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Summary

The aim of this thesis is to investigate supplementary control strategies in
Grid-forming voltage source converters (GFM-VSCs) to improve transient
stability in power systems with 100% non-synchronous generation.

The motivation behind this study is to address the challenges associated
with integrating renewable energy sources into power systems, leading to a
higher presence of non-synchronous generators. With the increasing integra-
tion of non-synchronous generation sources such as wind and solar, stability
becomes challenging due to the fast dynamics of the voltage source converters
(VSCs) connecting non-synchronous sources to the grid. These generators
have different characteristics compared to traditional synchronous genera-
tors, which can affect the stability of power systems. As more renewable
energy sources are integrated into the grid, the overall inertia of the system
decreases, significantly affecting the system’s stability. This scenario poses
a significant challenge to power system stability, particularly transient sta-
bility. Thus, there is a need to adapt to this changing landscape to ensure
grid stability. The study aims to contribute to understanding the analy-
sis of the transient stability improvement in electrical power systems with
100% non-synchronous generation, providing valuable insights for control of
GFM-VSCs in future power systems.

The use of GFM-VSCs in these types of systems creates a need for control
strategies that can improve transient stability. Therefore, this thesis aims to
address this need by analysing the transient stability of power systems with
100% non-synchronous generation and proposing control strategies based on
active- and voltage /reactive-power control in GFM-VSCs for transient sta-
bility improvement.

This thesis compares various self-synchronisation mechanisms of GFM-
VSCs under different scenarios, analysing their impact on transient stabil-
ity. Moreover, two proposed Fast Voltage Booster (FVB) strategies based
on voltage/reactive-power controls aim to enhance transient stability by ad-



justing the voltage set-point without significant changes to primary energy
source set-points. One control strategy (FVB-L) uses local measurements,
while the other (FVB-WACS) uses global measurements of the frequency of
the center of inertia (COI). The thesis also analyses the impact of FVBs
when employing different current limiters (current saturation algorithms and
hybrid current limiters) in GFM-VSC-based generators. Additionally, a lo-
cal active-power control strategy (TSP-L) is introduced and compared with
two existing control strategies from the literature, aiming to further improve
transient stability in power systems with 100% non-synchronous generators.
The proposed strategies provide valuable insights for control of GFM-
VSCs in future power systems. By addressing this issue, this research hopes
to contribute to the development of more stable and reliable power systems,
which are essential for the transition towards a sustainable energy future.
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Chapter 1

Introduction

1.1 Thesis topic

1.1.1 Power systems with large amounts of non-synchronous
generation

Electrical power systems have traditionally been dominated by conventional
synchronous generation. However, this scenario is changing with the increas-
ing integration of renewable energy sources. In recent years, several coun-
tries, including Denmark, Germany, Spain, the United States, and the United
Kingdom, have incorporated large amounts of renewable energy sources us-
ing converter-based generation within their power systems. Wind and solar
photovoltaic generation are connected to the grid through voltage source con-
verters (VSCs) and are often called non-synchronous generation. Depending
on the specific technology, they can be fully (e.g., type-4 full-converter wind
turbines or PV generators) or partially (type-3 doubly-fed induction genera-
tors (DFIG) wind turbines) interfaced with the grid [Singh'11].

Stability is a great challenge in power systems with high penetration
of non-synchronous generation. Models and methods for stability analy-
sis assessment of conventional power systems dominated by synchronous
generation are well-established. However, the massive integration of non-
synchronous generation technologies, such as wind and solar, introduces new
challenges. These challenges arise from the fast dynamics of the VSCs that
connect non-synchronous sources to the grid.

Synchronous-generation-based power systems are dominated by the slow
electromechanical dynamics of synchronous generators, where the time con-
stants of interest are about 0.1 — 10 s [Milano'10|. Models used in stability
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assessment of synchronous generation-based stability power systems include
dynamic representations of the synchronous machine dynamics and their con-
trollers. They also include simplified representations of FACTS and HVDC
devices. However, the dynamic of the machine stator transients and the grid
are not represented. In contrast, electrical power systems with a high pene-
tration of non-synchronous generators are dominated by the fast dynamics of
the VSCs. The dynamics of VSCs are much faster than the electromechan-
ical dynamics. For example, the outer controllers of a VSC typically have
time constants in the range 10 — 100 ms |[Beerten'14].

Even with significant penetration of non-synchronous generation, stabil-
ity may still be dominated by the slow dynamics of synchronous machines.
Nevertheless, the main issue is the changing dynamic behaviour of power
systems with high penetration of non-synchronous generation. As more re-
newable energy sources are integrated into the grid, the overall inertia of
the system decreases, significantly affecting the system’s stability. As the
power system is rapidly incorporating renewable energy sources, it brings
new challenges to the transmission system operators (T'SOs) responsible for
maintaining the stability of the power system. Therefore, in scenarios close
to 100% non-synchronous generation, TSOs must adapt to this changing
landscape in order to ensure grid stability.

A power system is stable if it is capable of maintaining in a steady-state
equilibrium point under normal conditions and it reaches a new equilibrium
point when disturbances occur [Kundur'04|. This can be achieved by main-
taining the frequency within an admissible range (Frequency stability) and
the synchronism of generators (Angle stability) in case of disturbances. In
conventional power systems dominated by synchronous generators, the ro-
tating inertia determines the angle and frequency stability phenomena. As
the penetration of non-synchronous generation increases, the total inertia of
the power system will decrease. In large-scale power systems with a high
penetration or even 100% non-synchronous generation, the stability of the
power system is a much more complex problem because the dynamics of the
system will depend strongly on how the VSC generators are controlled.

A VSC can be controlled in different ways. Most extended approaches
are [Guerrero'll; Guerrero'13a; Guerrero'13b|:

¢ Grid-following voltage source converter (GFL-VSC), also named
grid-feeding VSC: is modelled as a current-controlled VSC, as shown
in Figure 1.1, which controls the current injection (linked to the active-
and reactive-power injections) into the AC grid. Grid-following con-
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verters would synchronise with the frequency measured at their AC
buses using a phase-locked loop (PLL). The converter synchronises to
the grid voltage at its AC bus using a PLL, so it is important to re-
mark that the converter requires an AC grid to be connected. GFL-
VSCs may also have supplementary controllers for active and reactive
power injections to provide support frequency and voltage to the sys-
tem |[Rocabert'12].

GFL-VSC e ~N

Rest of the
system

R
N

'
G

r

Figure 1.1: The GFL-VSC is modelled as a current controller.

Grid-forming voltage source converter (GFM-VSC): is mod-
elled as a voltage-controlled VSC, as shown in Figure 1.2, that controls
the voltage and the frequency of the AC grid. In this case, a con-
verter can create a grid supplying passive loads, and the frequency
of the system is the result of a control algorithm, and it is not nec-
essarily linked to any electromechanical interaction. GFM-VSCs need
synchronisation methods to synchronise with a grid without other types
of generators. GFM-VSC converters can be synchronised by emulat-
ing the behaviour of synchronous machines (with the so-called virtual-
synchronous-machine (VSM) and power /frequency-droop control tech-
niques) |[DArco'14; Rocabert'12; Yu'l6|.
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Figure 1.2: The GFM-VSC is modelled as a voltage controller.

Supplementary controllers can be implemented in either of the two ways of
controlling a VSC, which will significantly impact power system stability, es-
pecially when considering scenarios with high penetration of non-synchronous
generation. In scenarios where multiple GFM-VSCs operate in a power sys-
tem, it is essential to have a self-synchronisation mechanism to ensure that
all converters reach the same frequency in steady state. Fortunately, unlike
grid-following VSCs, synchronisation can be achieved without the use of a
phase-locked loop (PLL) by using additional control strategies. The major-
ity of those supplementary control strategies mimic the behaviour of con-
ventional synchronous generators. The most common option in alternating-
current (AC) power systems is the so-called power-frequency (P-f) droop
|Rocabert'12; Olivares'14|. Meanwhile, controllers for emulation of syn-
chronous machines have become the most common option in modern large
power systems, and they are so-called synchronverters [Zhong'11] or virtual
synchronous machines (VSM) [DArco'l5; Roldan-Pérez'19|. Furthermore,
the work in [DArco'14| proved that P-f droop supplementary controllers
and VSM supplementary controllers are equivalent. A different approach for
self-synchronisation of GFM-VSCs is the concept of reactive-power synchro-
nisation, proposed recently in [RodriguezA'21].

1.1.2 GFM-VSCs in power systems

The grid-forming VSC (GFM-VSC) is considered the key technology for
the operation of future electrical power systems, ranging from small micro-
grids [Rocabert'12; Olivares'14| to large transmission systems [Milano'l8;
Paolone'20|. The main characteristic of a GFM-VSC is that it is capable of
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creating a grid by controlling its output voltage magnitude and frequency.
This is not possible with most extended grid-following VSCs, which need an
external grid to be connected.

In power systems with 100% non-synchronous generation, synchronisa-
tion of VSC converters becomes particularly necessary. While large power
systems with 100% non-synchronous generation are not yet a reality, concepts
proposed for microgrids can be applicable. Microgrids with 100% non-syn-
chronous generation require VSC converters to be synchronised using sup-
plementary control strategies. An important concept is that any system with
100% non-synchronous generation must have at least one converter controlled
as GFM-VSC, which means that it is mandatory to have at least one device
capable of imposing the frequency of the system (“creating the grid”). In
GFM-VSC converters with virtual synchronous machines (VSM) or power-
frequency control droop, this grid-forming role can be distributed among
multiple converters, due to self-synchronisation mechanisms.

Research studies such as those conducted in the European project MI-
GRATE |Qoria'18a] have analysed the stability and performance of power
systems with 100% non-synchronous generation, emphasising the need for
GFM-VSC converters and different control variants. For example, a study
[Ramasubramanian'18] investigated a power system with 100% VSC-based
generation and demonstrated stable system operation through the use of grid-
forming converters with grid-following converters implementing frequency
and angle power droop. Another work [Watson'19] examined the stability
of a small power system with two VSC generators, concluding that passivity
techniques could be employed to design supplementary controllers and ensure
system stability.

The transition from conventional synchronous generation to systems with
100% non-synchronous generation poses challenges regarding the inertial re-
sponse of power systems. Conventional power systems rely on rotating in-
ertia provided by synchronous generators to maintain angle and frequency
stability. However, with an increasing share of non-synchronous generation,
the overall inertia of the power system decreases, impairing the inertial re-
sponse of the power system. Low-inertia systems combine conventional and
non-synchronous generation, presenting operational and stability challenges
[Milano'18|. Insights into stability issues faced by modern low-inertia sys-
tems, particularly frequency stability, can be obtained from existing low-
inertia systems such as geographic islands [Sigrist'12]. Small-signal stability
analyses have been carried out to study stability in low-inertia power systems
with VSC converters controlled as grid-forming or grid-following |Collados-
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Rodriguez'20; Mauricio'20; Markovic'21|. The research [Markovic'21]
presented a detailed framework for stability analysis, while other studies
[Collados-Rodriguez'20; Mauricio'20| proposed solutions to enhance inter-
area oscillation damping in power systems with high VSC-based or non-
synchronous generation. The works [Chamorro'16b; Chamorro'l6a| inves-
tigate the impact of non-synchronous generation on power systems coherency,
analysing the effects of renewable energy integration on power systems dy-
namics and the methods used for coherent group identification. The study
also evaluates the impact of non-synchronous generation on power systems
and provides valuable insights for dynamic studies and transmission capabil-
ity improvement.

1.1.3 Transient stability of power systems with 100% non-
synchronous generation

Transient stability is a complex phenomenon in multi-machine and multi-
converter systems, and it is still considered a limiting factor for stressed
power systems. By definition, transient stability (or angle stability with large
disturbances) is defined as the ability of the generators in the system to re-
main in synchronism under normal operating conditions and to recover syn-
chronism when large disturbances occur [Kundur'04; Hatziargyriou'20a].
Instances of large disturbances are short circuits, large generators, or load
tripping. This definition assumes that the system contains synchronous gen-
erators since the phenomenon is related to the rotor angle of these types of
machines. However, in the technical literature, the term "transient stability"
is also used to refer to the phenomenon of loss of synchronism in systems with
high or 100% penetration of non-synchronous generation [Du'19; Zhao'20b;
He'22|.

The phenomenon of transient stability appears in power systems with a
high penetration of renewable energy that still contains synchronous gener-
ators [Wang'20; Amano'18|. Power electronic converters introduce fast and
non-linear dynamics into the system, which can affect the overall stability
of such a system. This type of stability refers to instability phenomena that
may arise due to the interaction between power electronic converters and
the electrical system in cases of large disturbances. Recent publications have
shown that transient stability is also a concern in power systems with 100%
GFM-VSC-based generation [Du'19; Zhao'20b; He'22|. Therefore, power
electronic converters can directly impact the transient stability of power sys-
tems. In other words, if GFM-VSCs emulate synchronous machines, they
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can also lose synchronism in the case of severe-enough faults. Angle stability
against large disturbances, in particular the phenomenon of loss of synchro-
nism, is thus a critical consideration in systems with high penetration or
100% non-synchronous generation.

The work in [Andrade'11l| observed that the loss-of-synchronism phe-
nomenon can occur in AC microgrids with GFM-VSC generators equipped
with P-f droop control and transient stability was assessed by means of Lya-
punov’s theory. Further studies are presented in [Xin'16; Eskandari'20|,
where the impact of current saturation [Xin'16] and fault-ride-through (FRT)
capability [Eskandari'20] of GFM-VSCs on transient stability is analysed.
References [Shuai'l8; Cheng'20| analysed transient stability in power sys-
tems with GFM-VSC controlled as VSMs. A similar approach is followed
in [Pan'20|, where a thorough analysis of transient stability of GFM-VSCs
is provided.

According to [Hatziargyriou'20a|, a Task Force was established in 2016
[Hatziargyriou'20b| to re-examine and extend the classic definitions and
classifications of power system stability terms previously established in the
reference [Kundur'04] to incorporate the effects of power electronic devices.
The new classification [Hatziargyriou'20a| incorporates the category of Con-
verter-driven Stability (see Figure 1.3) as a consequence of the increasing
penetration of converter-interfaced generation technologies (CIGs) in mod-
ern power systems. This category of stability refers to the stability phenom-
ena that can arise due to the interaction between power electronic devices
and the power system, and it is characterised by the presence of fast and
poorly damped oscillations in the system. The classification of power system
stability in [Hatziargyriou'20al, is based on the intrinsic system dynamics,
characterised by different time scales associated with physical phenomena.
The proposal distinguishes between two broad categories of stability within
power electronic converters: fast and slow interactions.

e Fast-Interaction Converter-driven Stability is a type of instabil-
ity of power systems that arises due to the fast dynamic interactions
between the control systems of power electronic-based devices (such as
VSCs, HVDC, and FACTS) and fast-response components of the power
system (such as the transmission network, the stator dynamics of syn-
chronous generators, or other power electronic-based devices). This
type of stability can lead to system-wide stability problems driven by
fast dynamic interactions of the control systems of power electronic-
based systems with fast-response components of the power system.
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These instabilities can be difficult to control and can lead to system
collapse if not properly addressed. This type of stability category is as-
sociated with timescales that are typically in the range of 10 — 100 ms
(and possibly in the range of 1 — 100 ms).

e Slow-Interaction Converter-driven Stability is a type of instabil-
ity of power systems that arises due to the slow dynamic interactions
between the control systems of power electronic-based devices and the
slow-response components of the power system, such as the electrome-
chanical dynamics of synchronous generators and some generator con-
trollers. This type of stability can lead to system-wide instabilities,
which can be driven by the interaction between power electronic de-
vices and the slow-response components of the power system. These
instabilities can be difficult to control and can lead to system collapse
if not properly addressed. This category of stability is associated with
timescales typically greater than 10 ms, for example, in the range of
10 ms to hundreds of seconds (e.g. 0.1 — 10 s).

Unfortunately, the new proposal in |[Hatziargyriou'20a] still needs to
provide specific details on the classification of the phenomenon of loss of
synchronise involving electronic power converters. The definition of rotor
angle stability presented in [Kundur'04] remains unchanged even after the
integration of CIGs. However, as conventional synchronous generators are
replaced by CIGs, the total inertia of the system decreases, which has a
significant impact on the rotor angle stability as well as the electromechanical
modes of the system [Tielens'16]. This type of instability arises in power
systems due to insufficient or negative synchronising torque, resulting in non-
oscillatory transient instability.

