the active
current is also regulated by vector limitation to prevent overcurrent. Hence, lrefq
during FRT is calculated using (2.1) and (2.2) [76]. In Figure 2.3 (a), the solid dot
signifies a potential operating point observed during FRT, denoting Vcmo as the
nominal magnitude of the PoC voltage [J1], [C1].

[k,
m|n|:vc_h(vcm _chO)’ IIim:|

'm0

when (V,,, =V,0) >0

refq =
KI,
max |:V_“(ch _ch0)7 - IIimj|

cmo0

21)

when (Vy,, =V,0) <0
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2 2 2.2)

refq

refd — Al 'lim
Figure 2.3 (b) depicts the vector diagram of the VSC-grid system while undergoing
FRT [J1], [C1]. The angle between letq and ler is defined as Orr, i€,
Orrr=—arctan(lrefq/lrefa) [J1], [C1]. Additionally, the power angle § is defined as the

angle between p.L and that of the grid voltage (6y), i.e., 0=6pLL—04 [J1], [C1].

Considering the substantial difference in bandwidth between the current control loop
and the PLL, it is reasonable to assume the ideal current reference tracking, i.e.,
lgaq=lrefaq [66]. By adopting this assumption, the VSC can be regarded as a regulated
current source. The magnitude of the current source is dictated by vector current
limitation, while the phase angle is governed by both the PLL and VDCI, as
depicted in Figure 2.4 [J1], [C1].

The interaction between the VSC and the grid offers a clear comprehension of the
system's synchronization dynamics, which is elaborated below [J1], [C1]. As
previously mentioned, during FRT, lefq iS modified according to (2.1) and (2.2).
The injection of active and reactive current subsequently influences the voltage drop
across the grid impedance, which in turn impacts Ven and redistributes liefdq
according to (2.1) and (2.2) [J1], [C1]. Moreover, the altered phase angle of v¢ (Oyc)
further affects the synchronization dynamics of the PLL [J1], [C1]. These iterative
responses persist until the system attains a stable or unstable state during FRT, as
depicted in Figure 2.5 [J1], [C1].

Vg=Vgm<£y

Vi (ii = prm, , Ve=Vem£bye
= Llg Ls

4

Drives abc ‘ OpLL =s
rive A

lya ¢ L0

= abc [T} i lodq

dq m O Irequ

Figure 2.1. Control scheme of the GFL-VSC. Source: [J1].

w
Vem<6y | abe & ¢
dg e Aw wpLL OpLL
Ky +Kils s >

T

Figure 2.2. Control scheme of SRF-PLL. Source: [J1].
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|
Alrefq
K=K,

o IK=K,
Irefql —— =
O—cho | :\/cg_vcmo
| Vemi—Vemo

—liim

@)

\\ OrrT

[refq
N \ll\reflzllirp 4

(b)
Figure 2.3. Current injection during FRT. (a) VDCI curves [74]. (b) Vector diagram. Source:
[91].
Equivalent Current PoC Grid Impedance Grid
Source Vem <Oy ngéeg

lim£0pLL-OFrT

Figure 2.4. Equivalent VSC-grid system. Source: [J1].

2.3. ANALYSIS OF EPS

2.3.1. DERIVATION OF EPS

The EPs of the VSC-grid system refer to steady-state operating points where the
current and voltage remain constant within the dgq frame under grid fault conditions
[J1], [C1].
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Current Reference Circuit PoC Voltage
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| VDCI :
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Figure 2.5. Synchronization dynamics affected by VDCI. Source: [J1].

Furthermore, at these EPS, wpLL cOnverges to wg. The synchronization of the GFL-
VSC with the grid is achieved by employing the PLL to regulate the g-axis
component of the PoC voltage (V) and maintain it at zero [55]. Consequently, the
evaluation of EPs entails the voltage balance equation on g-axis, which is the focus
of this subsection.

The expression of V=0 can be formulated as (2.3) through the consideration of the
voltage drop across the grid impedance (Vgimg) and grid voltage (Vgq) On g-axis [J1],
[C1].

Vg =V +Vyq =0 (2.3)

cq gimg

Subsequently, the expressions for Vgimq and Vgq can be further expanded in (2.4) and
(2.5), respectively [J1], [C1].

Vi = Igda)g Lg + ngR I|m cos gFRT I|m Sm 0 R (24)

gimg FRT %
V,, =V, sind (2.5)

By substituting (2.4) and (2.5) into (2.3), a new expression (2.6) can be obtained
[91], [C1].

lim €OS Orpray Ly — 1y, SIN O R, -V SING =0

FRT g Tgm > < (2.6)

Vgimg Voq
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(2.6) contains two unknown variables, namely ¢ and 6ert, making it impossible to
determine their values using a single equation. Hence, to establish the relationship
between ¢ and Grr, it is necessary to derive it by considering the current reference
generation method presented in (2.1) and (2.2). The detailed explanation of this
relationship is presented below.

The PoC voltage in the o frame can be represented by (2.7) and (2.8) [J1], [C1].

lim™g =g lim" g

V,, = l,,m,L cos(epLL—eFRT+§]+| R, €0S(Ghey — Orr ) +Vyn €08 (Gh —6)
2.7)

VCB: lim*“g =g lim" g

lim@, Ly €08 (65, — Oy )+ LinR cos(apLL—eFRT —%)+ng cos(epLL—a—%j

(2.8)

By applying coordinate transformation to (2.7) and (2.8), the dq component of the
PoC voltage can be obtained, as presented in (2.9) [J1], [C1].

V, sin 6, cosé, C0so
( dJ:himngg[ FRT)HHng[ T j+vgm{ i J (2.9)
Ve COS Ogr —SiN Opr —-sind

Then, Vcm can be expressed using (2.10) [J1], [C1].

Vo = Vo2 +V, 2 (2.10)

(2.11) provides the expression for Gert, considering the current reference generation
method specified in (2.1) and (2.2) [J1], [C1].

According to (2.11), the variable &rr7 is influenced by K-factor. To establish a
relationship between J and ferr, (2.9) and (2.10) can be substituted into (2.11), as
presented in (2.12). By solving the system of equations comprising (2.6) and (2.12),
the EPs can be determined, with 6 and @rrr Serving as the two unknown variables
[91], [C1].

2.3.2. INFLENCE OF K-FACTOR ON THE EXISTENCE OF EPS

Obtaining an analytical solution for the EPs is complex since (2.12) is an implicit
equation involving two unknown variables, 6 and @err, posing a significant
challenge [J1], [C1].
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Kllim (ch _1j
chO

(]

1 1
when — EchD < (ch _chO ) < EV

—arctan(

)

cmo0

Oy = N (2.11)
2
1

when (ch _cho) 2 Evcmo

z

2

1
when (V,, =V, ) < _EV“O

Hence, an alternative graphical method is utilized to evaluate the EPs. Specifically,
the intersection of the Vgimg-d curve and VgmSind curve, as designated in (2.6), is
checked to determine the EPs. To obtain the Vgimq-0 curve, @rrr in (2.4) can be
substituted with the result of (2.12), and the curve can be numerically determined.

The relationship between the Vgimg-0 curves, characterized by different K-factors,
and the Vgmsing curve is depicted in Figure 2.6. Based on (2.4), the maximum value
of Vgimq 0ccurs when K=0, which corresponds to the scenario of injecting full active
current [J1], [C1]. The maximum value of Vgimq, denoted as Vgimgmax, iS derived as
limwglg from (2.4) [J1], [C1]. Conversely, the minimum value of Vgimq is obtained
when full capacitive-reactive current is injected (K—o0), and it can be expressed as
Vgimgmin=—himRg [J1], [C1]. Industrial practice typically restricts K to the range of 0
to 10 [73], [75], [76]. Figure 2.6 illustrates the relationship between the Vgimq-0
curves and the K-factor, indicating that a higher K-factor leads to increased injection
of capacitive-reactive current for a given magnitude dip in the PoC voltage, resulting
in a decline in the curves [J1], [C1].

Figure 2.7 depicts the Vgimq-0 curve and the Vgmsind curve, where the SEP and
unstable equilibrium point (UEP) can be identified based on their intersection. The
SEP is denoted by solid dots, while the UEP is represented by open circles [J1],
[C1]. It is important to emphasize that stable operation of the VSC-grid system can
be ensured solely at the SEPs during grid faults, as reported in previous studies [57],
[66].