There is no particular category that encompasses these types of insta-
bilities within a single class in power systems with 100% non-synchronous
generation. According to the classification [Hatziargyriou'20b; Hatziar-
gyriou'20a, the phenomenon of loss of synchronism in power systems with
a high penetration of VSC power converter can be categorised into two main
types, as shown in Fig 1.3:

o Converter-driven Stability - Slow-Interaction.
e Rotor angle stability - Transient.

Figure 1.4 represents the power system timescales of the current clas-
sification |Hatziargyriou'20a]. The category of Rotor Angle Stability is
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Figure 1.4: Power system times scales. Taken from |Hatziargyriou'20b;
Hatziargyriou'20a).

typically associated with timescales ranging from a few seconds to tens of
seconds, while converters’ dynamic responses to loss synchronism can vary
from a few milliseconds to several seconds. Therefore, these dynamic re-
sponses of the converters can be considered as Slow Interaction types be-
longing to the converter-driven stability category, as shown in Figure 1.3
|[Hatziargyriou'20a].

1.1.4 Methods to improve transient stability for GFM-VSCs

Previous studies [Andrade'11; Xin'16; Shuai'l8; Cheng'20; Pan'20; Eskan-
dari'20| have examined the impact of various control approaches on transient
stability in GFM-VSC-based systems. These publications have explored the
effects of droop control, current saturation, fault-ride-through capability, and
voltage source modulation. The research [Kanakesh'21]| studied the impact
of current limiters on transient stability in grid-forming converters, specif-
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ically when these converters operate at or near their current limit. Fur-
thermore, loss of synchronism in large power systems has been extensively
studied, and numerous control strategies have been proposed to improve
transient stability in power systems with 100% GFM-VSC-based generators
|[Zhao'20a; Zhao'22|. Maintaining transient stability is crucial for ensuring
the reliability of the power system, as it is susceptible to disturbances such
as sudden load changes, faults, and switching operations.

In recent years, significant research has been dedicated to improving the
transient stability of power systems. In particular, researchers have con-
ducted extensive studies on improving the transient stability of power sys-
tems with GFM-VSCs. In order to tackle this challenge, control strategies
involving suitable current-limitation algorithms and active-power injection
control have been proposed. Various approaches have been proposed, such
as adaptive emulated inertia in GFM-VSCs [Qoria'20c¢]|, active power control
strategies [Choopani'19; Choopani'20; Xiong'21a| and the implementation
of current limiters |Qoria'20b; Qoria'20a; Rokrok'21|.

The methods for transient stability improvement can be divided into
four main categories: Self-synchronisation strategies, which use supplemen-
tary controllers for synchronisation and they can also help to improve the
transient stability [Zhao'20a; Zhao'22|; Current Limiters (CL) [Qoria'20b;
Qoria'20a; Rokrok'21|, which limit the fault current and reduce the rotor
angle deviation; active-power control strategies [Choopani'l9; Choopani'20;
Xiong'21a] and voltage/reactive-power control strategies [Chen'22|, which
apply external control signals to modify set-points of operating conditions.
Figure 1.5 summarises these four methods of improving the transient stability
of power systems with GFM-VSCs. This figure provides a visual represen-
tation of the methods used and gives an organised overview of the different
strategies and control techniques involved in each category.

Transient stability
improving methods

Self-synchronisation Current Active-power Voltage/reactive-
strategies Limiters (CLs) control power control

Figure 1.5: Methods for improving the transient stability in GFM-VSCs
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The implementation of current limitation algorithms in GFM-VSCs serves
one main objective: it aims to restrict the current within safe limits to pro-
tect the converters from overcurrent conditions, thereby preventing potential
damage to the semiconductor switches. In addition, current-limitation al-
gorisms in GFM-VSCs can have an impact on transient stability, and novel
algorisms would be used to improve it [Qoria'20a; Rokrok'21|. By effectively
managing and controlling the current flow, they help maintain system stabil-
ity during transient events and improve overall power system performance.
The use of current limiters has demonstrated their potential in reducing fault
current contribution and improving transient stability [Qoria'20b].

Active power control strategies in GFM-VSC are employed to mitigate
these instabilities and improve the transient stability of the power system.
Most of the active power-based control strategies proposed in the literature
to improve the transient stability of GFM-VSCs require fast adjustments
of the primary energy sources. However, this feasibility depends on the
generator technology, which may limit their implementation. To overcome
this limitation, the integration of Energy Storage Systems (ESS) can provide
a solution.

Another alternative approach is to use control strategies based on volt-
age /reactive-power control in GFM-VSCs. Although, these control strate-
gies have been successfully applied in synchronous generators with exci-
tation boosters [Lee'86; Kundur'94; Diez-Maroto'19b; Diez-Maroto'l7,;
Diez-Maroto'19a; Diez-Maroto'20|, shunt FACTS devices [Haque'04|, and
VSC-HVDC systems [Fuchs'14; Sigrist'15; Renedo'17|; their use in GFM-
VSCs for improving transient stability in power systems with 100% non-
synchronous generation remains understudied [Chen'22|. Thus, there is a
remarkable open area of research and development in the design of control
mechanisms specifically focused on voltage/reactive-power control strategies
in GFM-VSCs. Moreover, the effect of converter output voltages and reac-
tive power injections on transient stability has been studied in [Pan'19|. The
study examines the behaviour of a GFM-VSC connected to an infinite grid
and shows that increasing the steady-state reactive power set-point improves
the transient stability margin. The use of voltage/reactive-power control
strategies sets the voltage set-point of the GFM-VSCs influencing the reac-
tive power injections. The advantage of these types of approaches is that it
does not require significant changes to the primary energy source set-points.

To advance the field and improve transient stability in power systems with
GFM-VSCs, it is crucial to conduct further research and develop effective
reactive power control strategies. Bridging this open area of research holds
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significant potential for improving performance and reliability. Addressing
this research gap can benefit power systems using GFM-VSCs technology by
improving transient stability, ultimately leading to improved overall system
performance and increased reliability.

This motivates the investigation of supplementary controllers in GFM-
VSCs to improve the transient stability analysis of large power systems with
100% non-synchronous generation. A summary of the main topics of this
thesis is as follows:

e Understanding the self-synchronisation mechanisms of GFM-VSCs con-
nected to the grid and their impact on transient stability.

e Analysis the transient stability of power systems with 100% GFM-VSC-
based generation.

e Proposal and development of control strategies for GFM-VSCs to im-
prove transient stability in power systems with 100% non-synchronous
generation

1.2 Thesis objectives

In light of these considerations, the objective of this thesis is to under-
stand and analyse the transient stability of power systems with 100% non-
synchronous generators with GFM-VSCs, which is becoming increasingly
relevant due to the integration of renewable energy sources. The thesis will
focus on analysing transient stability of power systems with a significant pres-
ence of non-synchronous generation and developing control strategies based
on active- and voltage /reactive-power control in GFM-VSCs to improve tran-
sient stability. By addressing these objectives, this research will contribute
to a better understanding of power system stability of power system with
100% VSC-based generators.

The main objectives of this thesis are:

e Objective 1: Compare different control self-synchronisation strategies
employed in GFM-VSCs under different scenarios and analyse their
impact on transient stability.

e Objective 2: Investigate voltage/reactive-power (Q-V)-based control
strategies for GFM-VSCs to improve transient stability in power sys-
tems with 100 % non-synchronous generators.
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1 Introduction

e Objective 3: Examine the impact of Q-V control strategies, using dif-
ferent current limiters applied to GFM-VSCs, on transient stability in
power systems with 100% non-synchronous generators..

e Objective 4: Investigate active-power-based control strategies for GFM-
VSCs to improve transient stability in power systems with 100% non-
synchronous generators.

By addressing these objectives, this study aims to contribute to under-
standing the analysis of the transient stability improvement in electrical
power systems with 100% non-synchronous generation, providing valuable
insights for control of GFM-VSCs in future power systems.

1.3 Thesis roadmap

The thesis has been organised into seven chapters. In order to provide a
clear outline of the document and to make it easier for the reader to navigate
through the contents, the containing of the following chapters is:

e Chapter 2 presents the modelling and control of GFM-VSCs along
with their implementation in Matlab/Simulink /SimPowerSystems.

e Chapter 3 evaluates the performance of different self-synchronisation
methods for GFM-VSCs in various operating scenarios, and analyses
their impact on transient stablity. It focuses on comparing the virtual
synchronous machine (VSM) approach with and without a phase-locked
loop (PLL) and the IP controller approach. The chapter includes a
theoretical analysis of the equivalence between VSM and IP controllers
and examines their performance under different power system scenarios.

e Chapter 4 proposes and analyses Fast Voltage Boosters (FVBs) strate-
gies based on voltage /reactive-power control in GFM-VSC for transient
stability improvement in power systems with 100% non-synchronous
generators. The proposed strategies do not modify the set points linked
to the frequency/active-power injection. One control strategy (FVB-
L) uses local measurements, while the other (FVB-WACS) uses global
measurements of the frequency of the center of inertia (COI). It presents
theoretical analysis and simulation results to validate the effectiveness
of the proposed strategies.
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1.3 Thesis roadmap

e Chapter 5 studies the impact of hybrid current limiters (HCLs) and
fast voltage boosters (FVBs) on transient stability in power systems.
It reviews previous work on current limiter strategies and presents the
combination of the current saturation algorithm (CSA) and current
limiter based on virtual impedance (VI-CL) as HCLs. The chapter eval-
uates the effectiveness of HCLs and FVBs through short-circuit simu-
lations and critical clearing time analysis, demonstrating their ability
to improve transient stability.

e Chapter 6 proposes a local Active-power control (TSP-L) strategy
in GFM-VSCs for transient stability improvement in power systems
with 100% non-synchronous generators. The proposed strategy is com-
pared with two existing active-power control strategies (TSP-WACS
and TSP-TDM) in the literature. The chapter investigates the effec-
tiveness of these strategies through simulation results, demonstrating
their ability to enhance transient stability and critical clearing time
during short-circuit events.

e Chapter 7 provides the conclusions of the thesis, summarising its
contributions and suggesting areas for further research.

e Appendix A contains the detailed information necessary to replicate
the results presented in the previous chapters.
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Chapter 2

Modelling and control of
GFM-VSCs

2.1 Introduction

This chapter presents the modelling and control aspects of a GFM-VSC. The
GFM-VSC controls the voltage magnitude and frequency at the point of com-
mon coupling (PCC) and ensures synchronisation with the grid. The control
strategies discussed in this chapter enable VSCs to operate in grid-forming
mode and contribute to system stability by capturing the dynamic behaviour
of the converter and its interaction with the grid. The model includes the
equivalent circuit diagram of the GFM-VSC, consisting of an ideal voltage
source connected to the system through an LC filter and a connection trans-
former. The control system incorporates voltage and current controllers, vir-
tual transient resistance, voltage modulation, and a grid-forming mechanism
for self-synchronisation.

The rest of the chapter is organised as follows: Section 2.2 presents the
model of a grid-forming voltage source converter, including its equivalent
circuit model and the general control scheme of a GFM-VSC. Section 2.3
discusses the self-synchronisation control strategy for GFM-VSCs and pro-
vides an overview of different methods, particularly emphasising the virtual
synchronous machine (VSM) control. Section 2.4 introduces the current lim-
iter, specifically the Current Saturation Algorithm (CSA), used to limit the
converter current during grid faults. Section 2.5 explores the concept of vir-
tual impedance and its role in grid-forming VSCs. Finally, the summary of
the chapter is provided in Section 2.7.
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2 Modelling and control of GFM-VSCs

2.2 Modelling and control

This section presents the model of a GFM-VSC, based on the references
|Qoria'18b; Paolone'20; Rokrok'20; Qoria'20c; Pereira'20|. In this thesis,
two models of converters have been used:

e GFM-VSC connected to an infinite grid via an L-filter.
o GFM-VSC connected to the system via an LC-filter.

The LC filter consists of an inductor and a capacitor in series, while the L
filter consists of a single inductor. For a detailed understanding of the control
system, please refer to [Qoria'18b; Paolone'20; Rokrok'20; Qoria'20c|, while
this chapter provides a summary of its key aspects.

2.2.1 GFM-VSC connected to an infinite grid via an L-filter

Figure 2.1 shows the model diagram of a GFM-VSC connected to an infinite
grid through an L-filter. The converter is represented as an ideal voltage
source (€, ;) connected to the grid at bus g via a connection transformer
and an L-filter. The L-filter and connection transformer are represented
by the series resistance r.; and inductance L.; (r¢; + % ), which is the
coupling and connection impedance with the grid and it helps to suppress
high-frequency harmonics. The voltage at the PCC (bus g) is denoted as
vg,i, whereas the converter output current is denoted as i,4;, which serves as
the feedback signal for the current control loop.

Figure 2.1: Equivalent model of a Grid-Forming Voltage Source Converter
GFM-VSC.
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2.2 Modelling and control

According to the equivalent model of the GFM-VSC from Figure 2.1,
the instantaneous voltages and currents may be expressed by the following
differential equation written in the internal d — ¢ axes:

— jwiLcﬂm — Vg = 0 (21)

€m,i — Teilgi — Lc,i dt

where w; is the angular speed of the d — ¢ reference frame. The voltage
source €y, ; represents the internal dynamics and control mechanisms of the
GFM-VSC.

The control of the GFM-VSC aligns the voltage magnitude €, ; with the
d—axis of the d — q reference frame of the GFM-VSC, as shown in Figure 2.2.
The control of the GFM-VSC in Figure 2.1 imposes its output voltage mag-
nitude é,,; and its frequency w; to synchronise the converter to the PCC
(bus g). This implies that the GFM-VSC controls the voltage angle ¢;.

| A

v

Figure 2.2: Grid-forming VSC: d — ¢ axes.

The control of the GFM-VSC is oriented to a d — ¢ mobile reference
frame where the differential equations are written. The control structure of
the GFM-VSC using an L-filter is depicted in Figure 2.3 and it is comprised
as follows: (a) a quasi-static model for calculation of current set-points, (b)
a current controller with current limitation, (c) voltage modulation with
modulation index limitations, and (d) a grid-forming mechanism for self-
synchronisation (VSM, IP controller or any other variant).
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2 Modelling and control of GFM-VSCs

(a) Cuasi-static model
(Current set-points)

(b) Current control
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Figure 2.3: General scheme of the control system of a grid-forming VSC.
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2.2 Modelling and control

Initially, the GFM-VSC introduces an angle §; (in radians) for the mobile
d — q reference frame, which rotates at a speed of w; (in pu), as shown in
Figure 2.2. This angle §; is referenced to an arbitrary mobile R — I reference
frame rotating at the synchronous frequency (wg ,, = 1 pu). The position of
the d-axis with respect to a static reference frame (o — 8 axes whose angular
speed is equal to zero), denoted as 6;, is used in Park’s Transform to relate
variables to the d — q reference frame. The methodology for obtaining this
angle ¢; through the self-synchronisation method ((e) in Figure 2.3) will be
discussed in Section 2.3.

Calculation current set-points, shown as (a) in Figure 2.3 are obtained
from the quasi-static model using a virtual admittance expression [Laba'23;
Kanakesh'23|:

. _ 50
ref’ Yg,di — Cm di
9,98

Lew,i
(2.2)
Z-ref’. _ e?n,q,i — Vg,q,i
9,2 Tev,i

where z., = z.+ x, and z, is the expression of a virtual reactance added to
connection impedance x..

The terms e?md’i and eg%qﬂ- from Eq. (2.2) are the voltage set-points used
ref’'0

for the current set-point calculations in Figure 2.3. Here, e, = represents
the initial operation set-point of the GFM-VSC converter véltage magni-
tude, and e;i};,i is controlled to zero. The current set-points are the input
of the current controllers. The current controllers consist of PI controllers
and a current limiter, shown as (c) in Figure 2.3. The general schemes of
the current set-point calculation and the current controllers are shown in
Figures 2.4 and 2.5 respectively. The current limiter is implemented using
the conventional current saturation algorithm (CSA) commonly employed
in vector control |Qoria'20b|, limiting the modulus of the current vector.
The modulated voltages €, 4; and €, 4, related to the DC voltage, are the
outputs of the current controllers and can be expressed as:
ém,i = mivdc,ia with Em,i < m?mUdc,i (pu)a (23)
where m; denotes the modulation index. The maximum modulation index
(magnitude), in pu, is calculated as:
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2 Modelling and control of GFM-VSCs

3 VdCB
paz — |2 e 2.4
mpes = /2 S (o), (2.4

where Vg p represents the DC voltage base value (pole to pole), and V. p
is the AC voltage base value (phase to phase).

9.9,
X Q)_ 1 jref”
m,q,i - X g.q.i

Figure 2.4: Voltage control loop of the GFM-VSC in d — ¢ axes.
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Figure 2.5: Curent control loop of the GFM-VSC in d — ¢ axes.

2.2.2 GFM-VSC connected to the system via an LC-filter

The equivalent model diagram of a GFM-VSC-i connected to the system
via an LC-filter is illustrated in Figure 2.6. The converter is represented as
an ideal voltage source (€,,;) connected to the rest of the system at bus g
through an LC filter and a connection transformer. The voltage at bus g is
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2.2 Modelling and control

denoted as vy, and the voltage at the PCC (bus f) is represented as vy;.
The converter current is denoted as 75 ;, which serves as the feedback signal
for the current control loop, while the output current is denoted as ¢, ;. The
LC filter comprises a phase reactor zy; characterised by its series resistance
r¢; and inductance Ly ;, and a branch capacitor C'y;, which serve to suppress
high-frequency harmonics.

Prviv O, Psir Osi P Ui
- - — — - pg,i’ qgl
r Y- Lf i IS,i rC i LC,i Ig,i —_—
l \7f i \79 i Rest of the

system

™

Figure 2.6: Equivalent model of a Grid-Forming Voltage Source Converter
GFM-VSC.

Under this equivalent model of the GFM-VSC, the instantaneous voltages
and currents can be described by the following differential equations written
in the internal d — g axes:

1s,i

€myi — Tfitsi — Ly - Jwilgiis; —vf; =0 (2.5)
_ = gg,i . = _
Ufi = Teilgi — Le a JwilLeiigi — Vg; =0 (2.6)
d@f,z = . _
Cri—gy —flepi T JwiCpavps =0 (2.7)

where Gepi = s — gy, 1S the current of the filter capacitor and w; is the
angular speed of the d — q reference frame in which the differential equations
are written. The voltage source €,,; represents the internal dynamics and
control mechanisms of the GFM-VSC, while the LC filter and transformer
represent the coupling and connection impedance with the rest of the system.
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Figure 2.7: General scheme of the control system of a grid-forming VSC.
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2.2 Modelling and control

The GFM-VSC in Figure 2.6 controls the voltage magnitude vy; and
frequency wy; (and consequently the voltage angle ;) at the bus f;.

Figure 2.7 illustrates the general control structure of the GFM-VSC-i of
Figure 2.6 based on vector control, as described in [Rokrok'20; Qoria'20c].
The control system consists of the following: (a) a voltage controller, (b) a
virtual transient resistance, (c) a current controller with current limitation,
(d) voltage modulation with modulation index limitations, and (e) a grid-
forming mechanism for self-synchronisation, such as Virtual Synchronous
Machine (VSM) or any other variant.

The GFM-VSC introduces an angle §; (in radians) for the mobile d — ¢
reference frame. This frame rotates at a speed of w; (in pu), as seen in
Figure 2.8. The angle 9; is referenced to an arbitrary mobile R — I reference
frame that rotates at the synchronous frequency (wgp, = 1 pu). The d-axis
position relative to a static reference frame (o — 3 axes whose angular speed
is zero), which is denoted as 6;, is used in Park’s Transform to correlate
variables with the d — q reference frame. The process of obtaining this angle
d; through the self-synchronisation method ((e) in Figure 2.7) is explained
in Section 2.3.

I A

\

Figure 2.8: Grid-forming VSC: d — ¢ axes.

The voltage control loop in Figure 2.7 controls vf4; and vy,; using
proportional-integral (PI) controllers, with the set-point values defined as

25



2 Modelling and control of GFM-VSCs

follows:
f_ f VR
Urai= Yp + A
(2.8)
ref __ ref,VR
Yfai = 0+ Avf,q,i
where v;eif represents the set-point for the magnitude of the voltage, and
v;eqf ; is controlled to zero.

"The voltage controller aligns the voltage vy; with the d — ¢ axes of the
GFM-VSC, as shown in Figure 2.8. The outputs of the voltage controller
are the set-points for the d — g current components of the current controllers,
which include PI controllers and a current limiter ((c) in Figure 2.7). The
block diagram of the PI voltage controller is shown in Figure 2.9, while
the PI current controller is represented in Figure 2.10. The current limiter
is implemented using the conventional current saturation algorithm (CSA)
commonly employed in vector control [Qoria'20b|, limiting the modulus of
the current vector. The modulated voltages €,, 4; and €, 4, related to the
DC voltage, are the outputs of the current controllers and can be expressed
as:

€m,i = MiVdci, With e <mi"vg.;  (pu), (2.9)

where m; denotes the modulation index. The maximum modulation index
(magnitude), in pu, is calculated as:

3 Vien
par —  [2 de 2.1
i =\ g (o), (20)

where Vg g represents the DC voltage base value (pole to pole), and V.
is the AC voltage base value (phase to phase).
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7 ref
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Figure 2.9: Voltage control loop of the GFM-VSC in d — ¢ axes.
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Figure 2.10: Curent control loop of the GFM-VSC in d — ¢ axes.

27



2 Modelling and control of GFM-VSCs

2.3 Self-synchronisation control strategy

Grid-forming converters can use different control strategies for achieving
synchronisation. These methods include: the power-frequency (p — f) con-
trol droop, which is widely employed as a supplementary control for GFM-
VSCs |[Rocabert'12; Olivares'14|; the synchronverters [Zhong'11| or virtual
synchronous machine (VSM) control [DArco'l5; Roldan-Pérez'19| (with
and without phase-locked loop (PLL)) commonly used in larger power sys-
tems, and the IP controller approache |Qoria'20c|. Chapter 3 will present
a detailed analysis and comparison of these self-synchronisation methods,
highlighting their advantages, limitations, and performance characteristics
in various operating conditions. Figure 2.11 shows the general scheme of the
implementation of a self-synchronisation control in GFM-VSCs. This thesis
will use VSM control model without PLL as a benchmark due to its sim-
plicity and potential for effective grid-forming operation. However, different
self-synchronisation methods will be analysed in Chapter 3.

a)O, pu

P
0 —
=u > GFM-VSC A/ >

self-synchronisation
control

"
|

o DL

S

Figure 2.11: General block diagram of a self-synchronisation control in GFM-
VSCs.

Virtual Synchronous Machine (VSM) control is a promising alternative
that has gained significant attention in recent times. It is based on the
concept of a virtual synchronous machine that emulates the behaviour of a
physical synchronous machine by regulating its output voltage and frequency
[Choopani'20; Rokrok'20]. This allows VSCs to operate in a grid-forming
mode without needing a PLL or an external reference signal, simplifying the
control scheme and improving the system’s dynamic response. Two main
variants exist for implementing VSM control: one without PLL, which regu-
lates the voltage set point and angle of the GFM-VSC to mimic the behaviour
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2.3 Self-synchronisation control strategy

of a synchronous generator, and one with PLL, which employs a PLL con-
trol to help synchronize the VSC’s output voltage with the grid [DArco'15;
Rokrok'20].

A virtual synchronous machine (VSM) is implemented as a supplemen-
tary controller that manipulates the set points of the outer controllers of the
GFM-VSC. Guidelines for the implementation of VSM controllers and differ-
ent implementations can be found in [DArco'15; Paolone'20; Choopani'20;
Rokrok'20; Qoria'20c|. This work considers a VSM supplementary con-
troller emulating a classical model of a synchronous machine and equipped
with a primary frequency controller, as shown in Figure 2.12.

0
P, _rL ) 1 @ @, 0
~ - 2sH ey i ?
o |9
DGFM i ?

Figure 2.12: Supplementary controller of a virtual synchronous machine
(VSM) implemented in a GFM-VSC.

where:
e Hgru,i (s) is the emulated inertia constant.

e Dgrmi = 1/Rprr; (pu) is the damping factor coefficient and the
proportional gain of the primary frequency response (PFR) control).
It is the inverse of the primary frequency droop constant (Rppp).

o Aw; = w; — wopy (pu) is the frequency increment of the GFM-VSC
ouput frequency, w;, with respect to the nominal frequency, wop, =
1 pu.

° pgﬂ- (pu) is a constant active-power set point of the GFM-VSC at the
PCC. This term represents the emulated mechanical power of the VSM.

e pg.i (pu) is the active-power delivered by the GFM-VSC measured at
the PCC.
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2 Modelling and control of GFM-VSCs

e Wy is the nominal frequency in rad/s.
2.4 Current limiter

Certain events can lead to overcurrent in power electronic converters in power
systems. While power converters can provide a limited overload current
compared to synchronous machines, it is important to limit the magnitude of
the current, denoted as i5 4, in order to prevent damage to the semiconductor
switches. There are different methods for current limitations in GFM-VSCs,
as will be discussed in Chapter 5. In this thesis, the GFM-VSC models use
the most common general approach algorithm to limit the current, namely
the current saturation algorithm (CSA) [Qoria'20c¢]|.

The current set points (i redf ;, and deqf ;
the outer control loop:

) of Figure 2.7 are the outputs of

_ 7 ?“ef
Zgif _ Zzedfz _’_ngeqfl Z’V‘Cf 615 i (211)

The magnitude of the current set point, i lf , must be lower than or equal
to the maximum current of VSC-i: '/, as illustrated in Figure 2.13. Typical

values of the maximum current are zm‘“" =1 — 1.25 pu. Current limitation

algorithm obtains the saturated current set-point values (i TGC{ ; and dej ;

follows:

), as

imar cos(é;e{) i f zzezf > i

il = (2.12)

s,d,i s p
.re .re .
Zs,al,i - Zs,d,i Zf

~

e f! < Zma:c

ZS’L

Te . -re
i sin(d, {) if i Zf > Qg
ref
i = ; E ; (2.13)
-re __ .Te . 7"6 smax
Zs,q,i - Zs,q,i Zf s 7 < Zs,i

The algorithm has equal priority for both d-axis and g-axis currents;
namely, the angle of the reference current does not change (d;; { Ois. { ).
By implementing the CSA algorithm in GFM-VSC, it becomes poss1ble to
control and regulate the current within safe limits. This is crucial in main-
taining the stability and integrity of the converter system, especially during

transient conditions or grid disturbances.
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Figure 2.13: Current saturation algorithm (CSA).

2.5 Virtual impedance

Virtual impedance (VI) is a mathematical construct that mimics the behav-
ior of a physical impedance. It is used to control the flow of power and
stabilize electronic power systems. VI can be designed for different purposes
such as reducing coupling between active and reactive power flows, mitigat-
ing harmonics, and improving fault ride-through capability [Wang'15|. The
V1 is also used to improve the stability and performance of VSCs, especially
when several GFM-VSCs operate in parallel and the physical connection im-
pedance is too small or do not have any connection transformer [Rodriguez-
Cabero'20|. Adjusting the parameters of virtual resistance and inductance
in VI can mitigate voltage fluctuations, improve power quality, and enhance
system performance.

The virtual impedance method is not utilized in this thesis due to the
GFM-VSC being connected to the grid through a transformer. This trans-
former is considered to have a relatively high impedance in the practical
context of the proposal.
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2 Modelling and control of GFM-VSCs

2.6 Simulation tools

Average electromagnetic-type models of power systems were used. Simula-
tions were carried out with VSC Lib tool, an open-source tool based on
Matlab + Simulink + SimPowerSystems developed by L2EP-LILLE [L2EP-
LILLE'20; Qoria'18a; Qoria'l9|. Specifically, converters have been modelled
using electromagnetic-type averaged models, including converter limitations
such as current and voltage limits. System elements such as lines, loads,
and controllers have been simulated in detail whereas converters have been
modelled using electromagnetic-type averaged models, including converter
limitations such as current and voltage limits.

2.7 Summary

This chapter can be summarised following the main points discussed in the
previous sections:

e Grid-forming converters employ different self-synchronisation control
strategies to achieve synchronisation. For this study, the VSM control
without PLL is selected as the benchmark due to its simplicity and
potential for effective grid-forming operation.

e The VSM control emulates the behaviour of a physical synchronous
machine by regulating the output voltage and frequency.

e In GFM-VSCs, the current limiting mechanism utilises the current sat-
uration algorithm (CSA) to restrict the magnitude of the current. This
algorithm effectively prevents the current from surpassing a predeter-
mined limit, safeguarding the semiconductor switches from potential
damage.

e Virtual impedance is used to emulate the behaviour of a physical im-
pedance in the converter’s control loop. By adjusting the virtual impe-
dance parameters, the converter can regulate the current and voltage
response, providing stability and dynamic performance when several
grid forming operate in parallel.
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Chapter 3

Impact of GFM-VSC
self-synchronisation control
strategies on transient stability

3.1 Introduction

As previously discussed in Chapter 2, there are different options for self-
synchronisation mechanisms in GFM-VSCs. This chapter analyses and com-
pares the transient stability performance of different self-synchronisation
methods for GFM-VSCs in various operating scenarios. The main focus
is to compare the synchronising and controlling capabilities of the virtual
synchronous machine (VSM) [Choopani'20; Rokrok'20; DArco'15| and an
alternative approach using the IP controller [Qoria'20c| for GFM-VSCs in
power systems.

The next four sections of the chapter present the rationale for this com-
parative performance analysis. Section 3.2 provides a review of previous work
related to self-synchronisation control strategies for GFM-VSCs; Section 3.3
presents the gap covered by this chapter; Section 3.4 describes different self-
synchronisation control strategies for GEFM-VSCs; Section 3.5 presents the
theoretical analysis of the equivalence and design the self-synchronisation
mechanisms; Section 3.6 explains the virtual active power control (VAPC)
method for GFM-VSCs; Section 3.7 presents the comparative performance
analysis. First, it discusses the simulation results for load change, grid fre-
quency change, and short circuit transient stability analysis. Then it analyses
the performance of the VAPC and evaluates the critical clearing times. Fi-
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nally, Section 3.8 provides the conclusions of this chapter.

3.2 Review of previous work

GFM-VSCs are emerging as a solution for integrating renewable energy re-
sources (RERs) into electrical power systems under high penetration sce-
narios. The use of GFM-VSCs requires appropriate control algorithms to
ensure stable and reliable operation of the system. These types of control
strategies are essential for the operation of GFM-VSCs in island mode or
during the reconnection process to the grid after a severe fault. In power
systems with multiple GFM-VSCs, self-synchronisation strategies become
essential when operating several GFM-VSCs in parallel. These strategies
are necessary to ensure that all converters reach the same frequency in
steady state [Barker'21|. One such strategy, virtual synchronous machine
(VSM) control, has attracted considerable attention in power systems re-
search. Unlike grid-following VSCs, a phase-locked loop (PLL) is not required
for synchronisation, and supplementary control strategies can be used in-
stead. The use of supplementary controller strategies for self-synchronisation
of GFM-VSCs, typically emulates the behaviour of conventional synchronous
machines. Several variants have been proposed in the literature, such as
the power-synchronisation method [Zhang'10|, the synchronverter control
|[Zhong'11|, the active-power/frequency (P-f) droop control [Rocabert'12;
DArco'13; Olivares'14|, the virtual synchronous machine (VSM) control
[DArco'15; Roldan-Pérez'19|, the Integral-Proportional (IP) controller pro-
posed in [Qoria'20c|, among others.

Power-frequency (P-f) droop control is widely employed as a supple-
mentary control for GFM-VSCs [Rocabert'12; Olivares'14|. Besides, in
larger power systems, synchronisation is achieved through the use of syn-
chronverters [Zhong'11] or virtual synchronous machines (VSM) [Aouini'14;
DArco'l5; Roldan-Pérez'19|. However, previous works [DArco'13]| and
[DArco'14] have shown that P-f droop and VSM supplementary controller
are equivalent. Other different techniques for self-synchronisation of GFM-
VSCs are the concept of virtual oscillator [Arghir'18; Grof'19|, and reactive-
power synchronisation method [RodriguezA'21|. The study in [Arghir'18]
presents the approach for GFM-VSCs based on disturbance decoupling and
voltage-power droop control strategies using an internal harmonic oscillator
model. A similar approach, using a virtual-oscillator for synchronisation of
GFM-VSCs, is presented in [Grof'19]. Meanwhile reactive-power synchroni-
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sation approach [RodriguezA'21| separates synchronising power and active
power control, leading to stable voltage and frequency.

The recent work in [Qoria'20c| introduces a novel concept, Integral-Pro-
portional (IP) controller as an equivalent alternative of VSM using PLL
[DArco'15]. The IP controller adds a proportional gain (K,) to the ac-
tive power control to mitigate damping oscillations, and compared with
the VSM control (without PLL), this approach decouples the primary fre-
quency response (PFR) control from the active power control. Another study
[Kanakesh'21| proposes a virtual active-power control (VAPC) to improve
system synchronisation after fault clearance. VAPC uses a feedback loop of
the unsaturated power (virtual active power) calculated from the unsaturated
current of the converter.