Based on the previously presented formulation, it can be observed that the range of
Vgmsingd is restricted to [~Vgm, Vgm], Whereas the range of Vgimg-0 affected by the K-
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(1im@, Ly SiN Oy + 1, R, COS O +V,, COS 5)2
K +( lim@, Ly €OS Oy — 11y R, SIN Oy =V, SIN 5)2 )
VCI'T]O

—arctan = =

(1im@, Ly SIN Oy + 1, Ry €OS Oy +V,, COS 6)2

+( lim@, Ly €OS O — 1, R, SIN Oy =V SIN 5)2

1-|K -1
cho
HFRT =
1 1
when — Evcmo < (ch _chO ) < Evcmo
_z
2

1
when (ch _cho) 2 vamo
z
2

1
when (ch _cho) = _Evcmo
(2.12)

factor is limited to [—limRg, limwgLg]. Hence, an inappropriate value for the K-factor
may lead to a failure in the intersection of the Vgimg-d and VgmsSind curves,
consequently causing the loss of equilibrium points (EPs). Specifically, four possible
scenarios may arise:

e Scenario 1. When the inequality —Vgm<—limRg<limwgLg<Vgm is satisfied,
the Vgimg-J Curve intersects with the Vgmsind curve across the entire range of
K-factor values from O to +oo, as depicted in Figure 2.8(a) [J1]. As a result,
the system consistently exhibits EPs during grid faults [J1].

e Scenario 2. When the inequality —Vgm<—limRg<Vgm<limwgLg is fulfilled, the
intersection between the Vgimg-d curve and the Vgmsind curve persists, even
as the K-factor approaches +oo [corresponds to Vgim—=—limRg] [J1].
However, there exists a lower limit of K-factor (Kmin) below which the
intersection of Vgmsind and Vgimg-d curves is not guaranteed, as illustrated in
Figure 2.8 (b) [J1].
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e Scenario 3. When the inequality —limRg<—Vgm<limwgLg<Vgm is satisfied,
the intersection between the Vgimg-d curve and the Vgmsind curve occurs
specifically at K=0 [corresponds to Vgimg=limwgLg] [J1]. Nonetheless, there
exists an upper limit of K-factor (Kmax) above which the intersection of
Vgmsind and Vgimg-d curves is not guaranteed, as illustrated in Figure 2.8 (c)
[J1].

e Scenario 4. When the inequality —limRg<—Vgm<Vgm<limwqlgq is satisfied,
the existence of EPs is ensured by considering both the upper and lower
limits of K-factors [J1]. This scenario is depicted in Figure 2.8 (d) [J1].

Therefore, apart from scenario 1, the existence of EPs is subject to constraints on the
K-factor.

2.4. ANALYSIS OF TRANSIENT DYNAMICS

The existence of EPs serves as a prerequisite for ensuring the transient stability of
the system [J1], [C1]. Even if the EPs exist, the ability of the GFL-VSC to reach the
SEP is still influenced by its transient dynamics, which will be discussed in detail in
this section [J1], [C1].

2.4.1. LARGE-SIGNAL MODELING

The objective of this subsection is to establish a comprehensive large-signal model
of the GFL-VSC that considers the impact of both the PLL and VDCI during
transient dynamics [J1], [C1]. Unlike the steady-state model described in Section
2.3, where OrrT, wpLL, 0 and Vem are assumed to have constant values, these variables
exhibit time-varying behavior during transient dynamics.

0.7 % Vgimq(K¥O, full-active current injection) i
0.6 Vgimg(K=1)
0.5
504
Z03F
%0.2
=01
S o
-0.1-
-0.2

-03 Vgimg(K—+oo, full-reactive current injection)

-3 -2 2 3

5 [k

Figure 2.6. Relationship between Vgimq and Vgmsing curve. Source:[J1].
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A
Vgimq:IIimCUng Vg sing
(K=0) /‘\{
v
< ~ 0
Vgiquflling
(K—+w)
(@)
A
Vgimq(K:Kmin) Vgimq:IIima)ng
(K=0)
N Vensing "
~—_
Vgiqu_lling
(K—+o0)
(b)
A
Vgiqullimngg Vg sind
(0 | —¥_
2
qu(K:KmaX) >
*
Vgiquflling
(K—>+OO)

©

30



TRANSIENT STABILITY ANALYSIS OF GFL-VSCS CONSIDERING VDCI
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~%ﬂq(K:Kmax)
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(K—>+OO)
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Figure 2.8. Conditions of existence of EPs by comparing Vgimgand Vgmsing curve. (a)
—Vgm<—limRg<himwgLg<Vgm, the system always has EPSs. (b) —Vgm<—limRg<Vgm<himmwgLg,
Kmin<K<+oo for the existence of EPs. (¢) —limRg<—Vgm<limwgLg<Vgm, 0<K<Kmax for the
existence of EPs. (d) —limRg<—Vgm<Vgm<liimwgLg, Kmin<K<Kmax for the existence of EPs.
Source:[J1].

The dynamic equation of the PLL, as depicted in Figure 2.2, can be expressed as
shown in (2.13) [J1], [C1].

O = [Onstt= [ (0, +20)dt = [| 0, +(K Vo + K [Vt [dt (213)

where V¢q can be further expanded in (2.14) [J1], [C1].

Vi =Vyimg +Vyq = lg@p Ly + 1Ry =V, SiNS
=gy (0, + A) L + 1 R —V,, sins (2.14)

tim COS Gy (a)g +Aa))Lg iim SIN O Ry =V, 8NGO
By considering the phase angle of the grid voltage, denoted as Ag=|wqdt, it is
straightforward to derive (2.15) [J1], [C1].

O =0, + [ Aot = 5 = A (2.15)

The dynamic equation of the PLL can be reconstructed by substituting (2.14) and
(2.15) into (2.13), resulting in (2.16) [J1], [C1].

lim FRT " Yg

5=Kp[ COS ey (@, + ) Ly = Ly SIN Orier Ry =V, sm5] 2.16)

+Kij[l,,mcoseFRT(a) +5) Lim SIN Oer R, =V, sm5]dt
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By substituting wg with wpLL =wq¢+Aw, the expression for the PoC voltage during the
transient dynamics can be derived as presented in equation (2.17) [J1], [C1].

V, sin 6, cos 6, coso
\Vj ’ =1 Iima)PLL Lg - +1 lim Rg . o +ng ( - j (217)
- COS Gt —SiN Gy —sino

Substituting (2.10) and (2.17) into (2.11), the relationship between Gert and 6 can be
determined, which is expressed in (2.18) [J1].

. 2
(Hin (@, + ) Ly SN Oy + 1R, €OS Gy +V, €OS S
. i . 2
+(IIim (a)g + 5) Ly COSGepr — 1 R, SIN Ger =V, SIN 5)
K -1
chO
—arctan — =
. 2
(1im (0, +8) Ly $iN gy + 131, R, €O Bry +Vy COS )
(1 (@, +8) Ly €08 Oy — 1y Ry SiN Oy ~V, 5iN6)
1-| K v -1
Oy = e
1
when — _chO < (ch _chO ) < Evcmo
_r
2
when (ch _cho) = chO
z
2
1
when (V,, =V ) < _EVWO
(2.18)

The transient dynamics of the GFL-VSC, considering the influence of both the PLL
and VDCI, are captured by the equations (2.16) and (2.18), which describe the
system's large-signal behavior [J1], [C1]. Previous works have only considered fixed
values of Grrt, such as m/2, indicating full reactive current injection. However, in
this study, the time-varying nature of Grrr is considered, as it is coupled with &

32



TRANSIENT STABILITY ANALYSIS OF GFL-VSCS CONSIDERING VDCI

through the dynamics of VDCI, as illustrated in equation (2.18). Furthermore, (2.18)
shows that K-factor also affects the dynamics of @err. Hence, the value of the K-
factor plays a crucial role in determining the GFL-VSC's ability to converge to the
SEP, which will be comprehensively discussed in the subsequent analysis [J1], [C1].

2.4.2. IMPACT OF K-FACTOR ON SYSTEM TRANSIENT DYNAMICS

To gain a deeper understanding of the dynamic effects of K-factors, (2.16) is
transformed into a standard form resembling the swing equation of SGs by taking
derivatives of both sides [70], as presented in (2.19) [J1].

o1 .
Vang Voo = Day (8,67 )8 = -6 (2.19)

gimg — Vgq
i

The dynamic damping coefficient, denoted as Deq in (2.19), is affected by various
factors including the parameters of the PLL, the impedance of the grid, the residual
grid voltage, and the K-factor [J1]. The detailed expression for Deq is provided in
(2.20) [J1]. Previous studies have typically neglected the dynamic influence of the
VDCI by assuming a constant value for &rrr during grid faults, which implies that
the rate of change of Grrt With respect to time, dferr/dt, is equal to zero [J1]. Hence,
the dynamic damping coefficient can be simplified t0 Deq=(Kp/Ki)Vgmcoso [57],
which can be viewed as a specific instance within the context of the current study
[91].

Based on (2.20), Deg-d curves can be plotted for different K-factors, as demonstrated
in Figure 2.9. It is a well-established fact that larger values of Deq are beneficial for
the system's transient stability when EPs exist. However, as depicted in Figure 2.9,
the dynamic damping coefficient, Deq, iS not a constant value but rather exhibits
variation with respect to J [J1]. It is worth noting that, according to (2.20), Deq is a
periodic function with a fundamental period of 2z [J1]. Consequently, to capture the
overall damping effect of the system, the average value of Deq within the interval

K, K, _ .
o Vin €088 S+ 2y (9L SiN Oy + R, COS Orry ) Oy

when |V, ~Vego ) <2V

cm0

Deq (§’HFRT)5 = K
—PV,, €085 5
K.