However, despite the efforts made in proposing GFM-VSC self-synchro-
nisation strategies, there has been no comparative analysis of them so far. In
order to provide a comprehensive understanding of the grid-forming self-syn-
chronisation methods, it is important to examine the details of each approach.
This chapter conducts a comparative analysis of different self-synchronisation
control strategies, precisely the VSM control (with and without PLL) and IP
controller technique. This chapter also investigates their impact on transient
stability under different scenarios in GFM-VSCs. The models presented in
this chapter serve as a basis for analysing and designing self-synchronisation
strategies for GFM-VSCs. In the following sections, various methods and
techniques proposed in the existing literature are discussed, and their effec-
tiveness in achieving accurate synchronisation and stable grid integration is
evaluated. These self-synchronisation methods are thoroughly examined in
these sections, including their advantages, limitations and performance char-
acteristics under different operating conditions in terms of transient stability.
Through this comprehensive examination of control strategies, a deeper un-
derstanding of their capabilities can be obtained.

3.3 Gap covered by this chapter

Despite the efforts to propose GFM-VSC self-synchronisation strategies, there
needs to be more literature regarding a comprehensive comparison and analy-
sis of these strategies and their effects on transient stability. Specifically, pre-
vious work has yet to systematically examine the self-synchronisation strate-
gies, including VSM control with and without Phase-Locked Loop (PLL)
and the IP controller technique in GFM-VSCs. This chapter addresses this
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3 Impact of GFM-VSC self-synchronisation control strategies on transient stability

research gap by conducting a thorough comparative analysis of these self-
synchronisation control strategies. It delves into their impact on transient
stability under various scenarios. Therefore, the contributions of this chapter
are as follows:

e Analyses different self-synchronisation control strategies employed in
GFM-VSCs: VSM control with and without PLL, IP controller and
the VSM control without PLL using a wash-out filter.

e Theoretical analysis of the studied self-synchronisation control strate-
gies for GFM-VSCs.

e Comparison the studied self-synchronisation control strategies of a GFM-
VSC connected to an infinite grid under different scenarios in terms of
transient stability.

e Evaluation the performance of the VAPC with the studied self-synchro-
nisation control strategies of a GFM-VSC connected to an infinite grid
under different scenarios in terms of transient stability.

3.4 Self-synchronisation control strategies of GFM-
VSCs

This section discusses different self-synchronisation methods for the GFM-
VSC control. The modelling and control are implemented in a d-q frame as
explained in Chapter 2. The main concept of VSM control for self-synchroni-
sation is analysed for a GFM-VSC connected to infinite grid using a L-filter
as shown in Figure 3.1.

The following self-synchronisation mechanisms for GFM-VSCs will be
analysed:

e Virtual synchronous machine (VSM) without phase-locked loop (PLL).
e VSM with PLL.
e Integral proportional (IP) controller.

e VSM without PLL + wash-out.

All the self-synchronisation strategies above mimic the behaviour of syn-
chronous machines, in the sense that the GFM-VSC is able to behave as a
voltage source connected to the system through an impedance and it is able
to operate in synchronism with the rest of the system.

36



3.4 Self-synchronisation control strategies of GFM-VSCs

Figure 3.1: Equivalent model of a Grid-Forming Voltage Source Converter
GFM-VSC connected to the grid.

3.4.1 VSM without PLL

The VSM is a supplementary controller used to mimic the behaviour of a
synchronous generator in order to regulate the voltage angle of a GFM-
VSC [DArco'14; Choopani'20; Rokrok'20|. The VSM is utilised as a control
algorithm for the VSC to emulate the swing equation (3.1) of a synchronous
machine, which eventually imposes the frequency, w; (pu), of the GFM-VSC,
as shown in Figure 3.2).

9 —
- 2SH cen i S
rrH~—-————H—""™"—"—"=>—"™"""7%T~—""F~——7=—/7—— I

I GFM.,i . Do, pu |

|

L _—__ 1 Primar y_f“ﬂ%”ﬁyﬂesfoﬂsgl

Figure 3.2: Supplementary controller of a virtual synchronous machine
(VSM) implemented without PLL in a GFM-VSC.
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3 Impact of GFM-VSC self-synchronisation control strategies on transient stability

The swing equation of the VSM reads:

dAw;
pg,i — Pg;i — DarmiAw; = 2HGFM’iTz
where:

e Hgru,i (s) is the emulated inertia constant.

e Dgrar,i is the damping factor coefficient. For the VSM control without
PLL, the parameter Dgrar,; also serves as control of the primary fre-
quency response (PFR)), which is the inverse of the primary frequency

droop constant, Rprr,; (Darm,i = 1/Rprr, (pu)).

o Aw; = w; —wopy (pu) is the frequency increment of the GFM-VSC
ouput frequency, w;, with respect to the nominal frequency, wop, =
1 pu.

° ng (pu) is a constant active-power set-point of the GFM-VSC at the
PCC. This term represents the emulated mechanical power of the VSM.

® pgi (pu) is the active-power delivered by the GFM-VSC measured at
the PCC.

e wp, = wy is the nominal frequency in rad/s.
The main characteristics of VSM - without PLL are as follows
e The GFM-VSC does not use a PLL.

e The GFM-VSC provides an inertial response, due to the emulated in-
ertia constant Hgpari ().

e The damping factor coefficient, Dgrar,i, plays two roles simultane-
ously: (a) to provide damping and (b) to contribute to an instanta-
neous primary frequency response. Notice that it is mandatory that
the primary frequency support is instantaneous, because, otherwise,
the dynamic response of the GFM-VSC could be jeopardised. Notice
also that if a typical value for the proportional gain of the frequency
controller is used (e.g. Dgrai = 20 pu), then the dynamic response
of the GFM-VSC is determined.
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3.4 Self-synchronisation control strategies of GFM-VSCs

3.4.2 VSM with PLL

VSM control with PLL is another method for controlling the voltage set-
point and the angle of a GFM-VSC. This approach employs a traditional
PLL to synchronise the output voltage of the VSC with the grid [DArco'15;
Rokrok'20| providing a stable reference frequency for the VSC. By using a
PLL, the GFM-VSC imposes its frequency, facilitating its synchronisation
with the frequency at the PCC and it can thus maintain synchronous opera-
tion with the grid. Figure 3.3 illustrates the block diagram of the VSM with
PLL of a GFM-VSC, equipped with primary frequency response (PFR) con-
trol loop, while the block diagram of the PLL equipped with an anti-windup
is shown in Figure 3.4.

P, D (\— D

GFM @q pLL

o) . .- , o Y L L
N\ U/ -
2SHGFM S
Apref ,PFR

r _g ————————————————————————— A
max |
Apg |
—-K I
_\ PFR _ u‘ a)o, o :
|

Figure 3.3: IP controller block diagram using PFR control support for syn-
chronisation in a GFM-VSC.

The VSM swing equation, which describes the dynamics of the virtual
synchronous machine, is given by the same Equation (3.1). The implemen-
tation of Eq. (3.1) for both configurations of the VSM control is the same.
The key distinction is that, in this case, the deviation of the VSC angular
frequency Awj, instead of using the nominal frequency (wpp, = 1 pu), this
is obtained from the (estimated) grid frequency by using the PLL:

Awi ~ W; — d}g,PLL,i (32)
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Figure 3.4: PLL block diagram equipped with an anti-windup.

where w; is the angular frequency of the VSC, wy; is the grid frequency and

the Wy prr,; is the estimated grid frequency by the PLL.

Notice that although this GFM-VSC self-synchronisation scheme uses a
PLL, the application is totally different to the use of a PLL in grid-following

converters.
The main characteristics of VSM with PLL are as follows

e The GFM-VSC uses a PLL.

e The GFM-VSC provides an inertial response, due to the emulated in-

ertia constant Hgpasi (s).

e The damping coefficient, Dgrar i, is used to obtain the required damp-

ing ratio of the dynamic response of the GFM-VSC.

e The controller of the primary frequency response of the GFM-VSC is
decoupled from the power control. Therefore, if the primary frequency
response support is requered by the GFM-VSC, then an external con-
trol loop can be added to the VSM control as shown in Figure 3.3. The

PFR control can be made as slow as required (time constant Tppp ;).

The proportional gain, Kprpr;, can be designed using typical values
for this application (e.g. Kppr; = 20 pu, and the damping of the
dynamic response of the GFM-VSC is not jeopardised, because the
damping coefficient, Dgrar;, can be designed to achieve the required
damping ratio. Notice also, that if primary frequency controller is not
used (e.g. Kprr; = 0 pu), the GFM-VSC controls its active-power

injection to a constant value (e.g. pg; = pg’i).
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3.4 Self-synchronisation control strategies of GFM-VSCs

3.4.3 IP controller

The IP controller is another approach for controlling GFM-VSC power con-
verters described in [Qoria'20c|. This type of controller adds a proportional
action (K)) to the active power to provide damping, as shown in Figure 3.5.

E—————— — — — — — — — — _ __ _Primary frequency response,

Figure 3.5: IP controller block diagram using PFR control support for syn-
chronisation in a GFM-VSC.
The main characteristics of IP controller are as follows:

e The GFM-VSC does not use a PLL.

e The GFM-VSC provides an inertial response, due to the emulated in-
ertia constant Hgpar; ().

e The proportional gain, K, is used to obtain the required damping ratio
of the dynamic response of the GFM-VSC.

e The primary frequency controller of the GFM-VSC is decoupled from
the self-synchronisation control. Then an external control loop for PFR

support can be added to the GFM-VSC control (Figure 3.5).
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3 Impact of GFM-VSC self-synchronisation control strategies on transient stability

e As will be explained in Section 3.5, the behaviour of IP controller under
small disturbances is equivalent to the behaviour of VSM with PLL
strategy |Qoria'20c].

3.4.4 VSM without PLL + wash-out

Figure 3.6 shows the scheme of the VSM without PLL incorporating a wash-
out filter with a time constant Ty p;. This high-pass filter remains inac-
tive during steady states but it acts during the transient [DIgSILENT'22;
Mo'17|.

The main characteristics of VSM without PLL - washout are as follows:

e The GFM-VSC does not use a PLL.

e The GFM-VSC provides an inertial response, due to the emulated in-
ertia constant Hgpar, ().

e The damping coefficient, DG, is used to obtain the required damp-
ing ratio of the dynamic response of the GFM-VSC.

e The primary frequency controller of the GFM-VSC is decoupled from
the power control, due to the washout filter.

-a)
b,
Py pu

1 Aw @ 0

o |8

ref ,PFR
g
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|
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i \_
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Primary frequency responsel

Figure 3.6: Virtual synchronous machine (VSM) control without PLL using
wash-out filter and (PFC) support for synchronisation in a GFM-VSC.
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3.5 Theoretical analysis of self-synchronisation mech-
anisms and design

This section presents a theoretical analysis of the self-synchronisation mech-
anisms described in Section 3.4. The objectives of the analysis are as follows:

e Examine the behaviour of the self-synchronisation mechanisms of a
GFM-VSC connected to an infinite grid under small disturbances (Fig-
ure 3.1, where an infinite grid is assumed).

e Analyse the equivalence of certain self-synchronisation mechanisms,
and emphasis on the differences of other ones under certain conditions.

e Provide useful insight into the design of the parameters of the self-
synchronisation mechanisms.

In order to simplify the analysis, the primary frequency response (PFR)
controller will not be considered. Naturally, the only case in which the PFR
controller will be present is in the VSM without PLL, because it is implicit
in its configuration.

A GFM-VSC connected to an infinite grid, as in Figure 3.1 is considered.
The complex power and current injected by the GFM-VSC are given by:

—_ = = €em,i — Vg,
Sgi = Vgyilgs s lgi = —— - (33)
Zeyd

Then, the active-power injection of the GFM-VSC reads:

Pgi = Re{Sg,i} = Re { <em’i_vg’i> *} (3.4)

c,

where:
Cmi = em’iejem»i and Tg; = fugviejeg*i. (3.5)

Assuming the converter is connected to a transmission system, the resis-
tance is usually much smaller than the reactance (x; >> r;). Therefore, to
simplify the analysis, it is assumed that Z.; = jx.;:

Pgi = 9 Gin (9, — 9,.4) (3.6)

c,

where the phase angle deviation is Af; = 6; —0;, e, ; is the VSC’s internal
voltage amplitude, vy ; is the grid voltage amplitude, z.; is the equivalent
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3 Impact of GFM-VSC self-synchronisation control strategies on transient stability

grid impedance, ¢; is the phase angle of the VSC voltage, and 6, ; is the
voltage phase angle at the PCC.

Pg,i = % sin(A#6;) (3.7)

c,i

In small signal analysis, sin(A6;) ~ A#;, and in steady state, e, ; = 1
and eg; = 1. Using these assumptions, the expression of the active-power
Dg.i» in steady state, can be simplified as shown in Eq. (3.8):

Ab; (3.8)
Pgi = 0 lsin(a0)=20; :
’ em,i=1
vg,i=1

The angle difference Af; can be calculated in terms of the angular frequency
Aw; using Eq. (3.9):

1
AO = ;wb(wi — Wg,i) (3.9)

where wy, is the base frequency of the system in rad/s (2750 rad/s).

3.5.1 VSM without PLL

In VSM without PLL control scheme, the frequency increment, Aw; = w; —
wo pu, can be obtained from Eq. (3.1) in terms of active power in the frequency
domain:

1 0 1

Aw; Pgi

Dgi (3.10)

"~ 2Hgrwmis + Dar a 2HgrMm 8 + Darmgi

If the grid is infinite and strong (x,; is low), then one can assume that:
Wg,i N Wei = Wopu = 1 pu. (3.11)

and Eq. (3.12) reads:
1
Al = —wpAw; (3.12)
s

By replacing Eq. (3.12) in Eq. (3.8), the active power expression yields:

Pg,i = wpAw; (3.13)

c,iS
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Substituting the expression for Aw given in Eq. (3.10) into Eq. (3.13):

1 1 0 1 ]
Pgi = —Wh P — pei| (3.14
P weis | 2Hgrmas + Darmi' 0 2Heramis + Darait (3.14)
Rearranging to obtain the transfer function T{,) = py i/ p(g)’i:
“b
7 _ Poi _ 2HGFM,i%c,i 515
() = @ - s2.1 DGrm,i wp, (3.15)

2HgrMm,i~  2HGFM,i%c,i:?

Using the standard form, by definition, of the transfer function for a second-
order system [Pagola'06; Ogata'10|:

w2

F = n 1
() s2 + 2Cwps + w2 (3.16)

By aligning the corresponding terms of the two transfer functions (Eq. (3.15)
and Eq. (3.16)), the damping ratio, ¢, and the natural frequency, w,, are

given by:
Dgruvi 1 Wp
= ——, Wy =, 3.17
¢ AHgpaiwn® 2HGFM,iTe,i (3:17)

There are two equations (3.17) and four parameters (Hgra,i, Daru,i, ¢ and
Wn,).

In VSM without PLL, the primary frequency controller is included im-
plicitly in the damping factor coefficient: Dgpai = 1/Rprr,i, where Rppg ;i
is the droop constant. Normally, primary frequency controllers use propor-
tional gains of Dgrar,i = 20 — 25 pu. Hence, the design of the parameters of
the VSM without PLL self-synchronisation strategy is given by:

e Specified parameters for the design: Emulated inertia constant (Hg i)
and damping coefficient (Dgrari)-

e Calculated parameters: damping ratio (¢) and natural frequency (wy,),
given by (3.17).

It is important to recall that, in VSM without PLL the damping coef-
ficient Dgpasr; has to be specified (because it is also the proportional gain
of the primary frequency controller), the the damping ratio of the dynamic
response of the GFM-VSC is given, which can be lower than desired. And
this is a disadvantage of this self-synchronisation strategy.
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3.5.2 VSM with PLL

In VSM with PLL control scheme, the frequency increment, Aw; = w; —
Wg PLL,i, can be obtained from Eq. (3.1):

1 o 1
pg,i

Awi Pgyi (318)

" 2Hgrm,is + Darai a 2Hgrmis + Dari

Under the assumption that the estimated frequency at the connection
point of the GFM-VSC (wg,prr) is similar to the true frequency at this bus

(wg):

Awi = W; — wgﬂ- (319)
Wy N Wy, PLLi (3.20)
Awi ~ Wi — wg,PLL,i (3.21)

where w; is the frequency imposed by the GFM-VSC.