(SN

cm0

when (|V, =V ) = EV

(2.20.1)
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K

lim*“g =g “ gm

V_V, 1_K2[1_V°mjz Llnngngsin(g_gFRT)

I, @, LV, cos(&—@FRT)}

cm ” cm0
‘9FRT = cmo0 5
1+ K {Ilimwg LV COS(S — Oy )}
2 . B
VenVemos |1 K? (1—\/0"1) liim Rgvgm Sln(5 QFRT)
cm0
(2.20.2)

[-7t, w] is employed, denoted as Deg-ave, and it is presented in (2.21) [J1].
D =5 j D, (5)ds (2.21)

The Deg-ave Values with various K-factors are shown in Figure 2.10. It is evident that
Deg-ave initially increases and then decreases with an increase in K-factor. Hence,
choosing an excessively small or large K-factor can lead to insufficient damping,
thereby resulting in a loss of synchronization (LOS) during grid faults, despite the
existence of EPs [J1]. Nevertheless, it is important to acknowledge that Deg.ave S€rves
as a qualitative indicator employed to assess the transient dynamic performance for
the purpose of providing intuitive understanding [J1]. To obtain a more accurate
assessment of transient dynamics, the developed analytical model must be checked,
which considers both PLL and VDCI dynamics, as given in (2.16) and (2.18) [J1].
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Figure 2.9. Dynamic damping curves. Source:[J1].
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Figure 2.10. Average value of dynamic damping curves. Source:[J1].

2.4.3. IMPACT OF PLL ON THE SELECTION OF K-FACTOR

Considering the influence of both PLL parameters and the K-factor on the transient
dynamic performance of the system, it becomes crucial to establish a formulation
that accounts for the impact of PLL parameters in the selection of the K-factor [J1].
To ensure clarity, the available ranges of the K-factor that guarantee the existence of
EPs and the capability to converge to EPs can be denoted as (Kmino, Kmaxo) and
(Kmin1, Kmaxa) respectively [J1]. It can be concluded that Kmino<Kmin1<Kmax1<Kmaxo, as
the existence of EPs is a prerequisite for the convergence of the system’s transient
dynamics [J1]. The impact of PLL parameters on these ranges is discussed below.

e The determination of the system's EPs is based on (2.6) and (2.12), which
reveals that the existence of EPs relies solely on the steady-state operation
of the system and remains unaffected by the PLL parameters [J1].
Therefore, the range of K-factor (Kmino, Kmaxo) remains unaffected by the
PLL parameters.

e Asdiscussed in sections 2.4.1 and 2.4.2, the system's ability to converge to
EPs, despite their existence, is determined by the transient dynamics, which
is influenced by both the K-factor and the PLL parameters [J1]. Enhancing
the transient dynamics performance of the system can be achieved by
increasing the settling time and damping ratio of the PLL, as suggested in
prior research [57].

In conclusion, the optimization of PLL parameters has the potential to broaden the
ranges of K-factors, denoted as (Kmin1, Kmaxt), Which guarantee transient stability of
the system [J1]. However, the extension of this range is limited by the existence of
EPs, which restricts the available range of K-factors to (Kmino, Kmaxo) [J1].

Theoretical calculations are conducted to analyze the transient dynamics of the GFL-
VSC during grid faults, specifically when Vg decreases to 0.2 p.u., considering
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various K-factor scenarios [system parameters are listed in Table 2.1] [J1]. The
corresponding results are illustrated in Figure 2.11. It is important to highlight that
all the considered K-factor values at here can ensure the existence of EPs of the
GFL-VSC [J1]. However, selecting K=1.75 leads to LOS of the GFL-VSC due to
the nearly zero Deg-ave [refer to Figure 2.10]. On the contrary, the transient stability
of the GFL-VSC is preserved within the range of K-factors from 2 to 6 [J1]. It is
observed that the overshoot in the dynamic response exhibits a non-monotonic
property as the K-factor increases [J1]. Initially, the overshoot decreases, followed
by an increase, which can be roughly attributed to the changing trend of Deg-ave
shown in Figure 2.10 [J1].

300 ‘
—K=1.75
250+
200
=)
S150¢
i)
100
50+
0 1 1 1 1 1 1
2 3 4 5__. 6 9 10
Time [s]
(a)
K=2 1
K=31
K=4 |
K=5
K=6 7
0% ~3 4 5 _6 7 8 9 10
Time [s]
(b)

Figure 2.11. Theoretically calculated dynamics of GFL-VSC under grid faults with different
K-factors [same PLL parameters are adopted for all the cases, i.e., ts=1, &=1], where Vgm drops
to 0.2 p.u. (a) Diverged response. (b) Converged response. Source: [J1].
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2.5. CASE STUDIES AND DISCUSSION

To validate the theoretical analysis, a PSCAD/EMTDC simulation model was
developed to emulate the behavior of a two-level GFL-VSC [J1]. The simulation
was conducted on a personal computer with the following configuration: Intel(R)
Core (TM) i5-8250U CPU @ 1.60GHz 1.80 GHz and 8 GB RAM [J1]. The
simulation step was set to 1 |5, and the software version used was 4.6.3 (64-bit)
[J1]. Table 2.1 provides the relevant parameters for the case studies in the EMT
simulation [J1]. To simulate a grid fault scenario, the magnitude of the grid voltage
was reduced to 0.2 p.u. [J1]. For each case study, the existence of EPs and the
response of the transient dynamics were examined [J1].

Table 2.1 Parameters in case studies. Source:[J1].

Symbol Description Value (p.u.)
_ Current rating value of
liim the VVSC 15.72 A (1.00 p.u.)
Lg Grid inductance 9.00 mH (0.63 p.u.)
Ls Filter inductance 3.00 mH (0.21 p.u.)
Rg Grid resistance 1.00 Q (0.22 p.u.)

Grid voltage magnitude

Vems during steady state [
Residual grid voltage
Vgm magnitude 14.14 V (0.20 p.u.)
ts Settling time of PLL 1s
é Damping ratio of PLL land 10
Ko Proportional gain of PLL 0.13
Ki Integral gain of PLL 0.30 for g:} /0.0030 for
&=10
fo it Bandwidth of PLL 1.51 Hz for &=1/1.46 Hz

for &=10
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Table 2.1 Parameters in case studies, continued. Source:[J1].

Symbol Description Value (p.u.)
Ko Proportional gain of 18.85
current loop controller
Ki Integral gain of current 0.38
loop controller
fo o Bandwidth of current 1000 Hz
- control loop
Nominal magnitude of
Vemo PoC voltage 70.71V (1.00 p.u.)
Ve DC-side voltage 600V
g Nominal grid frequency 1007 rad/s
SCR Short circuit ratio during 150
steady state
K K-factor from1to6
Switching frequency of
fs the VSC 10 kHz

It is worth mentioning that the selection of PLL parameters (K, and Kj) in this study
follows the established guidelines outlined in [77], which considers settling time (ts)

and damping ratio (&) [ts=9.2Vemo/Kp, §=0.5levcrn()/Ki 1[91].

Experimental investigations were carried out using the DS1007 dSPACE system,
employing the parameters specified in Table 2.1 [J1].
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2.5.1. RANGES OF K-FACTORS THAT GUARANTEES SYSTEM
TRANSIENT STABILITY

2.5.1.1 Existence of EPs

The calculation of EPs for the VSC-grid system under various K-factors during grid
faults was performed using equations (2.6) and (2.12), and the corresponding results
are tabulated in Table 2.2. The analysis reveals that the system exhibits EPs when
the K-factor exceeds 1.7, and the specific locations of these EPs are dependent on K-
factor. This observation is further illustrated in Figure 2.12, where the Vgimq-0 curves
and Vgmsind curve intersect for K-factors greater than 1.7, thereby signifying the
existence of EPs [J1].

2.5.1.2 Convergence to EPs

Based on the calculations derived from equations (2.16) and (2.18), it is determined
that the convergence to SEPs in the GFL-VSC system is only possible when K>2, as
illustrated in Figure 2.11. In the case where 1.7<K<2, the system lacks damping and
thus LOS is still unavoidable, despite the existence of SEPs. These theoretical
predictions will be validated in section 2.5.2 through simulation and experimental
results [J1].

2.5.2. SIMULATION AND EXPERIMENTAL RESULTS

The theoretical analysis was verified through EMT simulations, and the
corresponding results are illustrated in Figure 2.13. During the grid fault, the system
exhibits instability when K=1.7 due to the lack of EPs, as evidenced by the diverging
values of J, Aw and g, as depicted in Figure 2.13 (a) [J1]. While increasing K
t01.75 restores the existence of EPs, the insufficient dynamic damping persists,
leading to LOS as illustrated in Figure 2.13 (b) [J1]. The system finally achieves
stability by further increasing K to 2, as illustrated in Figure 2.13 (c) [J1].

Table 2.2. Results of EPs calculation. Source:[J1].

K-factor o(rad) Orr(rad) K-factor o(rad) Orr1(rad)

1 None None 3 1.13 0.96
1.7 None None 4 0.81 1.01
1.75 2.28 1.00 5 0.58 1.07

2 1.76 0.93 6 0.36 1.12
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Figure 2.12. Graph-based EPs analysis. Source: [J1].

Furthermore, enhancing the damping ratio of the PLL to 10 achieves stability in the
system, even when K=1.75, as depicted in Figure 2.13 (d) [J1]. This validates that by
optimizing the PLL parameters, the minimum K-factor ensures transient stability of
the system can be extended from 2 to 1.75, as discussed in subsection 2.4.3 [J1].

The stability predictions made based on the theoretical model are verified with
acceptable accuracy through cross-validation, as depicted in Figure 2.14. The figure
presents the simulated and theoretically calculated results of the GFL-VSC during
grid faults for four different cases [J1].

The slight mismatch between calculated and simulated results in Figure 2.14 can be
attributed to the omission of current control loop in the theoretical model [J1].
Nevertheless, the mismatch is negligible given that the bandwidth of the current
control loop (1000Hz) and PLL (approximately 1.5Hz) indicates their decoupled
nature [J1]. The theoretical analysis presented in Figure 2.14 demonstrates that the
disregarded current control loop has little impact on the results [J1].
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Figure 2.13. Simulation results of transient dynamics, where Vgm drops to 0.2 p.u. (a) K=1.7,
ts=1, £&=1, unstable. (b) K=1.75, t==1, =1, unstable. (c) K=2, ts=1, &=1, stable. (d) K=1.75,
ts=1, £=10, stable. Source: [J1].
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Figure 2.14. Theoretically calculated and simulated transient dynamics of GFL-VSC during
grid faults, where Vgm drops to 0.2 p.u. (a) K=1.7, ts=1, ¢=1, unstable. (b) K=1.75, ts=1, &=1,
unstable. (c) K=2, ts=1, &=1, stable. (d) K=1.75, ts=1, ¢=10, stable. Source: [J1].

Therefore, the developed theoretical model, exhibiting a computational speed
approximately ten times faster than EMT simulations (as indicated in Table 2.3), is
suitable for conducting transient stability evaluations of the system [J1].

Table 2.3. Comparison of time consumption for one case study. Source:[J1].

EMT simulation Theoretical calculation

Duration around 100s around 10s

To further corroborate the proposed theoretical analysis, experimental investigations
are performed utilizing the setup depicted in Figure 2.15. The control scheme is
implemented on the DS1007 dSPACE system, with voltage and current
measurements conducted using the DS2004 A/D board [J1]. The waveforms are
generated by the DS2102 D/A board and visualized on the oscilloscope for analysis
[J1]. A constant DC voltage supply is applied to the DC-side, while the grid voltage
is emulated using a Chroma 61850 grid simulator [J1].

Figure 2.16. presents the experimental results that correspond to the four simulation
cases shown in Figure 2.13. In the experiments, symmetrical grid faults were
emulated by changing the voltage magnitude in the grid simulator to from 1 p.u. to
0.2 p.u. at the instant of the fault [J1].

By comparing Figure 2.13 and Figure 2.16, it can be observed that the experimental
results match well with the simulation results obtained under different K-factors and
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Figure 2.15. Experimental setup. Source: [J1].
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PLL parameters, thereby providing further validation for the correctness of the
proposed theoretical analysis [J1]. The comparison between Figure 2.13 and Figure
2.16 reveals a match between the experimental and simulation results across various
K-factors and PLL parameters, which further supports the effectiveness of the
proposed theoretical analysis [J1].

2.5.3. SENSITIVITY ANALYSIS

The transient stability of the VSC-grid system is influenced by the characteristics of
the grid impedance, as demonstrated in (2.16) and (2.18) [J1]. Nevertheless, due to
the uncertain and time-variant nature of grid impedance in practical power systems,
it is necessary to conduct a sensitivity analysis to establish the relationship between
the acceptable ranges of the K-factor to ensure transient stability and the varying
grid impedance [J1]. Figure 2.17 visualizes this relationship, indicating that a
smaller SCR, which implies a larger grid impedance, imposes more constraints on
the acceptable K-factor ranges [J1]. This conclusion is intuitive when examining
Figure 2.5, where an increased grid impedance results in greater fluctuations in the
PoC voltage due to the injected current [J1]. This stronger interaction with the
dynamics of the PLL and VVDCI further leads to a higher risk of transient instability
[91].

2.6. SUMMARY

This chapter provides a comprehensive analysis of the transient stability of the GFL-
VSC under FRT condition, taking into account the influence of VDCI. The
investigation reveals the impact of the K-factors employed in the VDCI algorithm on
the existence of EPs and the transient dynamics of the GFL-VSC [J1]. To gain a
deeper understanding and offer guidance in selecting suitable K-factors that
guarantee the transient stability of the GFL-VSC, an analytical model is developed,
considering both PLL and VDCI dynamics [J1]. The effectiveness of the proposed
analytical model is validated through case studies conducted using both EMT
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Figure 2.16. Experimental results of transient dynamics, where Vgm drops to 0.2 p.u. (a)
K=1.7, t=1, £&=1, unstable. (b) K=1.75, ts=1, &=1, unstable. (c) K=2, ts=1, ¢=1, stable. (d)
K=1.75, ts=1, =10, stable. Source: [J1].
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Figure 2.17. Relationship between acceptable ranges of K-factor that guarantee the system
transient stability in respect to SCR. Source: [J1].

simulations and experimental tests [J1]. The validation demonstrates that the
analytical model not only yields accurate outcomes for assessing transient stability

but also exhibits computational efficiency [J1].
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CHAPTER 3. IMPACT OF REACTIVE
CURRENT INJECTION MODES ON
TRANSIENT STABILITY OF GFL-VSCS

3.1. INTRODUCTION

In practical applications, VDCI is often classified into two distinct modes: A-RCI
and R-RCI mode. These modes display variations in the reactive current bias along
the FRT curve, as documented in [72], [76]. Despite the extensive research on
transient stability analysis of GFL-VSCs, the investigation into how this bias
influences the transient stability of such systems remains largely unexplored in the
existing literature [C2]. This research gap emphasizes the need for a comprehensive
examination of the effects of the reactive current bias on the dynamic behavior and
stability performance of GFL-VSCs during FRT events [C2]. By addressing this
knowledge gap, researchers can gain insights into the design and operation of VDCI
strategies in grid-connected systems, ensuring the reliability of the GFL-VSC [C2].

To address this research gap, the study in [C2] conducts a comprehensive
investigation of the transient stability of GFL-VSCs utilizing both A-RCI and R-RCI
modes during FRT. The findings of this study are summarized in this chapter. The
study indicates that the R-RCI mode is better suited for improving transient stability
when the VSC operates with capacitive-reactive current injection during normal
operation [C2]. On the other hand, the A-RCI mode is found to be more suitable in
other scenarios [C2]. These results provide guidance for selecting the appropriate
mode based on the operational characteristics of the VSC. Finally, the theoretical
findings are validated by performing case studies.

3.2. SYSTEM DESCRIPTION

The schematic diagram (Figure 3.1) and synchronization unit (Figure 3.2) utilized in
this study are identical to those presented in chapter 2. The GFL-VSC employs a
single-loop current control scheme to ensure fast tracking of the output current
during transient dynamics, as shown in Figure 3.1. Additionally, Figure 3.2 depicts
the utilization of an SRF-PLL for synchronizing the GFL-VSC with the grid [C2].
To emulate fault operation, a magnitude sag in the grid voltage (V) is applied at the
instant of the grid fault [C2]. As the variables in Figure 3.1 and Figure 3.2
correspond to those introduced in chapter 2, this chapter refrains from providing a
detailed explanation of them.
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Figure 3.1. Control scheme of the GFL-VSC. Source: [C2].
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Figure 3.2. Synchronous reference frame PLL (SRF-PLL). Source: [C2].

In the event of grid faults, several existing grid codes require GFL-VSCs to
implement VDCI for the provision of capacitive-reactive current during FRT
conditions, as depicted in Figure 3.3 [73], [75], [76]. As a result, the current
reference (lveraq) during the FRT considering the effect of reactive current bias (Irerqn)
and current limitation (liim) can be expressed as (3.1) [C2].

refq =

(Kl
mm(v_l(lvc |_|Vcn |)+ Irefqb7 IIimJ

Voo |

when(|V, -]V, [)>0

" (3.1.1)
max[lv_“ml(lvc |_ |Vcn |)+ Irefqb' - IIimj
when(|V, [-]V,, ) <0

Letg = lim™ = et (3.1.2)

refq

where |Ven| and |V¢| represents the nominal voltage magnitude at PoC and detected
voltage magnitude at PoC respectively [C2]. The slope of FRT curves shown in
Figure 3.3 in per unit system is normally called K-factor [73], [75], [76]. The K-
factor, typically selected between 0 and 10 [72], [76], represents the responsiveness
of the injected reactive current to the voltage drop at the PoC, where a higher K-
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factor corresponds to a greater amount of reactive current injected by the GFL-VSC
for a given magnitude of voltage drop [C2]. The determination of lefp varies
depending on the reactive current injection mode: in the case of R-RCI, lrfqp
corresponds to the reactive current injection level of the GFL-VSC during normal
operation, while for A-RClI, I is set to zero [C2].

| AITEfq K=K,
lim| IK:Kl
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Figure 3.3. FRT curves. (a) A-RCI mode. (b) R-RCI mode. Source: [C2].
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Figure 3.4. Vector diagram. Source: [C2].
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Figure 3.4 depicts the vector diagram of the VSC-grid system during FRT, providing
a visual representation of variables in the system [C2]. The power angle (9) is
defined as the angle between the d-axis and the grid voltage (d=6pL.—6;). The angle
of current vector is expressed by st in (3.2) [C2].