By performing the same analytical procedure as in Subsection 3.5.1 (Egs.
(3.13)-(3.17)), it is proved that the dynamic behaviour of VSM with PLL is
equivalent to the one without PLL (under small disturbances and under
the assumptions described in this section). However, there is an important
difference related to the design of the parameters. Since in VSM with PLL the
primary frequency controller is decoupled, parameter Dgrjys can be selected
to obtain the required damping ratio of the dynamic response of the GFM-
VSC. Specifically, the design of the parameters of the VSM with PLL self-
synchronisation strategy is given by:

e Specified parameters for the design: Emulated inertia constant (Hgras,i)
and damping ratio ().

e Calculated parameters: Damping coefficient (Dgras,;) and natural fre-

quency (wy):
4Hcrn,iwp Wp
Dapng = Cy | —2GEMA 3.22
¢ Tei " 2HGFM,iTci (3:22)

3.5.3 1IP controller

Figure 3.7 shows the block diagram of the IP controller using a proportional
gain of K, to provide damping to the GFM-VSC.
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pg 1 w & 9
- 2SHGFM - :

Py Ky

Figure 3.7: IP controller block diagram used in a GFM-VSC for synchroni-
sation.

To obtain w; from the block diagram of the Figure 3.7, Eq. (3.23) is used.

1 0 1

Wi = 5D — s
2Hgrmis 7" 2Hgrws

where, the active power in steady-state is given by:

1

Le,i

Ab; (3.24)
sin(A6;)=A0;

Pg,i =

If the GFM-VSC is connected to a strong grid, (wg; & We; = Wopu =
1 pu), and by using Eq. (3.8) in Eq. (3.9), the Eq. (3.25) can be used to
obtain the active power in terms of the frequency:

1

mc’is

Dgi = wp(w; — Wy,i) (3.25)

Replacing (3.23) in (3.25) yields:

2HarM iTc,is? + 2Harm,i Kpiwps +wp” 7'

DPg,i

O Heparis? (3.26)

2HarM,iTc,is? + 2Harm i Kpiwps + wy

Og.i
The transfer function T(,) = Py/ Pgo reads:
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Wp
2HGEM,i%c i
Te g 2HGFM,i%c,i

Matching to a second-order transfer function, the natural frequency is given

by:
9 wyp Wy
weh= = Wy = | ——m—— 3.28
" 2HGFM,i%c,i "\ 2Hgra e, (3:28)

Therefore, the gain K, ; of the IP controller is:

Kp,iwb i 2Cl‘c,iwn

20 = 2, pi= (329)

]

422wy 2Qr..
Kpi = =y 3.30
v C\/QHGFM,i(xaiwb)z g\/;]\/[,iwb (3:30)

This control approach offers one degree of freedom by selecting a constant
damping ratio ¢ to adjust the gain value K, ;. However, it is not possible to
directly set the response time and natural frequency w,, as they depend on
both Hgr,i and the connection impedance @ ;.

The design parameters for the IP controller approach are as follows:

e Specified parameters for the design: Emulated inertia constant (Hgras,i)
and damping ratio ().

e Calculated parameters: Gain K ;p and natural frequency (wy,), which
are determined using the following equations:

2T Wp
K. .= et d =, /— 3.31

To decouple the PFR control from power control, a control loop for the
PFC is added. The controller takes the difference between the frequency
deviation and reference frequency as input and outputs an active-power set
point. The PFR adds a proportional active-power set point based on the
frequency deviation and a saturation parameter prevents excessive control
actions.
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3.5.4 VSM without PLL + wash-out

For the theoretical analysis of VSM without PLL using a wash-out filter, it
is assumed that:

e During the transient, the wash-out filter is neglected:

Twp,s
—_— =~ 3.32
1+Twp,s (3:32)

e In steady state, the washout-out filter does not have any impact:

Twpis
T+ Twpas R~ (3.33)
Hence, during the transient, the behaviour of VSM without PLL with
washout is equivalent to the case of VSM without PLL and without wash-
out filter. Therefore, the frequency increment Aw; = w; — wo p, imposed by
the GFM-VSC, which can be obtained from Eq. (3.1), has the same dynamic
behaviour as the case without washout filter, and the analysis carried out in
(3.13)-(3.17) is valid.

However, the washout filter does not act in steady state. Hence, the be-
haviour of VSM without PLL and with washout is equivalent to the behaviour
of VSM with PLL (Subsection 3.5.2). As a consequence, VSM without PLL
and with washout also decouples the primary frequency controller. Hence,
the design of the parameters of the VSM with PLL self-synchronisation strat-
egy is given by:

e Specified parameters for the design: Emulated inertia constant (Hgraz,i)
and damping ratio (¢). damping coefficient (Dgras,i)-

e Calculated parameters: Damping coefficient (Dgpas;i) and natural fre-
quency (wy):

4HGrM iwh “b
Do e [MHopaan [y 3.34
GFM,i =G PR Wn W (3.34)

3.5.5 Equivalence between VSM and IP controller

The IP controller and the VSM with PLL decouple the frequency support
control from the power control and both approaches are equivalent. This sec-
tion shows the equivalence between the VSM and the IP controller [Qoria'20c].
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Eq. (3.35) results from the block diagram in Figure 3.7, where w; is obtained
in terms of active power:
1 0 1

- 0t i Kpipos 3.35
2HGFM7i3pg7Z 215’c:1~“1\/1,z'$pg’Z piPg.d (3:35)

Wi

The active-power injection pg; at the PCC can be expressed as:

1

ch’is

Pg,i = wp(wi — Wy, PLLi) (3.36)

Replacing K.; = 1/z.; and Eq. (3.36) in Eq. (3.35):

1 0
2Harmis 7" 2Hgrwm s

Wi

Finally, Eq. (3.37) can be rewrited as follows:

2HGEM 5w = Py; — Pgi + 2Harn iKpiKeiwy(wi — g prri)  (3.38)

DaFruyi

where Darai = 2Harn,i Kp i Keiwp.
The block diagram of the equivalence between the VSM with PLL and
the IP controller is shown in Figure 3.8.

Wy pLL

Figure 3.8: Equivalence Block diagram between the VSM (with PLL) and
the IP controller.
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3.6 Virtual active power control (VAPC)

The virtual active power control (VAPC) was proposed in [Kanakesh'21|
to improve transient stability in GFM-VSC. Specifically, VAPC control im-
proves transient stability by control actions when the GFM-VSC enters into
the current limitation process [Laba'23|. In VAPC, the GFM-VSC uses as
feedback signal of the self-synchronisation mechanism the unsaturated virtual
active power, p;fir ¢ instead of the measured active power injection, as shown
in Figure 3.9. Notice that VAPC is compatible with any self-synchronisation
mechanism in GFM-VSCs.

The unsaturated virtual active power used in VAPC (p

is calculated as follows:

virt

o in Figure 3.9)

virt ref! ref’
Pgi — Vgdi- ls7d,i + Vg,q,i Zs,q,i (339)
where d and are th lta ts at PCC and ref’ nd ref’
T ’Ug’ Ug,q T e VO ge components a. Zs,d,i a Zs,q,i

are the unsaturated current set points.

All details and analysis of VAPC control can be found in [Kanakesh'21|.
The behaviour of VAPC when implemented in different self-synchronisation
mechanisms will be analysed in this chapter of the thesis.

virt
pg a)o,pu
0 —
Py Aw o, g,
W), > GFM-VSC ) > ﬂ >
self-synchronisation S

control

. D '

S

Figure 3.9: General block diagram of a self-synchronisation control in GFM-

virt as a feedback measurement.

VSCs using the virtual active power pi’;

3.7 Case studies

This section compares the impact of four different power control strategies
in grid-forming converters in three different scenarios. The case of the study
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consists of a test power system of 100 MVA GFM-VSC connected to an
infinite grid. Figure 3.10 shows the one-line diagram of the study system,
whose system data is provided in the Appendix A. As indicated in Table A.1,
the converters have a current saturation algorithm with equal priority d-axis
and q-axis currents. Simulations were carried out with VSC _Lib tool, an
open-source tool based on Matlab + Simulink + SimPowerSystems developed
by L2EP-LILLE [L2EP-LILLE'20; Qoria'l8a; Qoria'19|.

VSC

Figure 3.10: GFM-VSC connected to an infinite bus.

3.7.1 Calculation of the parameters Dgp) and K,

For the case of VSM with PLL and WSM without PLL using wash-out filter,
the damping factor coefficient (Dgpar) is obtained using the equations (3.22)
and (3.34). Meanwhile the K, gaing is obtained from equation (3.30).

e VSM with PLL and WSM without PLL + wash-out:

AHGp M iwp

Derum,i = ¢ = 203 pu (3.40)

2xci
K,;, = ———— = 0.0096 3.41
b q\/ Hariws e (341)

Le,i

)

e IP controller:
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where:

— The converter inertia constant is Hgpap = 5 s.
— The connection impedance is x.; = 0.15 pu.

— The damping ratio is ( = 0.7.

— The base frequency is wy, = 2750 rad/s.

VSM without PLL:
The VSM control with PLL, VSM without PLL + wash-out and the IP

controller are implemented with primary frequency respopnse (PFR)
support. Meanwhile, VSM without PLL does not need an additional
PFR control loop because it is capable of providing frequency support
to the system. Therefore, the Dapps value should be set to provide
damping and primary frequency response simultaneously:

— Dgrpy = 20 pu.

Furthermore, the case of VSM control without PLL using Dgpy =
203 pu will be analysed:

— Dgry = 203 pu.

Notice that the case of VSM control without PLL using Dgpy =
203 pu is only for theoretical comparison purposes as it is not feasible
in practice. Hence, any frequency variation would result in a very
large deviation in the power injected by the converter according to
Equation (3.1). The coupling the power control of the converter to the
PFR control, as will be shown later in Subection 3.7.3.2, jeopardises
the dynamic response of the system.

Therefore, this chapter compared the performance of the four self-syn-
chronisation configurations considering the following five cases:

VSM without PLL (Dgrar = 20 pu).
VSM without PLL (Dgras = 203 pu).
VSM with PLL (Dgpa = 203 pu).

IP controller (K, = 0.0096 pu).

VSM without PLL + wash-out (Dgpar = 203 pu, Tyiyp = 2 s).
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3.7.2 Simulation under different scenarios

This section compares the five cases for the self-synchronisation of the GFM-
VSC under four different events:

e Small-signal stability

— Load change: a load addition of 5% of the rated power at the
GFM-VSC terminal at ¢t =1 s.

— Grid frequency change: from 50 Hz to 50.5 Hz (from 1 pu to
1.01 pu) at t =1 s.

e Transient stability (large-signal stability)

— Short circuit without VAPC: fault of 150 ms duration at the PCC
at t =0.1.

— Short circuit with VAPC: fault of 150 ms duration at the PCC at
t=0.1.

3.7.3 Small-signal stability
3.7.3.1 Load change

A load of 5% of the nominal power is added at the GFM-VSC terminal (Bus 2
in Figure 3.10) at ¢ = 1 s. Figure 3.11 illustrates the angle difference between
the converter and the grid (§ — d.) as well as the frequency variation of the
VSC after the load change. The converter decreases the angle difference
keeping the GFM-VSC frequency at its nominal value (50 Hz) and, thus,
controlling the active power of the converter to its setpoint value. In the
case of the VSM without PLL (Dgpy = 20 pu), the generator exhibits
an oscillatory behaviour due to its low damping coefficient value. However,
the converter has a damped response for the remaining cases after the load
change.

The active and reactive power injections of the GFM-VSC are shown in
Figure 3.12. Faced with a small disturbance, the VSC’s active power injection
tries to recover its initial operating point value. Meanwhile, the VSC increase
the reactive power value to compensate for the change in the angle difference.
On the one hand, the non-PLL VSM case, using Dgryr = 20 pu, presents so
many oscillations before raising the final operating point. On the other hand,
in the rest of the cases (the VSM without PLL with and without wash-out
filter (Dgrar = 203 pu), VSM with PLL and the IP controller), the converter
has a better response faced with the load change.
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Figure 3.11: Load change of 5% of the nominal power. (top) Angle difference
and (bottom) frequency variation of the GFM-VSC.
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Figure 3.12: Load change of 5% of the nominal power. (top) Active power
and (bottom) reactive power of the GFM-VSC.
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Figure 3.13 illustrates the comparison of the estimated frequency @y,
the VSC frequency w, and the grid frequency w, during a 5% load change of
nominal power in the case of VSM with PLL. The VSC frequency w tracks the
grid frequency we closely, while the frequency w, estimated by the PLL has a
larger deviation with respect to the grid frequency. Although the frequency
estimated by the PLL does not follow the grid frequency accurately, the
converter tracks the grid frequency according to the swing equation (3.1).

1.01 T T T
—A— Grid frequency: w,
—e— GFM-VSC frequency: w
1.005 - —a— Estimated-PLL Frequency: @, ||
1 A
N7
"= 0.995
[=])
=
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()
g
= 0.985
o
=
& 098f
0.975 -
0.97
0.965 | | | | |
0.99 0.995 1 1.005 1.01 1.015 1.02
time (s)

Figure 3.13: Load change of 5% of the nominal power. Comparison of the
estimated frequency @y, the VSC frequency w, and the grid frequency w, of
VSM with PLL.

The results indicate that the VSM with PLL and the IP controller exhibit
the best performance when subjected to small signal perturbations, followed
by the VSM without PLL + wash-out (with a damping factor coefficient of
Dgrayr = 203 pu). In contrast, the VSM without PLL (with a damping
factor coefficient of Dgrpr = 20 pu) exhibits oscillations during and after
the transient due to its low damping factor coefficient, resulting in a poor
damped system response.

3.7.3.2 Grid frequency change

A 1% change in the grid frequency is applied at t = 1 s from 50 Hz to 50.5 Hz.
The angle difference of the GFM-VSC with respect to the grid (§—d,) and the
frequency deviation of the converter are shown in Figure 3.14. Figure 3.14
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(bottom) shows the tracking of the grid frequency by the converter in all five
cases. However, for the cases of the VSM with PLL and the IP controller,
the angle difference suffers a small deviation under a small change in the grid
frequency, as shown in the upper part of Figure 3.14. Meanwhile, the cases
of the VSM without PLL (with and without wash-out filter) present larger
deviations in the angle difference.

On the one hand, the angle difference deviation in the VSM without PLL
(without wash-out filter) is a consequence of the power variation (Apg,; =
pgji — pg,i) according to (3.1). Apg; is directly proportional to the change
in the frequency deviation Aw; and the damping factor coefficient Dgpas.
By using a Dgprp = 20 pu, the converter produces a poorly damped re-
sponse, with several oscillations before the final operation point rise. By
using Dgrp = 203 pu, a small change in the grid frequency produces a
large deviation of the GFM-VSC active power due to the high Dgras value
as shown in Figure 3.15. On the other hand, although the VSM without
PLL + wash-out has a large deviation during the fault, it reaches the final
operation point similar to the VSM with PLL and the IP controller and dif-
ferent to the VSM without PLL (without wash-out filter). This action is
performed because the washout filter is activated during the transient, al-
lowing the GFM-VSC control action. It is then deactivated in the steady
state to prevent a greater deviation of the GFM-VSC active power injection
(refer to Figure 3.15).

Figure 3.15 displays the active and reactive power injections of the GFM-
VSC while Figure 3.16 shows voltage and the current injection of the con-
verter. As previously mentioned, a high Dgpjps value can lead to a large de-
viation in the GFM-VSC active power when a small change in grid frequency
occurs, as observed in the case of the VSM without PLL (without wash-out).
The converter modulates the voltage e,, at 1pu, so by reducing the active
power, the current injection of the converter also decreases, causing the volt-
age V4 to increase according to Eq.(3.7). This response increases the reactive
power to compensate for the voltage variation. However, when using the
VSM without PLL + wash-out, WSM with PLL, or the IP controller, they
decouple the primary frequency response from the power controller, enabling
them to compensate for the voltage variation without affecting the active
power. In this way, these controllers avoid large deviations in the angle dif-
ference and the GFM-VSC active power during grid frequency disturbances.
Additionally, the PFC and washout filter utilised in the VSM without PLL
-+ wash-out enables it to reach the final operating point similarly to the VSM
with PLL and the IP controller, further improving its performance.

57



3 Impact of GFM-VSC self-synchronisation control strategies on transient stability

~——— VSM without PLL (Dgra = 20 pu)
VSM without PLL (D, =203 pu)

™| —m— VSM with PLL (Dgryr = 203 pu)
—~ ——4— IP Controller
%0 10r ——y— VSM without PLL + wash-out (Dgry = 203 pu)
=
~
o
!»o
I
w
6L I I | I i
0.5 1 1.5 =————we
—e— VSM without PLL (Dgrar = 20 pu)
VSM without PLL (Dgr;
——@— VSM with PLL (Dgpy = 203 pu)
50.1 | =—4— [P Controller
~——y— VSM without PLL + wash-out (Dgrys = 203 pu)
—
=
P 5005+
3
50 - +
0 0.5 1 15 2 25 3 3.5 4 4.5 5

time (s)

Figure 3.14: Change in the grid frequency of 1% (0.01 pu). (top) Angle
difference and (bottom) Frequency of the GFM-VSC.
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Figure 3.15: Change in the grid frequency of 1% (0.01 pu). (top) Active and
(bottom) reactive power of the GFM-VSC.
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Figure 3.16: Change of the grid frequency of 1% (0.01 pu). (top) voltage at
the terminal and (bottom) Current injection of the GFM-VSC.

Figure 3.17 illustrates the comparison of the estimated frequency @y, the
VSC frequency w, and the grid frequency w, for a grid frequency change
of 1% in the case of VSM with PLL. Although the PLL tracks the grid
frequency we, it’s important to note that the VSC frequency w displays a
more significant deviation following the grid frequency based on the VSM
swing equation.

The analysis indicates that the VSM with PLL (Dgra = 203 pu) and
the IP controller exhibit superior frequency tracking and power-sharing per-
formance compared to other methods, followed by the VSM without PLL
+ wash-out. However, the VSM without PLL (Dgpps = 20 pu) displays a
significant frequency and power oscillation. While the VSM without PLL
(Dgrym = 203 pu) has good frequency tracking, it has the highest power
output deviation.
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Figure 3.17: Change in the grid frequency of 1% (0.01 pu). Comparison of
the estimate frequency @wg, the VSC frequency w, and the grid frequency w,
of VSM with PLL.

3.7.4 Large-signal stability (transient stability)
3.7.4.1 Short circuit simulation without VAPC

A three-phase-to-ground short circuit is applied to the line 2-3, which is close
to bus 2, and it is cleared 150 ms later. In Figure 3.18, the angle difference
between the GFM-VSC and the grid (0—0d.) as well as the frequency deviation
of the VSC with respect to the grid frequency are shown. For the short-circuit
event, synchronisation is maintained in all cases. However, the IP controller
shows the maximum angle difference and frequency deviation. This reflects
a tendency to lose synchronism for faults that are not much higher than 150
ms.

After the fault clearing, the VSM without PLL using a Dgrar = 20 pu
exhibits oscillations before reaching the steady state due to the low damping
factor value. Conversely, the VSM without PLL (with and without wash-
out filter) and the VSM with PLL present a smaller deviation of the angle
difference and the frequency of the GFM-VSC. This is because the PLL
helps to synchronise the VSC with the grid frequency, while the wash-out
filter improves the control performance during dynamic conditions.

Figure 3.19 displays the VSC’s active and reactive power injections, and
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Figure 3.18: Fault at the VSC terminal cleared after 150 ms. (top) Angle
difference and (bottom) Frequency of the GFM-VSC.

Figure 3.20 shows the voltages and the current injections of the VSC. During
the fault, the active power injection experiences a sharp drop, triggering the
converter current limiter (see Figure 3.20) and accelerating the converter.
Once the fault is cleared, the active power injection sharply rises to the limit
set by the current limiter (i{’f” = 1.25 pu).

Figure 3.21 illustrates the comparison of the estimated frequency @y, the
VSC frequency w, and the grid frequency w, for a short circuit event at the
VSC terminal cleared after 150 ms, in the case of VSM with PLL. For a large
disturbance, the PLL helps to the VSC frequency w tracks the grid frequency
we according to the swing equation. For example, During the fault, when the
converter output power is zero (pg; = 0) and the estimated frequency by the
PLL is equal to the maximum value of the PLL frequency (&prr,; = @?ﬁfz),
the acceleration of the converter is reduced, thereby avoiding the loss of
synchronism:

dAwi 1 ~mnax

dt 2Hara i (Pg,z- — Pgi — Darai(wi — wPLL,i)) (3.42)
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Figure 3.19: Fault at the VSC terminal cleared after 150 ms. (top) Active
and (bottom) Reactive of the GFM-VSC.
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Figure 3.20: Fault at the VSC terminal cleared after 150 ms. (top) voltage
at the terminal and (bottom) Current injection of the GFM-VSC.
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Figure 3.21: Fault at the VSC terminal cleared after 150 ms. Comparison of
the estimate frequency @,, the VSC frequency w, and the grid frequency we
of VSM with PLL.

Both VSMs with and without PLL (with and without wash-out filter),
using the damping factor coefficient of Dgras = 203 pu, exhibit a fast re-
sponse for synchronisation and quickly reach a steady state. In contrast, the
IP controller and the VSM without PLL, with Dgpas = 20 pu, show a slower
response. However, the IP controller is more damped and reaches a steady
state faster than the VSM without PLL (Dgras = 20 pu), which results in
an underdamped response before reaching the steady-state.

3.7.4.2 Performance of the virtual power controller (VAPC)

The performance of the virtual power controller is evaluated for the short
circuit event. The same three-phase-to-ground short circuit is applied to
the line 2-3 and cleared 150 ms later. The upper part of Figure 3.22 shows
the angle difference between the GFM-VSC and the grid (6 — ¢.), while the
lower part shows the frequency deviation of the VSC with respect to the grid
frequency. The results indicate that the system maintains synchronism for
the short circuit scenario when the VAPC is applied for synchronisation.
The IP controller shows the maximum angle difference and frequency
deviation during the fault reaching the final operating point after the fault
clearing. However, compared to when the VAPC is not applied, the IP
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controller exhibits a faster response. Moreover, the VSM without PLL using a
Dgry = 20 pu exhibits oscillations before reaching the steady state, whereas
VSM with PLL and VSM without PLL (with and without wash-out filter)
using a Dgras = 203 pu have the best performance on the system response.
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Figure 3.22: Fault at the VSC terminal cleared after 150 ms applying Virtual
power control (VPC). (top) Angle difference and (bottom) Frequency of the
GFM-VSC.

Figure 3.23 shows the active and reactive power injections of the VSC
during the short circuit event. As the fault occurs, there is a sudden drop in
the active power injection, causing the converter current limiter to activate
(as seen in the lower part of Figure 3.24). This causes the converter to
accelerate. Once the fault is cleared, the active power injection sharply rises
to the limit set by the current limiter (i{’f” = 1.25 pu), avoiding the loss of
synchronism. Notice that the current limiter is activated in less time than
when the VAPC is not used (see Subsection 3.7.4.1)
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Figure 3.23: Fault at the VSC terminal cleared after 150 ms applying VPC.
(top) Active and (bottom) Reactive of the GFM-VSC.
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Figure 3.24: Fault at the VSC terminal cleared after 150 ms applying VPC.

(top) voltage at the terminal and (bottom) Current injection of the GFM-
VSC.
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Figure 3.25 illustrates the comparison of the estimated frequency @, the
VSC frequency w, and the grid frequency w, for a short circuit event using
VAPC of the case of VSM with PLL. The fault is applied at the VSC terminal
cleared after 150 ms. For a large disturbance, the VSC frequency w tracks
the grid frequency w, closely by the action of the power control and PFR of
the GFM-VSC. MeanWhile the frequency @,, which the PLL estimates, has
a larger deviation with respect to the grid frequency during and after the
fault clearing.

T T T T T T T T
1.1 ——te— Grid frequency: w,

——o— GFM-VSC frequency: w
1.08 ——@— Estimated-PLL Frequency: &, |4
1.06
/5 1.04
L
= 1.02
=
1
Q
5 s
ool
=
[N
0.96
0.94
0.92
0.9 I I I I I I I I I
11 112 114 116 118 1.2 122 124 126 128 13
time (s)

Figure 3.25: Fault at the VSC terminal cleared after 150 ms applying VPC.
Comparison of the estimate frequency @y, the VSC frequency w, and the grid
frequency w, of VSM with PLL.

The results demonstrate that the VSM without PLL (Dggar = 203 pu) and
VSM with PLL have the best performance in terms of recovering the final
operation point after the fault is cleared. While the IP controller manages
to recover from the fault, it takes slightly longer than the VSM with PLL,
showing that their behaviours differ in large disturbance events. On the other
hand, the VSM without PLL (Dgprps = 20 pu) has the worst performance
because, as in the previous scenarios, it shows oscillations after the fault has
been cleared due to its low damping coefficient, with a large current overshoot
that raises the current limits several times.
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3.7.5 Critical clearing times

In order to assess transient stability, it is necessary to determine the critical
clearing time (CCT). The CCT is a measure used to quantify the transient
stability margins of a power system. This is defined as the maximum duration
that a fault may persist without causing a loss of synchronism. The CCT is a
widely used metric for evaluating the margin of transient stability |[Gomez-
Exposito'17|. Table 3.1 presents the CCT values in milliseconds (ms) for
different GFM-VSC control strategies.

Table 3.1 shows that the VSM without PLL using a damping factor coeffi-
cient of Dgrp = 203 pu and the VSM with PLL using the same damping fac-
tor have the highest CCTs of 1600ms and 1700ms, respectively. In contrast,
the VSM without PLL with a damping factor coefficient of Dgpar = 20 pu
has a lower CCT with 280ms, indicating a worse transient stability margin.

The IP controller has a CCT of 190ms, which means it has the worst tran-
sient stability margin compared to other tested control strategies. Although
the IP controller is similar to the VSM with PLL in small signal analysis,
it is not the same for large disturbances. The VSM control with PLL has
a good performance for short-circuit events compare to the IP controller.
This is because, during a fault, the converter output power is zero (pg; = 0)
which leads to the acceleration of the GFM-VSC as per the equivalent swing
equation obtained in (3.23):

dAw; 1
P 2, (3.43)
dt 2HGFM,2‘ 9
Table 3.1: Critical clearing times (CCTs).
CCT (ms)

GFM-VSC control strategy Without VAPC with VAPC
VSM without PLL (DGF]W =20 pu) 280 540
VSM without PLL (Dgpar = 203 pu) 1600 2640
VSM with PLL (Dgras = 203 pu) 1700 3440
VSM without PLL + wash-out (Dgpar = 203 pu) 1020 1900
IP controller 190 390

Furthermore, Table 3.1 also demonstrates the CCTs improvements using
VAPC. The results indicate that the VAPC is more suitable for situations
where a quick response is required to maintain synchronisation, such as when
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large disturbances.

3.8 Conclusions

The conclusions obtained in this chapter can be summarised as follows:

e The four self-synchronisation mechanisms for GFM-VSCs analysed in
this chapter (VSM without PLL, VSM with PLL, VSM without PLL +
wash-out and IP controller) can have a similar behaviour under small
disturbances, for a proper tuning of the parameters. However, they
can have different behaviour under large disturbances, due to non-
linearities.

e Strategies VSM with PLL and VSM without PLL + washout produce
the best results in terms of transient stability.

e Strategies VSM without PLL and IP control produce the lowest critical
clearing times (CCTs).

e The Virtual active-power controller (VAPC) improves the CCTs in all
cases, and it can be applied to all self-synchronisation strategies in
GFM-VSCs.
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Chapter 4

Fast voltage boosters to
improve transient stability

4.1 Introduction

This chapter proposes control strategies based on voltage /reactive-power con-
trol of GFM-VSCs to improve the transient stability of power systems with
100% GFM-VSC-based generation. The proposed strategies are called fast
voltage boosters (FVBs) because each GFM-VSC modifies its voltage set
point to improve transient stability. The proposed FVBs do not modify the
set points linked to frequency/active-power injection. One control strategy
utilises local measurements, while the other relies on global measurements
of the frequency of the centre of inertia (COI). Both strategies have demon-
strated significant improvement in the transient stability of the power sys-
tems. Theoretical analysis and simulation results are presented to validate
the effectiveness of the proposed strategies.

The rest of the chapter is organised as follows. Section 4.2 provides a
review of previous work on control strategies for improving the transient sta-
bility of GFM-VSC-based power systems. Section 4.3 presents the gap cov-
ered by this chapter. Section 4.4 presents the proposed fast voltage boosters,
including the local fast voltage booster (FVB-L) and the fast voltage booster
using a wide-area communication system (FVB-WACS). The design and op-
eration principles of these strategies are discussed in detail. In Section 4.5,
simulation results are presented to validate the effectiveness of the proposed
strategies. This section includes a comprehensive analysis of various as-
pects of the proposed strategies, including short-circuit simulations, critical

69



4 Fast voltage boosters to improve transient stability

clearing times (CCTs), the impact of communication latency, the design and
impact of the control parameters. This section also discusses the use of local
and global measurements for the proposed strategies. Finally, Section 4.6
summarises the conclusions of this chapter.

4.2 Review of previous work

Control strategies based on voltage/reactive-power control are an alterna-
tive approach to active power control strategies. There is a notable area of
research and development in the design of control mechanisms specifically
focused on reactive power control strategies in GFM-VSCs. In addition, the
effect of converter output voltages and reactive power injections on transient
stability has been studied in [Pan'19]. The work in [Pan'19] analyses the
behaviour of a GFM-VSC (with voltage/reactive-power droop control) con-
nected to an infinite grid. It shows that increasing the steady-state reactive
power setpoint of the VSC’s Q-V control droop increases the transient sta-
bility margin. However, specific voltage /reactive-power control strategies for
improving transient stability in GFM-VSC have not been studied in [Pan'19).

The work in [Chen'22| proposes a method to improve the transient angle
stability of a GFM-VSC connected to an infinite grid. The proposed method
uses a voltage /reactive-power control on a GFM-VSC by changing its voltage
setpoint, which changes the relationship between the reference voltage and
the angle deviation. The proposed control strategy uses local measurements.
The proposed voltage control strategy improves transient stability.

Authors in [Xiong'21b| proposed a voltage/reactive-power method in
GFM-VSCs controlled with QV droop control to improve transient stability.
In the proposed method a supplementary reactive-power set point is added
to the reactive-power set point of the QV droop control of the GFM-VSC.
The supplementary set point consists of a feedback signal of the frequency
difference between the VSM and the grid (e.g., it uses local measurements).
The proposed control strategy improves transient stability in a test system
of a GFM-VSC connected to an infinite grid.

The work in [Si'23] proposes a control system that utilizes two methods
to improve the transient stability of GFM-VSCs. These methods are voltage
amplitude regulation and reactive power injection. They use local measure-
ments and they are analysed in a test system consisting of a GFM-VSC
connected to an infinite grid. The authors show that the proposed methods
improve transient stability.
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4.3 Gap covered by this chapter

Although the proposed voltage /reactive-power control strategies for pro-
posed in GFM-VSCs [Xiong'21b; Chen'22; Si'23| aim to improve transient
stability, it does not guarantee its feasibility in multi-converter systems, as
the control is specifically designed for a GFM-VSC connected to an infinite
grid. In multi-converter systems, transient stability phenomenon is more
complex. Therefore, more advanced and specific controls are required to
ensure transient stability in multi-converter systems.

The use of control strategies based on voltage /reactive-power control to
improve transient stability in power systems with 100 % converter has not
been carefully investigated. While these types of approaches have been im-
plemented in shunt FACTS devices [Haque'04] and VSC-HVDC systems
[Fuchs'14; Sigrist'15; Renedo'17|, they have only been applied as reactive-
power control-based strategies in GFL-VSC converters. Alternatively, volt-
age/reactive-power control-based strategies have also been successfully ap-
plied to synchronous generators [Lee'86; Kundur'94| called excitation boost-
ers [Diez-Maroto'19b; Diez-Maroto'17; Diez-Maroto'19a; Diez-Maroto'20|
(EBs) in multi-machine systems. The successful implementation of EB strate-
gies in the aforementioned systems has inspired the research presented in this
chapter. In particular, EB strategies can help improve transient stability dur-
ing a fault since synchronous generators do not require a current limiter for
fault protection. However, control actions in GFM-VSC must guarantee their
activation after fault clearance since no control action is effective during the
current limitation of GFM-VSCs.