I refq
Orr =—arctan (3.2

refd

Substituting (3.1) into (3.2) yields (3.3) [C2].

[Ve
KIIim [lvcn |_1 + Irefqb
v letr |
L [1-| K el _q1, Letan
|Vcn| IIim

| |
Wheni _1_ﬂ |Vcn |< (ch |_|Vcn |)<l 1_ﬂ |Vcn |
K | K |

lim lim

Ocpr = T (3.3)
Irefqb
1- I |Vcn |
lim

2
1 Irefqb
When(lvc |_|Vcn |)SE -1- |Vcn |

lim

—arctan

when(|V, |-|V,, [)>

x|+

z
2

The value of 6rrr, as indicated by a positive value, signifies the injection of
capacitive-reactive current by the GFL-VSC into the grid [C2]. It is evident from
(3.3) that the value of &rrr is influenced by both the K-factor and the chosen mode
of reactive current injection.

Under the assumption that the current control loop's bandwidth is considerably
higher than that of the PLL, it can be inferred that the ideal tracking of current
reference is attained, with lga=lweta, lgq=lrefq [C2]. Considering this assumption, the
equivalent circuit is shown in Figure 3.5.
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Figure 3.5. Equivalent VSC-grid system. Source: [C2].

3.3. ANALYSIS OF EPS
3.3.1. EPS CALCULATION

The procedure for calculating EPs is similar with chapter 2 but is repeated here for
clarity of this chapter. To calculate the EPs, V=0 can be represented as (3.4) [C2].

Vyimg +Vyq =0 (3.4)

cq =
Vgimg and Vgq can be further expressed in (3.5) [C2].

Viimg = 1@y Ly + 1Ry = 1, €OS Opr o Ly — 1y SIN G R (3.5.1)

lim
Vy =-V,sino (3.5.2)

Substituting (3.5) into (3.4), which yields (3.6) [C2].

lim COS eFRTa)g Lg = liim

Sin O R, =V, sino

7\/9‘1

(3.6)

Vgima

To solve (3.6), it is necessary to derive the relationship between § and ferr based on
VDCI algorithm characterized by (3.1), which is elaborated below [C2].

|V¢| can be calculated by using (3.7) [C2].

V| = /\_/Cd2 +V,° (3.7)

where V¢ and Vg represent the PoC voltages in the dg axis, respectively. These
voltages can be further expressed by adding the grid voltage and the voltage across
the grid impedance, as represented by (3.8) [C2].
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V, sin 6, cos 4, C0sd
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Vi COS Grpr —SiN Ogr -sing

The relationship between ¢ and &rrt can be derived in (3.9) through substituting
(3.7) and (3.8) into (3.6) [C2]. The EPs are then solved by the algebraic equations
composed of (3.6) and (3.9).
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lim

3.9)

3.3.2. GRAPHICAL METHOD-BASED EPS ANALYSIS

Equations (3.6) and (3.9) reveal the dependence of the existence and position of EPs
on both the K-factor and lerp [C2]. The influence of the K-factor has been
previously discussed in chapter 2, while the impact of I is specifically analyzed
in this chapter.

As discussed in subsection 3.3.1, EPs can be obtained as the solutions of the
algebraic equation system given by (3.6) and (3.9). These solutions can be
graphically obtained as the intersection points between the Vgimg-d curve, which can
be derived by replacing the Gerr in (3.5.1) with ¢ according to (3.9), and Vgsind
curve.

Figure 3.6 presents the Vgimg-d curves depicting various VSC operating modes
during FRT. These modes include the R-RCI mode with capacitive (lrefqp<0) or
inductive (lrefigp>0) reactive current injection prior to grid faults, along with the A-
RCI (lrefqp=0) mode during FRT [C2]. A noticeable trend in the Vgimq-d curves is the
downward shift with a decrease in lrtqo. This behavior can be explained by the fact
that smaller lqy leads to more negative lgq under the same voltage magnitude sag at
PoC, as expressed in (3.5.1). The more negative lgq will further lower Vgimg-d curves,
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Figure 3.6. Vgimg-0 curve and Vgsind curves. Source: [C2].

as presented in Figure 3.6. As the lower Vgimg-d curve has a higher possibility of
intersecting with the Vgsino curve, the likelihood of the existence of EPs is also
increased. Based on the findings, it is advisable to employ the R-RCI mode for GFL-
VSCs that utilize capacitive-reactive current injection prior grid faults, while the A-
RCI mode is more suitable for other scenarios [C2].

3.4. ANALYSIS OF TRANSIENT DYNAMICS
3.4.1. DYNAMIC MODEL DEVELOPMENT

This subsection introduces the large-signal model of GFL-VSC, which incorporates
the dynamics of synchronization and the profile of current injection [C2]. During the
transient dynamics, Grrt, weLL, J and |V¢| become time-varying, which is different
from static model presented in section 3.3 [C2].

The dynamic equation of the PLL is expressed in (3.10) [C2].
On = [p 0t = [ (0, + Aw )it = j[wg KV + Kijchdt)]dt (3.10)

where V¢q can be expressed in (3.11) [C2].

V, =V, . +V

g ~ Vgimg T Vgq
=1 @ L, +1,R, —V, sinG
=l (@, +8) Ly +1,,R, —V,sin s (311)

= Ly €08 Oy (@0, + 8 ) Ly — 1y SIN Oper R, —V, 5N 5

lim

Considering the phase angle of grid voltage 6y=[wdt, the following expression can
be derived [C2].
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On =0, + [ Aot = 6 = Aww (3.12)

The PLL’s dynamic equation can be reconstructed as (3.13) through substituting
(3.11) and (3.12) into (3.10) [C2].
lim

8 =Ky [ 1im €08 Orey (@, +8) L, = 1y SiN e R, =V, 50 5 |

3.13
+Ki_[[l,imc059FRT(wg+5)Lg—l,imsin6? R—Vgsin5]dt 3139

FRT ‘g

The voltage at the PoC and its respective components in the d and q axis can be
represented similarly to (3.7) and (3.8) by substituting wq with wpLL=wg+Aw. For
the sake of simplicity, these equations will not be repeated here.

To mitigate the impact of magnitude detection noise, it is necessary to utilize a first-
order low-pass filter (LPF) [C2].

|ch
a)P

VAR A (3.14)

where the filtered magnitude of the PoC voltage, denoted as |V, along with its first-
order differential, |V, and the cut-off frequency of the first-order LPF, represented
as ay, in (3.14) [C2]. Replacing |V¢| by |V in (3.3), the relationship between @rrr
and |V can be expressed as (3.15) [C2].

=)
|
Lin [1—| K (' Ver | —1] +
|Vcn | IIim

| |
when —[—1— Irefqb J |Vcn |< (lvcf | - |Vcn |)<%(1_ Irefqb ] |Vcn |

lim lim

Opr =1_7 (3.15)

|
(1_ Ifefqb ] |Vcn |
lim
Irefqb
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Finally, the differential equation system, which includes equations (3.13), (3.14),
and (3.15), can be used to solve the transient dynamics.

3.4.2. MODEL CROSS VALIDATION

To assess the efficacy of the proposed large-signal dynamic model, a cross-
validation process is conducted, comparing the results obtained from EMT
simulation and numerical calculations based on (3.13), (3.14), and (3.15) [C2]. The
validation outcomes are presented in Figure 3.7. To emulate grid faults, a deliberate
grid voltage drop is introduced at 2s, enabling the observation of transient dynamics
over a duration of 4s. The comparison between the EMT simulation and calculation
results, as depicted in Figure 3.7, demonstrates an agreement in both the A-RCI and
R-RCI modes for stable and unstable scenarios [C2]. Hence, the developed large-
signal model can be effectively employed to assess the system's transient stability
[C2]. It is important to acknowledge that minor deviations between the simulation
and calculation are acceptable, given that the fast dynamics of the current control
loop are not considered in the theoretical calculation [C2].
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Figure 3.7. Cross validation results. (a) A-RCI mode (K=1, lrefqp= 0 p.u.). (b) A-RCI mode
(K=5, lrefqb= 0 p.u.). () R-RCI mode (K=1, lrefqp=—0.1 p.u.). (d) R-RCI mode (K=5, lrefqp=—0.1
p.u.). Source:[C2].

3.5. CASE STUDIES AND DISCUSSION

The case studies in this chapter utilize the parameters specified in Table 3.1. The
objective of case studies is to examine the existence of EPs and investigate the
transient dynamics during FRT conditions by employing various reactive current
injection modes, which will be elaborated in this section [C2].

Table 3.1. Parameters list. Source:[C2].

Symbol Description Value (p.u.)
liim Rating current of VSC 20.00 A (1.00 p.u.)
Lg Grid inductance 32.19 mH (0.65 p.u.)

Rg Grid resistance 2.50 Q2 (0.16 p.u.)
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Table 3.1 Parameters list, continued. Source:[C2].