In this sense, this chapter proposes two fast voltage booster control strate-
gies based on voltage/reactive-power to improve transient stability in power
systems with 100% of GFM-VSC-based generation. The proposed strategies
(to be called Fast Voltage Boosters -FVBs- in the rest of the chapter) are
based on changing the voltage set points of GFM-VSC, quickly when a fault
occurs. Such action should eventually change the electrical active-power in-
jections of the GFM-VSC and would pull the frequencies of the GFM-VSCs in
the system together, helping to maintain synchronism. One of the proposed
strategies uses local measurements, whereas the other uses global measure-
ments to calculate the frequency of the COI. The chapter will show that both
strategies improve transient stability of these types of systems significantly
with the advantage that the converter will change its reactive-power injec-
tion without affecting set points for active-power injections (directly related
to frequency control). In other words, these types of strategies do not involve
changing set points of the primary energy sources of GFM-VSCs.
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4.3 Gap covered by this chapter

Voltage /reactive-power supplementary controllers for GFM-VSCS to improve
transient stability have only been analysed in the converter connected to an
infinite bus. However, there could be limitations to their application suc-
cessfully in multi-converter systems, especially in power systems with 100%
GFM-VSC-based generators. Therefore, the successful implementation of
these types of strategies in the multi-machine systems has inspired the re-
search presented in this chapter with the challenge of guaranteeing the fea-
sibility of their control actions after fault clearance since no control action is
effective during the current limitation which is activated during the faults.
The contributions of this chapter are as follows:

e Study two FVBs to improve transient stability of power systems with
100% of GFM-VSC-based generation, one based on local measurements
and the other based on global measurements.

e Demonstrate significant improvements on the critical clearing times of
different faults, due to the two control strategies proposed.

e Analyses the impact of communication latency on the performance of
the proposed global control strategy. Results show that the proposed
control strategy is robust for realistic communication latency.

The performance of the proposed strategies will be illustrated in Kundur’s
two-area test system [Kundur'94| with 100% of grid-forming VSC-based gen-
eration by means of electromagnetic-type simulation in Matlab + Simulink
+ SimPowerSystems.

4.4 Proposed fast voltage boosters to improve tran-
sient stability

In this section, fast voltage boosters for GFM-VSCs are proposed to improve
transient stability. The proposed controllers are based on voltage/reactive-
power control of the VSCs and they were inspired by the excitation boosters
for synchronous machines proposed in [Diez-Maroto'17; Diez-Maroto'19a;
Diez-Maroto'20| to improve transient stability in multi-machine systems.
EBs in static-fed excitation systems in synchronous generators are based on
supplying an additional field voltage when faults occur. Faults close to the
generator’s terminal can reduce the field voltage and, therefore, EBs need
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4.4 Proposed fast voltage boosters to improve transient stability

to be implemented using external storage devices, such as ultra-capacitors
or batteries [Diez-Maroto'17|. On the contrary, voltage boosters for GFM-
VSCs manipulate the voltage set point and do not require additional devices,
as will be explained in this section.
The active-power injection of the VSC at the connection point (see Fig-
ure 4.2) can be approximated as:
Pgi = % sin(67,; — 0g,i) (4.1)

(X

Eq. (4.1) is useful for qualitative analysis. Loss-of-synchronism in power
systems with 100 % of GFM-VSC-based generation follows the same pattern
as in multi-machine systems with synchronous generators. When a fault
occurs, the voltage at the PCC, v, ;, is diminished dramatically, reducing
the active power injection pgy; (i.e. the virtual electromagnetic torque of the
VSC). This produces the acceleration of the VSC frequency with respect to
the nominal frequency (wp , = 1 pu) according to the swing equation (4.2),
which eventually sets the frequency imposed by the GFM-VSC:

dAw;
Pgi = Pgi — Dormilw; = 2157@171\4,17Z (4.2)

Depending on the location of the fault, some VSCs will accelerate more
than others and severe-enough faults could produce loss of synchronism of
GFM-VSCs. For the purpose of this chapter, it should be noted that the VSM
without PLL is considered for the control of the GFM-VSC (see Figure 4.1).

pg,i
T N

1) o
1 % I
~ - 2sHgpy, i ~ S
. D 51
DGFM j ?

Figure 4.1: Supplementary controller of a virtual synchronous machine
(VSM) implemented without PLL in a GFM-VSC.

Equation (4.1), shows that the active-power injection can be modified
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Figure 4.2: Equivalent model of a Grid-Forming Voltage Source Converter
GFM-VSC.

by changing voltage v;; and this is feasible, since voltage controllers of
GFM-VSCs have fast responses. Therefore, the voltage set point of each
GFM-VSC-i can be modified with an additional term (Av}if 1) seeking the
improvement of transient stability:

v;i.f =0}, + AU;if’TS (4.3)
where v%i is the initial voltage set point. It should be noted that voltage set

ref

point v, is actually the input of the voltage controller (2.8) (see Figure 2.7).

A control strategy will be effective to improve transient stability if it is
able to act during the fault and/or inmediately after the fault clearing. In
fact, VSCs might not be able to produce any effect during the fault, because
the converter will limit its current injection, if the fault is close enough.

Transient stability of a single GFM-VSC connected to the grid can be im-
proved by slowing down the frequency of the VSC with respect to the nominal
frequency, following a pattern similar to the one used for a single synchronous
machine connected to an infinite grid [Kundur'94; Diez-Maroto'19b|. Tran-
sient stability of a power system with 100 % GFM-VSC-based generation is
a more complex phenomenon. A fault will produce that some VSCs accel-
erate faster than others during the transient, so control actions should try
to pull their frequency together. In other words, some VSCs will have to be
slowed down while others will have to be accelerated. This is, again, anal-
ogous to the case of a multi-machine system with conventional synchronous
generators, where the use of the speed of the COI has proved to be use-
ful |Diez-Maroto'17; Diez-Maroto'19a; Diez-Maroto'20|.

The frequency of the COI in a power system with 100 % of GFM-VSC-
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based generation can be defined as [Choopani'20|:

n
weor = Z Hgpapwr (pu) , with Hype = > Harark (4.4)

Hto

Two control strategies are proposed in this Thesis:
e Local fast voltage booster (FVB-L, for short).

e Fast voltage booster using a wide-area control system (WACS) (FVB-
WACS, for short).

4.4.1 Local fast voltage booster (FVB-L)

This control strategy was motivated by previous work on excitation boost-
ers in synchronous machines [Diez-Maroto'19b| and on supplementary con-
trollers for transient stability in shunt FACTS devices [Haque'04]. It consists
in a fast voltage support. Strategy FVB-L uses local measurements as input
signals: the voltage at the terminal of VSC-i, vg;, and the frequency devia-
tion of each GFM-VSC-i, Aw; = w; — wo py (in pu) and its block diagram is
shown in Figure 4.3.
The philosophy of local strategy FVB-L is as follows:

e Binary variable 71 ; is set to 1 if a voltage sag is detected with an
hysteresis, as shown in Figure 4.3. If vy; < va,, then v1; = 1 and
remains equal to 1 until vy; > vp,;. if a fault is not detected, then
Y1, = 0.

e Binary variable s ; is set to 1 if the frequency deviation of GFM-VSC-i
(with respect to the nominal frequency) is greater than or equal to a
certain threshold: Aw; > wipresi- Otherwise, y2; = 0.

e The supplementary controller is activated with binary variable ~y;, which
is the result of a logic circuit with v;; and 72; as inputs, as shown in
Figure 4.3.

e The supplementary voltage set point is given by: Av;ef TS = %Avma‘” ,
where Av?‘“x > 0 is a parameter of the controller (7; = 0 if the con-
troller is deactivated and 7; = 1 if the controller is activated).
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Figure 4.3: Strategy FVB-L.
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Figure 4.4: Strategy FVB-L. Logic circuit for fault detection.
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The logic circuit rules for the activation of the controller can be sum-
marised as follows:

e The controller will be activated if a voltage sag is detected. Therefore,
v1,; will drive the activation of the controller.

e Once the controller is activated, the supplementary voltage set point
is maintained if at least one of the two following conditions are satis-
fied: undervoltage (71, = 1) or frequency greater than or equal to the
threshold (vy2; = 1).

With this controller, VSC-i will increase its voltage setpoint with a pos-
itive increment Av;ef TS Av?““’ if it detects a fault, trying to slow down
the converter. This mechanism will improve transient stability of the grid-
forming VSC connected to the rest of the system. The behaviour of each
converter in a power system with several GFM-VSCs can be summarised as
follows. When a fault occurs, the frequency of all GFM-VSCs will increase
and all of them will see a certain voltage sag during the fault. The frequen-
cies of GFM-VSCs close to the fault will grow faster than the frequencies
of GFM-VSCs far from the fault. As discussed previously, the key point in
transient stability is the difference between frequencies of the GFM-VSCs
and not the absolute value of those frequencies. However, with this control
strategy, converters do not have this information, because each VSC uses
only local measurements. This problem can be tackled by the proper design
of thresholds v4;, vg; and wWipres; and with the logic circuit proposed of
Figure 4.4. With the proper design of those thresholds, only controllers of
GFM-VSCs close to the fault will be activated, and not the ones of VSCs
far from the fault. Hence, transient stability in power systems with 100 % of
GFM-VSC-based generation can be improved.

4.4.2 Fast voltage booster using a WACS (FVB-WACS)

This control strategy was motivated by previous work on excitation boosters
in synchronous machines using the speed of the COI [Diez-Maroto'17; Diez-
Maroto'19a; Diez-Maroto'20|. The proposed controller uses a fast voltage
booster in each GFM-VSC using a wide-area control system (WACS). Fol-
lowing the scheme of Figure 4.5, where Kryp; is a proportional gain, T’ ; is
a low-pass filter used for noise filtering, Tjy; is a wash-out filter used to avoid
any control actions in case of steady-state offsets and Avm‘w is a saturation
parameter. The input of the controller is the error between a frequency set
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point (wfef ’TS) and the frequency of each GFM-VSC (w;), in pu. A deadband
of +¢; is used to apply the control actions only when the system is subject
to large-enough perturbations.

The frequency set point of each VSC-i is calculated as the frequency of
the COI (Eq. (4.4)):

wieHTS — weor (4.5)
7

Hence, a communication system is needed.

ref ;TS 1 T T AVrfml1><
i sT,, .
L, 74 . Wi . Ko ref ;TS
_Cf\ 1+5sT,; /- e, 1+5T,, 1 FvBi AVf,i
) max
—Av;
-

Figure 4.5: Strategy FVB-WACS.

The philosophy of FVB-WACS controller is as follows:

o [f the frequency of VSC-i is above the frequency of the COI, VSC-i will
increase its voltage setpoint, trying to slow VSC-i down.

e [f the frequency of VSC-i is below the frequency of the COI, VSC-i will
decrease its voltage setpoint, trying to accelerate VSC-i.

e Therefore, control actions will pull together the frequencies of GFM-
VSCs of the system.

4.5 Results

The behaviour of Kundur’s two-area test system [Kundur'94| with 100% of
grid-forming VSC-based generation has been investigated (see Figure 4.6).
Synchronous machines of the original system were replaced by GFM-VSC-
based generators with VSM control, with the same rating as the original
generators (900 MVA). The GFM-VSCs use current saturation algorithms
(CSA) current limiters, which are conventionally used to protect the con-
verter against damage.

Data of the system are provided in the Appendix. Converters have a
current saturation algorithm with equal priority d-axis and ¢-axis currents,
as indicated in Appendix A, in Table A.4. Simulations were carried out
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with VSC_Lib tool, an open-source tool based on Matlab + Simulink +
SimPowerSystems developed by L2EP-LILLE |[L2EP-LILLE'20; Qoria'18a;
Qoria'19]. Average electromagnetic-type models are used.

vscz | 4 }| vsca

Figure 4.6: Kundur’s two-area test system with 100% GFM-VSC-based gen-
eration.

Table 4.1 shows the results of the steady-state initial operating point.

Table 4.1: Initial operating point.

VSC | vg; (pu) dg; (deg) Pyi (MW) Qg: (MVAr)
VSC 1 | 1.0475 0.44 693.00 0.00
VSC 2 | 1.0309 0.45 693.00 90.00
VSC 3 | 0.9900 0.00 642.60 -69.93
VSC 4 | 0.9738 0.16 693.00 180.00

Three cases are compared:

e Base case: no supplementary controller for transient stability is imple-
mented in the GFM-VSCs.

e FVB-L: VSCs applying FVB-L strategy (Figs. 4.3-4.4), with param-
eters: va; = 0.50 pu, vp; = 0.9 PU, Wihres,i = 1073 pu, Av?fm =

0.15 pu.

e FVB-WACS: VSCs applying FVB-WACS strategy (Figure 4.5), with

parameters: Kpyp; = 50 pu, Ty; = 0.1 s, Tw; = 10 s, Avai =
0.15 pu and ¢ = 1073 pu.
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4.5.1 Simulation of Fault I

A three-phase-to-ground short circuit is applied to line 7-8a (close to bus 7),
which is cleared by diconnecting the line 150 ms later (Fault I of Table 4.2).
Figure 4.7 shows the angle difference between VSC-1 and VSC-3. In the
base case, VSC-based generators lose synchronism. However, synchronism is
maintained with the proposed supplementary controllers FVB-L and FVB-
WACS (see Figure 4.7).

180
Base case

160 - FVB-L
140 1 ——FVB-WACS

_

n

o
T

8o f 1
BOJ/' 1
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20 [ ]

(5f’1 — (Sf’g (deg)
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Figure 4.7: Fault I cleared after 150 ms. Angle difference of the VSCs.

Figure 4.8 shows the frequency deviations of the VSCs with respect to
the frequency of the COI, while Figure 4.9 shows the supplementary voltage
set point provided by the control strategies and the voltages of the VSCs.
Notice that local strategy FVB-L is only activated in VSCs 1 and 2, which
are close to the fault and not in VSCs 3 and 4, which are far from the fault. It
is important to emphasise that achieving this configuration requires careful
parameterisation of the controls, and this is by no means a straightforward
task. This is why the FVB-L strategy is also effective in multi-converter sys-
tems with 100 % of grid-forming based generation; this is the consequence of
the logic rules in Figure 4.4 and an appropriate design of the controller pa-
rameters. In control strategy FVB-WACS, a positive supplementary voltage
set point is provided by VSCs 1 and 2 immediately after the fault clearing,
because their frequencies are above the frequency of the COI (see Figure 4.8).
Meanwhile, VSCs 3 and 4 provide a negative supplementary voltage during
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the first swing, because their frequencies are below the frequency of the COL.
Therefore, the frequencies of VSCs 1 and 2 will slow down while the frequen-
cies of VSCs 3 and 4 will accelerate, reducing the risk of loss of synchronism.

VSC1 & VSC2
N
=
~
S
O
3
| -
3 o4t .
061 VSC3 & VSC4 ]
Base case
-0.8 I I I I
0 1 2 3 4 FVB-L
time (s) ——FVB-WACS

Figure 4.8: Fault I cleared after 150 ms. Frequency deviations of the VSCs
with respect to the frequency of the COI.

Figure 4.10 shows the active-power injections of the VSCs. During the
fault, the converter current limiter is activated leading to fast variations in
the P injections. The active power injected by converters 1 and 2 decreases
drastically during the fault. After the fault clearing, P injections are af-
fected by the supplementary voltage set point of the proposed control strate-
gies (FVB-L and FVB-WACS). By supplying a positive (negative) additional
voltage set point AU;’eif TS
(decreases), according to (4.1). Precisely, (electrical) active-power injections,
Pg.i, drive the slowing down or the acceleration of the GFM-VSCs, according
to (4.2). For example, during the first swing, VSC-1 has its frequency above
the frequency of the COI. Control strategy FVB-WACS increases its voltage
set point. Hence, the active-power injection of VSC-1 is reduced, slowing
down the converter. The opposite effect occurs in VSC-3: control strategy
FVB-WACS accelerates VSC-3 during the first swing. As a result, VSC-1
and VSC-3 are pulled together.

Finally, Figure 4.11 displays the current injections of each VSCs. The
converter current limiters, CSA, are activated during the fault in those con-

(Figure 4.9), the active-power injection increases
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verters where the current limit is reached. The current injections of the VSCs
1 and 2, which are close to the fault, hit a peak reaching their maximum al-
lowed value (if'® = 1.25). This results show that FVBs are compatible with
current limiters of VSCs.
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Figure 4.9: Fault I cleared after 150 ms. (left) Supplementary voltage set
points of the VSCs and (right) voltages of the VSCs.
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Figure 4.10: Fault I cleared after 150 ms. Active-power injections of the

VSCs.
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Figure 4.11: Fault I cleared after 150 ms. Current injections of the VSCs.
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4.5.2 Critical clearing times (CCTs) and impact of commu-
nication latency

The critical clearing time (CCT) of different faults (described in Table 4.2)
will be used to quantify transient-stability margins. Furthermore, the im-
pact of communication latency on the performance of strategy FVB-WACS
will also be analysed. Hence, the input error signal of the supplementary
controller of Figure 4.5 will be delayed as:

U; = efsT(wCO] - wi) (46)

where 7 is the communication delay. The work in [Zhang'15| reported total
communication delays in WACS within the range 50-80 ms. Total commu-
nication latency delays of 50 ms and 100 ms will be considered in this work.