Symbol Description Value (p.u.)

311.13 V (1.00 p.u.) for
capacitive-reactive

. . current injection
v Grid voltage magnitude I
gs

during steady state 349.11 V (112 p.u.) for

inductive-reactive
current injection

Residual grid voltage

Vg magnitude 62.23V (0.20 p.u.)
Ko Proportional gain of PLL 0.012
Ki Integral gain of PLL 0.026
Rating magnitude of PoC
[Ven| voltage 311.13 V (1.00 p.u.)
g Nominal grid frequency 1007 rad/s
SCR Short circuit ratio during 150
steady state
K K-factor of FRT curves 1to5
Reactive current
heta reference bias 2A(01pu)
- Cut-off frequency of LPF o rad/s

for magnitude detection

3.5.1. ANALYSIS ON EXISTENCE OF EPS

Figure 3.8 presents the Vgimg-d curves and Vsind curve for different K-factors,
showecasing both the A-RCI and R-RCI modes [C2]. As discussed in section 3.3, the
intersection between Vgimg-d curves and Vgsind curve is more likely to occur when
lefgp 1S mMore negative, increasing the likelihood of the existence of EPs. The
graphical representation in Figure 3.8 confirms this statement. The existence of EPs
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Figure 3.8. Vgimg-d curve and Vgsind curves (K from 1 to 5). () R-RCI (lrefqp=0.1 p.u.). (b) A-
RCI (lrefgp=0 p.u.). (c) R-RCI (Irefqp=—0.1 p.u.). Source:[C2].

requires a minimum K-factor of 2 in the R-RCI (lrefp=0.1 p.u.) mode, 1.8 in the A-
RCI (lrefgp=0 p.u.) mode, and 1.7 in the R-RCI (lrergp=—0.1 p.u.) mode [C2]. Hence,
for enhanced transient stability of the system, it is advisable to employ the R-RCI
mode when the GFL-VSC operates with capacitive-reactive current injection during
normal operation, and the A-RCI mode when the GFL-VSC operates with inductive-
reactive current injection during normal operation [C2].

3.5.2. TRANSIENT DYNAMICS EVALUATION

The existence of EPs is solely an essential requirement for ensuring the transient
stability of the system [C2]. The ability of the system to reach and converge to EPs
during grid faults depends on its transient dynamics performance, which are
assessed in the following analysis. To assess the transient dynamics of the system, a
grid voltage drop is intentionally introduced at 2s, and the observation period spans
4s [C2]. The calculation of transient dynamics' trajectory is conducted using the
large-signal model introduced in section 3.4, and the obtained results are depicted in
Figure 3.9 for both A-RCI and R-RCI modes [C2]. Based on the calculations, two
key points can be drawn [C2]:

e The reactive current injection modes have impact on the initial state of the
system's transient dynamics. This effect is demonstrated in Figure 3.9,
where different modes of operation result in zero, positive, and negative
initial values of frrt. Specifically, the A-RCI mode (Irefqp= 0 p.u.) exhibits a
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Figure 3.9. Transient dynamics. (a) A-RCI mode (K from 1 to 1.92, lrefqv=0 p.u.). (b) A-RCI

mode (K from 2.03 to 5, lrefqp=0 p.u.). (€) R-RCI mode (K from 1 t0 1.72, lrefqv=—0.1 p.u.). (d)

R-RCI mode (K from 1.79 to 5, lrefqp=—0.1 p.u.). (¢) R-RCI mode (K from 1 t0 2.12, lrefqp=0.1
p.u.). (f) R-RCI mode (K from 2.25 to 5, Iretqp=0.1 p.u.). Source: [C2].
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zero initial value, the R-RCI mode (lrefqp= —0.1p.u.) shows a positive initial
value, and the R-RCI mode (lrfqp= 0.1p.u.) displays a negative initial value.
This finding validates the applicability of the developed model in
evaluating the influence of the smooth transition between normal operation
and fault operation of GFL-VSC on the performance of transient dynamics.

e Furthermore, the reactive current injection modes have an impact on the
minimum value of K-factor (denoted as Kminstanie) that guarantees transient
stability of the system. In Figure 3.9, Kminstable approximates to 2.03, 1.79
and 2.25 for A-RCI mode (lrefqp=0p.u.), R-RCI mode (lrefgp=—0.1p.u.) and
R-RCI mode (lrefp=0.1p.u.), respectively. This suggests that the selection
of the appropriate K-factor to ensure satisfactory dynamic performance of
the system should be adjusted based on the chosen reactive current
injection mode.

3.6. SUMMARY

This chapter provides an investigation into the transient stability of GFL-VSCs
considering different modes of reactive current injection [C2]. To accomplish this
objective, a comprehensive large-signal model incorporating the dynamics of the
PLL, and current injection profile is formulated [C2]. The findings of this work
demonstrate that the choice of reactive current injection mode significantly affects
both the existence of EPs and the transient dynamics of GFL-VSC during FRT [C2].
Furthermore, additional case studies are conducted to validate the theoretical
findings presented in this work [C2].
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CHAPTER 4. TOV ANALYSIS OF GFL-
VSCS DURING FAULT RECOVERY

4.1. INTRODUCTION

Many previous research on TOV analysis of grid-connected devices has concluded
that the excessive capacitive-reactive current injection during grid fault recovery is
the main cause of TOV [114], [115], [118], [120]-[125], and pointed out that the fast
reduction of reactive current injection upon fault clearing could be the
straightforward solution to mitigate TOV. However, it is important to note that the
conclusion is applicable to GFL-VSCs operating as current sources (CS) during
TOV analysis, where the output current can effectively track the current reference.
Nevertheless, this conclusion cannot be generalized if the modulation limiter of the
GFL-VSC is activated during fault recovery, indicating the operation of the GFL-
VSC under the modulation saturation (MS) mode [C3]. In such cases, different
considerations and analyses are required to accurately assess the TOV of the GFL-
VSC.

To address the research gap, this chapter, thus, performs a comprehensive TOV
analysis of GFL-VSC by considering the impact of MS. The main contributions are:

1) A rigorous calculation of the magnitude of PoC voltage (V.) of GFL-VSC
is performed under CS and MS mode. It is found out that when the GFL-
VSC is operated under the MS mode, the output current cannot follow its
reference. Hence, the modulation limiter primarily influences Vc, while its
correlation with the current reference settings of the GFL-VSC is indirect.

2) The faster reduction of reactive current reference does not necessarily lead
to a better mitigation of TOV. This is attributed to the fact that a rapid
change in the current reference makes it more challenging for the accurate
tracking of the reference by the output current of the GFL-VSC, leading to
prolonged duration of MS and, consequently, an extended duration of TOV.
Specifically, it is discovered that a high rate of change of the current
reference (ROCOCR) is introduced when the current reference generation
of GFL-VSC switches from FRCI mode to VDCI mode during fault
recovery. This mode switching causes a longer TOV duration compared to
the scenario where the current reference of GFL-VSC consistently operates
in the VDCI mode.

In the end, it is suggested that the ROCOCR should be moderate to ensure a better
mitigation of TOV.
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4.2. SYSTEM DESCRIPTION

Figure 4.1 illustrates the system diagram of a GFL-VSC connected to a grid with
inductive grid impedance. The output current (ly) of the VSC is regulated in the SRF
through the utilization of a proportional-integral (PI) controller [C3].
Synchronization between the VSC and the grid is achieved through an SRF-PLL
[C3], as depicted in Figure 4.2. Basic operation of the utilized system in this chapter
is same with chapter 2 and 3. Thus, similar details for system description will not be
repeated hereafter. One distinction between this chapter and its preceding
counterparts lies in the trigger state of the modulation limiter. The modulation
limitation can be triggered when the output of current controller is large enough
during dynamics, which is the focus of this chapter.

Figure 4.3 demonstrates the adjustment of the injected reactive current in GFL-
VSCs during FRT, which is based on the deviation (V¢-Ven) between the measured
voltage magnitude (V) and the nominal voltage magnitude (Vcn) at the PoC [73],
[75], [76]. Thus, the current references (lrefa and lrerq) during FRT can be expressed
in (4.1) [C3].

Vo =/ Voun o Ve LBy Vg 20,
é ~ JAFa i Ry, Lo
Dri abc OpLL
rive| dg PLL ik
Pulses

¥lgaq . ngwil_f Vg id |
Mgin re
PWM ] ade mgqout (/\_ d d e 0 m e fd
) i > fnnm M € € m Q
qin refq

o
PLL lgs1Ls Veq lgq

Figure 4.1. Control scheme of the GFL-VSC. Source: [C3].

V. .«£6 b Vg o
c<Ov | abc_~|—>
dg [Veg Kp+Kifs Aw @PLL 5 1/s Oeur

T

Figure 4.2. Synchronous reference frame PLL (SRF-PLL). Source: [C3].
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Figure 4.3. Current injection requirement [73], [75], [76].

Ilim' if %(Vc _Vcn) > IIim
Irefq = %(Vc _Vcn )7 if - IIim < %(Vc _Vcn ) < IIim (411)

it Kl v )<
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lim? lim

[ | 2] 2 4.1.2)

refd — lim refq

The slope of the curve of current injection requirement in the per-unit system,
known as the K-factor (K), typically ranges from 0 to 10 voltage [73], [75], [76].
The GFL-VSC has two control modes during FRT, the VDCI mode if -liim<lrefq<liim
and the FRCI mode when lrfq triggers the current limitation, as shown in Figure 4.3

and (4.1).
The upper and lower boundaries for the voltage magnitude (Vcupper and Veiower) that

result in the switching of control modes can be determined using (4.1), which is
expressed as (4.2) [C3].

1
chpper = (1_'— E]Vcn y (421)

1
Vclower = [1_ Ejvcn . (422)

The detection of voltage magnitude is commonly achieved using a first-order LPF in
practical applications, which is given in (4.3) [C3].

_ S
S+ 2xf,

v, (4.3)

cf
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In (4.3), the filtered PoC voltage magnitude and the cut-off frequency of the VMDF
is represented by V¢ and fe, respectively. The value of Vs is used to modify the
injected reactive current, rather than V. in (4.1). Therefore, the VMDF dynamics
would affect the dynamics of current reference update during the fault recovery.

Figure 4.4 illustrates the vector diagram of the VSC-grid system during FRT, which
formulates the physical quantities within the system in a graphical representation.

There are two operation modes of GFL-VSCs, which result in different equivalent
circuit:

CS mode. Under the assumption of the current loop having a much higher control
bandwidth compared to the PLL, it is reasonable to consider ideal tracking current
reference, i.e., lga=lrefd, lgg=lrerq, provided that the modulation limiter remains
inactivated [57]. In this scenario, the GFL-VSC can be considered as a regulated
current source, where its output current accurately tracks the specified current
reference settings, as depicted in Figure 4.5 [57].

MS mode. The assumption on the idealized current control loop no longer holds in
the event of activation of the modulation limiter, leading to changes in the
equivalent circuit, as demonstrated in Figure 4.6 (Lt represents the filter inductance)
[C3]. The principle of vector limitation of modulation reference is depicted in Figure
4.7. The output magnitude of the modulation limiter (moy) is restricted to the dashed
line circle with a corresponding radius of mjm, in situations where the input
magnitude of the modulation limiter (mi,) exceeds its limit.

The dg-axis component of the unlimited modulation vector is represented by mugin,
whereas Mqqout refers to the dg-axis component of the limited modulation vector. The
angle between the d-axis and the modulation vector is denoted by 6 [C3].

\\ OrrT

Irefq
g ||\ref|:ﬂirp, 7

Figure 4.4. Vector diagram of physical quantities of GFL-VSC system during FRT. Source:
[C3].
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Figure 4.5. Equivalent circuit of the GFL-VSC system under CS mode. Source: [C3].

PoC
' V.26, Grid Impedance Grid
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Figure 4.7. Vector limitation of modulation reference. Source: [C3].

4.3. TOV ANALYSIS

4.3.1. MAGNITUDE OF POC VOLTAGE UNDER DIFFERENT OPERATION
MODES OF THE GFL-VSC

To compute the voltage magnitude at PoC, the power angle and the current injected
by the VSC are utilized to express Vca(t) and Vo(t), as illustrated in (4.4) [C3].

Vi (1) 2V,C085 () + R, Ly (£) — o (1)L Iy, (8)+ L, d'%t(t) (4.4.1)
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Vi () = V,8inG (£)+ R, I, (£)+ o ()L, 1y (6)+ L, d'%t(t) (4.42)

The relationship between mgy: and V. can be formulated as (4.5) [C3].

Mo (1) = —ome (D)L 1, (£)+ L d'%t(t)wm t) (4.5.1)

gq (t)

Myout (t) Wp (t)Lflgd (t)+Lf cq( ) (4-5-2)

By considering the impact of modulation and the injected current of the VSC, V. can
be expressed more comprehensively by combining equations (4.4) and (4.5), as
presented in (4.6) [C3].

R, L,

Ve (t): L, + gd( ) dout( )

L, coss(t) (4.6.1)

ca( )_

Mo (t)— sm S(t) (4.6.2)

This research work employs an inductive grid impedance. As a result, the impact of
the coefficient of the injected current terms (RqgL#/Lg+Ls) is deemed negligible when
compared to the coefficients of the modulation terms (Lg/Lgt+Ls) and grid voltage
terms (L#Vy/LgtLs) [C3]. Consequently, it is feasible to disregard the effect of
injected current terms (RgLlgdq(t)/Lg+Ls) when estimating the magnitude of TOV, as
stated in (4.7) [C3].

o () Vim0 (1)

z\/(l_gmm(t)} +( ;. VQJ 2 LQ mdout(t) L VgCOS(S(t)-Z
L+, L+ L,+L, L+L, Lf

L, : 2 L
:\/[ngl_,mw (I)J +[ |_;|_f ng +2 L :Lf My (1) L;Lf Vgcos[é)m (t)-g(,)]

(4.7)

where mou(t) in (4.7) can be expressed by its dg-axis components in (4.8) [C3].

mout (t \/m dout (t qout ( ) (48)

For CS mode, mou<miim in (4.7) always holds since the modulation limiter is not
triggered, which yields (4.9).
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L, L L
- mg, (t) + V, \V/

Vc(t)S g < My, + g
L, L +L, L+ L, L+ L,

- (4.9)

For MS mode, mou=miim is yielded. Moreover, as the absolute value of the function
cos(Om(t)-o(t)) in (4.7) is less than or equal to 1, the upper boundary of the PoC
voltage magnitude (Vi) can be calculated by considering |cos(0m(t)-(t))|<1, which
yields (4.10).

Ly L
Vc (t) S\/cub ~ Lg + Lf rnIim + I—g + Lf Vg (410)

It is worth noting that Ve, can be also considered as the upper boundary of the PoC
voltage magnitude under CS mode since (4.9) always holds under CS mode.

Figure 4.8 depicts the relationship between the estimated Vb, derived from (4.10),
and Lg. The results indicate that a weaker grid may increase the risk of higher TOV.

However, in previous work, the constrains meu<miim is often omitted in calculating

PoC voltage magnitude together with the assumption of lga(t)=lera(t), lgq(t)=lrefq(t). In
such case, V. can be calculated based on (4.4), which yields (4.11).

Ve (t)=3Ves” () +Ve" (1)

dt (4.12)

{Vgcosé(t)+ Ry lerg (1) =@ (1) Ly ey (1) + L

| d ()
{-Vgsmcs(t)+ Ry lierg (1) + @i (1) Lyl (1) + 1 éqt( )}

(4.11) is equivalent to (4.7) if the modulation limiter is not triggered. However,
when the modulation limiter is triggered, the calculation based on (4.11) would lead
to an inaccurate prediction of V..

Finally, the mode switching of the GFL-VSC can be summarized in Figure 4.9.
When the GFL-VSC operates with CS mode, |4 can track current reference. The PoC
voltage in such case can be calculated based on either (4.7) or (4.11) considering the
effect of current reference and grid voltage. However, when the GFL-VSC operates
with MS mode, Ig cannot track current reference. Then, the PoC voltage can be only
calculated by (4.7) considering the effect of modulation limitation and grid voltage
[C3].
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Figure 4.8. Relationship between estimated Veus by (4.10) and Lg (K=3).
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Figure 4.9. Mode switching of the GFL-VSC.

4.3.2. TOV ANALYSIS UNDER THE CASE WITH SLOW UPDATE OF
CURRENT REFERENCE

Figure 4.10 depicts the voltage magnitude response of GFL-VSC at PoC and control
details when the grid voltage recovers from 0.2 p.u. to 1 p.u. at 2.5 with slow
update of current reference case (to emulate the slow update of current reference,
fc=0.1Hz is selected). The system parameters list in this study is shown in Table 4.1.
Due to the slow update of current reference, the GFL-VSC is kept injecting
excessive capacitive-reactive current during the fault recovery with lerq =0 p.u. and
Irefq = -1 p.u., which may lead to the TOV. However, it is also clear from Figure 4.10
that the modulation limiter is triggered in this scenario due to mix>mou, and hence,
calculating V¢ based on (4.11), i.e., without considering the modulation limiter,
yields V. =1.367 p.u. at 2.58s, which is much higher than the simulation results
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where V; =1.186 p.u. at 2.58s. In contrast, the calculation results based on (4.7) with
the modulation limiter considered agree with the simulation results, as shown in
Table 4.2 and Figure 4.10. The case study here further validates the necessity to
consider the effect of MS on TOV during fault recovery.

4.3.3. TOV ANALYSIS UNDER THE CASE WITH FAST UPDATE OF
CURRENT REFERENCE

To explore the characteristic of TOV response under fast update of current reference
case, fc is increased to 10Hz. Corresponding voltage response and control details are
shown in Figure 4.11. Although the speed of voltage magnitude detection is
increased, the TOV still occurs due to the unavoidable-triggered MS mode during
grid fault recovery [C3]. Different from slow update response in 4.3.2, where the
current reference of the GFL-VSC is kept at the FRCI mode upon the fault
clearance, the effect of control mode switching from FRCI to VDCI on TOV
response in Figure 4.11 also need to be considered, which is elaborated below.

4.3.3.1 Current Reference Surge Caused by Control Mode Switching

In Figure 4.11, initially, the output magnitude of the modulation limiter is
constrained, as indicated by the limited mey in the final set of waveforms. The
current reference adheres to the FRCI mode, with lierq maintained at 0 and lerq kept
at -1 p.u. from 2.5s to 2.502s. When V¢ surpasses Veiower (0.67p.U.), lretd and lrefq
increase with a higher rate of change of current reference (ROCOCR) than in
subsequent dynamics, as shown by the blue curves in the third and fifth set of
waveforms in Figure 4.11. At 2.502s, they switch to the VDCI mode. This process
can be explained by differentiating (4.1) with respect to time t within the VDCI
mode, which yields (4.12) [C3].

dlrefq (t) _ Kl dVy (t)
Vv dt (4.12.1)

cn

_|refq (t) di refq (t)

d _ Kl | (1) AV (1) (4.12.2)

dlrefd (t) —

dt \/l 2Iim - | Zrefq (t) Vcn Irefd (t) dt

According to (4.12.2), dlesa(t)/dt is dependent on the ratio of lrefq(t) tO lrera(t). In the
initial phase of the VDCI mode, Irta(t) approaches zero while lrerq(t) approaches -ljim,
leading to an extremely high value for the ratio lwerq(t)/lrera(t). Simultaneously,
dVe(t)/dt is positive due to the current reference being switched from the FRCI
mode to the VDCI mode [C3]. The combination of the very high ratio lretq(t)/Irea(t)
and the non-zero dVc«(t)/dt results in a considerable increase in dlf(t)/dt, causing a
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Figure 4.10. Detailed simulation waveforms with slow update of current reference (fc=0.1Hz,
K=3). Source: [C3].

surge in lrera(t). Additionally, lrq(t) also undergoes a rapid increase during this time
according to (4.1) [C3].

The rapid increase in current reference leads to an extended duration of the saturated
output magnitude of the modulation limiter, as depicted in Figure 4.12 [C3].
Specifically, in Figure 4.12, the moment at which the current reference surge
corresponds to a transition point of increasing rate on the m;, waveform.
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Symbol
liim

Lg
L¢

Ry

Ven

fa_pLL

kic

fB_cc
Qg

SCR

fc

Description

Current rating magnitude
of the VSC

Grid inductance
Filter inductance
Grid resistance

Nominal grid voltage
magnitude

Residual grid voltage
magnitude during grid
fault

Settling time of PLL
Damping ratio of PLL
Proportional gain of PLL
Integral gain of PLL
Bandwidth of PLL

Proportional gain of
current loop controller

Integral gain of current
loop controller

Bandwidth of current
control loop

Nominal grid frequency

Short circuit ratio during
steady state

K-factor

Bandwidth of VMDF
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Table 4.1 Parameters in case studies. Source:[C3]

Value (p.u.)
500 A (1.00 p.u.)

3.30 mH (0.44 p.u.)
0.76 mH (0.1 p.u.)
0.24 Q (0.1 p.u.)

1200 V (1.00 p.u.)

240V (0.20 p.u.)

0.1s
5
0.077
0.071
14.6 Hz

4.8

0.096

1000 Hz
100z rad/s (1.00 p.u.)
2.24

20r3

0.10or10Hz
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Table 4.2 Comparison of V. calculation results.

Calculation result Calculation result Simulation result in
provided by (4.7) provided by (4.11) Figure 4.10
1.186 p.u. 1.367 p.u. 1.186 p.u.

This transition point further results in the prolonged duration of both the MS mode
and TOV [C3].

In contrast, Figure 4.13 presents comprehensive simulation results for the scenario
where K=2. In this scenario, the current reference dynamics directly initiate from the
VDCI mode after the grid fault clearance at 2.5s. Notably, the duration of TOV is
reduced as the rapid increase of current reference is prevented.

4.3.3.2 TOV Mitigation

As highlighted in subsection 4.3.3.1, the current reference surge in the control
algorithm can extend the duration of modulation limiter saturation and TOV [C3].
Therefore, alleviating the TOV may be possible by reducing the ROCOCR during
MS [C3]. Figure 4.14 depicts the simulation results, corresponding to Figure 4.11,
with a reduced ROCOCR (where the maximum increasing rate of l.rq is limited at
10 p.u./s) [C3]. Evidently, the duration of TOV in Figure 4.14 is shorter, thereby
validating the feasibility of adjusting ROCOCR in the control algorithm to mitigate
TOV [C3].

4.4. SUMMARY

This chapter investigates the transient overvoltage of GFL-VSCs during fault
recovery. The analysis indicates that TOV response of GFL-VSCs is highly
influenced by MS mode, under both slow and fast update of current reference
scenario. Furthermore, for fast update of current reference scenario, the duration of
TOV is extended by the current reference surge. Mitigating the TOV may be
achievable by reducing ROCOCR [C3]. Additionally, the upper boundary of TOV
can be estimated by a constant value during the MS mode to provide intuitive insight
for TOV prediction [C3]. Thus, from the perspective of TOV mitigation, update of
current reference with moderate speed and smooth mode switching is preferred.
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Figure 4.11. Detailed simulation waveforms from the instant of grid fault recovery to steady
state to formulate current reference surge during MS mode (fe=10Hz, K=3). Source: [C3].
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Figure 4.12. Extended TOV duration induced by current reference surge (f.=10Hz, K=3).
Source: [C3].
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Figure 4.13. Shortened TOV duration by avoiding current reference surge (fe=10Hz, K=2).
Source: [C3].
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Figure 4.14. Simulation results with reduced ROCOCR (fc=10Hz, K=3). Source: [C3].
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CHAPTER 5. CONCLUSIONS AND
FUTURE WORKS

5.1. CONCLUSIONS

This thesis conducted research on transient stability and overvoltage analysis of
GFL-VSCs. Conclusions can be drawn as follows.

e The analysis of transient stability of GFL-VSCs under FRT conditions
considering the influence of VDCI is achieved [J1], [C1]. The findings
reveal that the K-factors employed in the VDCI algorithm have a notable
influence on both the existence of EPs and the transient dynamics of the
GFL-VSC during FRT [J1]. To provide insight for selecting appropriate K-
factors ensuring the transient stability of VSCs, this study develops an
analytical model of GFL-VSC that incorporates the dynamics of PLL and
VDCI [J1]. The efficacy of the developed analytical model is validated
through case studies involving EMT simulations and experiments,
demonstrating its ability to provide accurate results for transient stability
evaluation while maintaining computational efficiency.

e The investigation of the transient stability of GFL-VSCs under various
reactive current injection modes is achieved [C2]. To this end, a
comprehensive large-signal model is developed, incorporating the
dynamics of PLL and current injection profile [C2]. The model is further
utilized to assess transient stability of GFL-VSCs under various reactive
current injection mode [C2]. It is revealed that the reactive current injection
mode influences both the existence of EPs and the transient dynamics
performance of GFL-VSC during FRT [C2]. Furthermore, the
recommendation of selecting reactive current injection mode to ensure
transient stability is provided [C2].

e The exploration for the TOV phenomenon in GFL-VSCs during fault
recovery is achieved. The investigation reveals that the TOV is highly
influenced by MS mode in both slow and fast current reference update case.
It is also found that, for fast current reference update case, the duration of
TOV is extended by the current reference surge caused by control mode
switching [C3]. Moreover, reducing ROCOCR could potentially mitigate
TOV [C3]. Theoretical findings are validated through case studies in EMT
simulations.

5.2. FUTURE WORKS

Several future works based on this PhD project can be expected as below.
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The focus of this PhD project is centered on the investigation of
symmetrical grid voltage sag and swell events as significant disturbances.
These specific forms of disturbances have been studied to assess their
impact on GFL-VSC. However, it is important to acknowledge that there
are various other types of disturbances that can occur in practical grid.
Examples of such disturbances include asymmetrical faults, cascaded
faults, grid voltage phase jumps, and large load swings. Future research
endeavors should consider these additional types of disturbances to
comprehensively analyze the transient stability and overvoltage response of
GFL-VSCs in diverse operational conditions.

This PhD project focuses on a single converter-based system, but
considering the cooperation of multiple converters in real power systems is
important for gaining further insights into transient analysis. Understanding
the interactions between multiple converters and the power grid can
enhance the comprehension of system dynamics during transient events.
This PhD project simplifies the analysis by considering an ideal grid
condition, where the grid is represented by an ideal voltage source.
However, for practical applications, it is necessary to model the grid side as
a SG or a GFM-VSC to account for the dynamics and capture the complex
interactions between the GFL-VSC and the grid. Further investigation is
required to understand the mechanisms and dynamics of these complex
interactions to meet the operational needs of real-world scenarios.

The focus of this PhD project is on the synchronization stability of GFL-
VSCs specifically under voltage sag conditions. However, in real power
systems, ensuring system reliability requires considering not only
synchronization stability but also voltage and frequency stability. Therefore,
it is crucial to investigate various types of stability issues in future research
to comprehensively address the stability challenges faced by GFL-VSCs in
practical power systems.
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