Table 4.2: Fault description

Short circuit | close clearing

at line ¢ — j | to bus
Fault I 7-8a 7 Disconnect 7-8a
Fault II 5-6 5 short circuit cleared (line not disconnected)
Fault III 10-11 11 short circuit cleared (line not disconnected)
Fault IV 8-9a 8 Disconnect 8-9a

CCTs of faults described in Table 4.2 are given in Table 4.3. The pro-
posed supplementary controllers FVB-L and FVB-WACS increase the CCT
of Fault I significantly. Strategy FVB-L also increases the CCT of Fault
II, although the improvement is smaller than the one with strategy FVB-
WACS. Furthermore, with strategy FVB-L, the CCT of Fault IV decreases
from 420 ms of the base case to 400 ms. This is due to the conditions of
activation of local strategy FVB-L described in Section 4.4.1. With a proper
design of the activation thresholds, this strategy is only activated for severe-
enough faults and this is why no negative impact is produced for any fault.
An example of this is, if parameter v4; of Figure 4.3 is changed from 0.75 pu
to 0.5 pu, the CCT of Fault IV is not reduced (see Table 4.3). A value of
va; = 0.5 pu in FVB-L will be used in the rest of the chapter, which pro-
duced better results (these parameters are provided in the Appendix). While,
there could be other faults (e.g. Fault III) in which the control strategies will
have no impact. Overall, strategy FVB-WACS produces better results than
FVB-L. Results of Table 4.3 also prove that strategy FVB-WACS is robust
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against communication latency.

Table 4.3: Critical clearing times (CCTs).

CCT base FVB-L FVB-WACS  with delay
(ms) case | v4,; =0.75pu wv4;=0.5pu 7=0ms 50 ms 100 ms
Fault I 130 250 250 270 270 260
Fault II 270 310 310 360 340 320
Fault III | 220 220 220 230 230 230
Fault IV | 420 400 420 880 870 890

4.5.3 Design and impact of the control parameters

This section analyses the design of and effect of the key parameters of strate-
gies FVB-L and FVB-WACS. A key parameter of control strategy FVB-L
(Figure 4.3) is the saturation parameter Av}”““” Key parameters of control
strategy FVB-WACS (Figure 4.5) are the controller gain, Kryp;, and the
saturation parameter Avm‘” . The rest of parameters of strategies FVB-L
and FVB-WACS are prov1ded in the Appendix.

Table 4.4 shows the CCTs of the different faults of Table 4.2, for strategy
FVB-L, using different values of Avma‘” . In general, the higher Avm‘m is,
the more effective the control 5trategy is. However, if Av}”‘” is excesswely
high, the VSC could reach it limits (current or voltage limits) and these non-
linearities will attenuate the effect of the control strategy (see Fault I with
Avm“x = 0.25 pu, for example). In addition, Av}”” must be consistent with
the grld code. Parameter Av}”‘“ should always be designed considering the
maximum AC voltage that can be produced by the GFM-VSC. Hence, the
actual value of Avm‘” in the cases reported have been found equal to 0.15 pu

by simulating extenswely the test case.

Table 4.4: Strategy FVB-L. Impact of parameter A’Umax . Critical clearing
times (CCTs).

CCT base FVB-L

(ms) case | Avf =0.05 pu Ao =0.15 pu Ao = 0.25 pu
Fault I 130 200 250 240

Fault 11 270 290 310 290

Fault IIT | 220 210 220 220

Fault IV | 420 420 420 420

Tables 4.5 and 4.6 show the CCTs of the different faults of Table 4.2,
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with strategy FVB-WACS, using different values of Kryp; and Avm‘w re-
spectively.

In general, the higher the gain Kryp; is, the more effective the control
strategy is. Nevertheless, if Kryp; is excessively high, could jeopardise the
stability or the VSC could reach its limits (current or voltage limits) and
these non-linearities will attenuate the effect of the control strategy. The
optimal value of Kryp; must be investigated calculating CCTs by simula-
tion. Table 4.5 shows that Kpyp; = 50 pu is a reasonable value for the
case study presented here. Saturation parameter (Avm‘”) in FVB-WACS
produces an effect similar to the one in FVB-L: it must be consistent with
the over-voltage allowed by the grid code and its value must be limited not
to push converters to their limits in the post-fault time. Again a value of
0.15 pu was found reasonable in the case study presented.

Finally, it is very important to highlight that saturation parameter, AU}”M
in strategies FVB-L and FVB-WACS must be always compatible with Fault
Ride Through (FRT) requirements of the TSO.

Table 4.5: Strategy FVB-WACS. Impact of parameter Ky p ;. Critical clear-
ing times (CCTs).

CCT base FVB-WACS

(ms) case | Kpyp;=25pu Kpyp;=50pu Kpyp;="T75pu
Fault 1 130 240 250 260

Fault 11 270 340 310 370

Fault IIT | 220 230 220 230

Fault IV | 420 660 880 940

Table 4.6: Strategy FVB-WACS. Impact of parameter Avm‘” Critical clear-
ing times (CCTs).

CCT base FVB-WACS

(ms) case Av;”f“” = 0.05 pu Av}-”‘f’” =0.15 pu Avm‘“” =0.25 pu
Fault I 130 200 270 300

Fault 11 270 320 360 380

Fault 111 | 220 230 230 230

Fault IV | 420 600 880 880

4.5.4 Discussion on the use of local and global measurements

This section discusses two key factors of the proposed control strategies: im-
plementation and effectiveness. In strategy FVB-L, each GFM-VSC uses
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only local measurements, whereas in strategy FVB-WACS, global measure-
ments are used and, therefore, a communication system is needed. Clearly,
the implementation of local strategy FVB-L is easier and cheaper. The ideal
control actions are supplying a positive (negative) supplementary voltage in
those VSCs with frequency above (below) the frequency of the COI. Although
strategy FVB-WACS produces better results than strategy FVB-L, precisely
because it uses global measurements (the frequency of the COI). The acti-
vation thresholds of the local strategy FVB-L (described in Section 4.4.1)
can be tuned in order to ensure that the control strategy is activated only
for faults that are close enough, which are, in fact, the ones that produce
frequencies above the frequency of the COI. As a general recommendation,
local strategy FVB-L can be implemented in grid-forming VSCs to improve
transient stability for severe faults. Nevertheless, the use of strategy FVB-
WACS could be an interesting option in power systems which are vulnerable
to transient stability, since the latter can produce more significant improve-
ments.

4.6 Conclusions

Conclusions obtained in this chapter can be summarised as follows:

e The proposed local strategy FVB-L improves transient stability of se-
vere faults, significantly, and their critical clearing times (CCTs) are
increased. However, its control actions must be restricted to severe-
enough faults by proper tuning activation thresholds. This means that
this control strategy will have little effect on transient stability when
remote faults occur.

e The proposed global strategy FVB-WACS improves transient stability,
significantly, improving their CCTs. It produces significant improve-
ments for severe and non-severe faults. The control strategy is robust
when subject to communication latency.

o F'VB-L strategy uses local measurements. Hence, its implementation
is easier and cheaper. Meanwhile, FVB-WACS requires a communi-
cation system to use global measurements, having, therefore, a more
difficult and expensive implementation. A trade-off should be made
when choosing using FVB-L or FVB-WACS. In general, the implemen-
tation of FVB-L improving transient stability only for faults close to
the GFM-VSC could be a cost-effective and practical solution. Nev-
ertheless, in power systems which are vulnerable to transient stability,
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FVB-WACS could be a more effective solution, improving transient
stability of severe and non-severe faults.

The effect of control parameters of strategies FVB-L and FVB-WACS
has been analysed to provide design guidelines tuning the parameter
values by simulation. High values of Av?}f“” and Kryp; can improve
the effectiveness of the control strategy, but setting them too high can
jeopardise the stability or cause the GFM-VSC to reach its limits, lead-

ing to non-linearities that can reduce the effect of the control strategy.
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Chapter 5

Impact of current limiters on
the performance of fast voltage
boosters for transient stability
improvement

5.1 Introduction

This chapter studies the impact of HCLs |Qoria'20a] and FVBs [Avila-
Martinez'22| on transient stability in power systems with 100 % non-syn-
chronous generation. The chapter provides a review of previous work re-
lated to current limiter strategies, including the current saturation algo-
rithm (CSA) and current limitation based on virtual impedance (VI-CL)
[Paquette'l5; Qoria'20al. The HCLs, which are the combination of the
CSA and current limiter based on VI, improve the performance of the power
system, while the FVB provides a fast response to voltage drops during
faults. The chapter presents the results from short circuit simulations and
critical clearing time analysis to evaluate the effectiveness of the HCLs and
FVBs in improving the transient stability of power systems. The effective-
ness of these approaches in mitigating overcurrent and overvoltage problems
is demonstrated by the simulation results.

The rest of the chapter is organised as follows: Section 5.2 provides a
review of previous work related to current limiter control strategies applied
to GFM-VSCs for transient stability improvement; Section 5.3 describes the
gap covered by the chapter; Section 5.4 describes different current limiter
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methods, including the current saturation algorithm (CSA) and the current
limiters based on virtual impedance (VI-CL); This Section also presents the
HCLs proposed in [Qoria'20b]|; Section 5.5 presents the results and discussion
of short circuit simulations and critical clearing time analysis. The impact
of communication latency on the effectiveness of the implemented strategies
is also discussed in this section; Finally, Section 5.6 provides the conclusions
drawn from the chapter.

5.2 Review of previous work

Chapter 4 and the preceding text contain various research studies that ex-
plore ways to improve transient stability in power systems using GFM-
VSCs. Another approach is to implement current limiters, as discussed
in [Qoria'20b; Qoria'20a; Rokrok'21|, which can limit the current mag-
nitude, fault current contribution, and facilitate fault recovery. When a
fault occurs, GF-VSCs are bound to reach their current limit. The work
in [Qoria'20b] analyses the impact of current-limiting strategies on transient
stability of a GFM-VSC connected to an infinite grid. The study analy-
ses two current-limiting strategies: current-modulus limiter in vector control
(Current Saturation Algorithm, CSA) and virtual-impedance-based current
limiter (VI-CL). Eventually, the work proposes a combination of both strate-
gies, improving the performance of the current limitation process as well as
transient stability. Reference [Rokrok'21| also analyses the effect of con-
verter current limitation on transient stability. The case study consists on
a GFM-VSC connected to an infinite bus and the study focuses on the ef-
fect of the angle of the resulting current phasor which, together with the
saturated current modulus, determines the active power delivered by the
converter. In [Fan'22al, a literature review of existing research on current
limiting control methods for GFM-VSCs under severe symmetrical distur-
bances is presented. The paper discusses the challenges of each method
and their effectiveness in limiting current magnitude, fault current contribu-
tion, and fault recovery during the disturbance ride-through process. Among
these methods, current limiters can meet the fault current contribution re-
quirement by adjusting current or power references, but may fail to recover
from severe disturbances. In comparison, the virtual impedance methods
and voltage limiters can provide better fault recovery capability but may
have limitations in achieving accurate output voltage regulation.

In [Kanakesh'21|, the behavior of GFM-VSCs in response to large fre-
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quency changes, phase jumps, and voltage faults is examined, especially when
these converters are forced into current limit operation. The paper offers a
quantitative and illustrative analysis of the effects of current limit operation
and proposes a method to improve transient stability using virtual unsatu-
rated power as feedback or controlled parameters for power synchronisation.
The work in [Sadeghkhani'l7|, proposes a strategy to enhance the fault
ride-through capability of inverter-based islanded microgrids by limiting the
output current and voltage. The study evaluates the effectiveness of two
main current limiting strategies, namely the instantaneous saturation limit
and latched limit, during various fault conditions, including asymmetrical
and symmetrical faults. By limiting the output current during a fault, these
strategies prevent overloading and damage to the system, ensuring the sta-
ble operation of distributed energy resources. The study in [Paquette'l5|,
focuses on current limiting for voltage-controlled inverters during overloads
caused by poor transient load sharing between inverters and synchronous
generators in islanded microgrids. The paper proposes the use of virtual
impedance for current limiting to improve transient stability during current
limiting when operating in parallel with synchronous generators. The ex-
perimental results show that virtual impedance current limiting effectively
improves transient stability during current limiting in islanded microgrids.

In [Qoria'22|, an analysis of the variable virtual impedance (VI) method
for overcurrent protection in GFM-VSCs is presented. The authors propose
improvements to the VI method to enhance its effectiveness in limiting over-
currents during large grid disturbances. The results show that the improved
VI method provides better protection against overcurrents during large grid
disturbances. The research in [Fan'22b|, analyses the post-fault behavior of
GFM-VSCs. The study identifies three post-fault scenarios: normal opera-
tion, current limitation, and oscillations. The impact of the current-limiting
control parameters and short-circuit ratio on the fault recovery process is
also revealed. The paper concludes by discussing potential solutions for im-
proving the fault recovery capabilities of GFM inverters with current-limiting
controls.

This study focuses on researching the impact of hybrid current limiters
(HCLs) |Qoria'20a] and fast voltage boosters (FVBs) |Avila-Martinez'22]
on transient stability in power systems with 100% grid-forming VSC-based
generators. The HCLs, which combine the CSA (Current Saturation Algo-
rithm) and a current limiter based on virtual impedance (VI), enhance the
overall performance of the power system. Additionally, the FVBs provide
a rapid response to voltage drops that occur during faults. Both methods
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contribute significantly to improving the transient stability of these types
of systems. To assess the effectiveness of HCLs and FVBs in enhancing
transient stability, short-circuit simulations and critical clearing time analy-
sis are conducted. The simulation results demonstrate the efficacy of these
approaches in preventing the loss of synchronism.

5.3 Gap covered by this chapter

Previous work has shown that specific strategies can be implemented in
GFM-VSCs to improve transient stability. These strategies include volt-
age/reactive-power control and current-limitation approaches. Two volt-
age /reactive-power control strategies, called FVBs, have been proposed in
Chapter 4 of this thesis and reported in [Avila-Martinez'22|. Additionally,
new variants of current limiters, such as the hybrid current limiter (HCL)
that combines the current saturation algorithm (CSA) with a current lim-
iter based on virtual impedance (VI-CL), can be used to improve transient
stability.

This chapter addresses whether combining the voltage/reactive-power
control strategies and current limiters in GFM-VSCs would still be effec-
tive in improving transient stability. The contributions of this chapter are
to investigate the effectiveness of these combined strategies and to provide
insights into their implementation. Therefore, the main contributions of this
chapter are as follows:

e Investigation of the impact of the hybrid current limiters and fast volt-
age boosters on trasient stability of power systems with 100% of GFM-
VSC-based generation.

e Demonstration of the effectiveness of both approaches in significantly
improving the critical clearing times of different faults.

e Analysis of the impact of communication latency on the global control
strategy (FVB-WACS) performance with hybrid current limiters. The
results indicate that the combined use of these strategies remains robust
even in the presence of communication latency.

In summary, this research examines the effects of hybrid current limiters and
fast voltage boosters on transient stability in power systems, demonstrating
their ability to improve critical clearing times and mitigate the effects of
communication latency.
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5.4 Current limiters (CL)

This section briefly reviews the current limits of grid-forming control of
power converters. Some events in power systems may produce overcurrent
in the power electronic converters. Power converters can provide a small
overload current compared to synchronous machines. In particular, each
component of the three-phase current injections i,; needs to be limited to
avoid damaging the semiconductor switches. Different alternatives exist for
the implementation of current limitations in grid-forming converters. This
study focuses on three general approaches to implementing current limits
for grid forming control on transient stability: (a) current saturation algo-
rithm (CSA) [Qoria'20c|, (b) current limitation based on virtual impedance
(VI) |Qoria'20a; Qoria'20c| and (c) hybrid current limiter (HCL) which con-
sists in hybridising the former, CSA with the latter, VI [Qoria'20b].

5.4.1 Current saturation algorithm (CSA)
ref’

The current set points (is,d,i and zfq{;) of Figure 2.7 are the outputs of the

outer control loop:

/
ref! joret
5,q,i lgi € " (51>

“ref’ _ .ref’ +jiref/~ _

Zs,i - Zs,d,i

The magnitude of the current set point, 12? " must be lower than or equal

to the maximum current of VSC-i: ¢/, as illustrated in Figure 5.1. Typical

values of the maximum current are 7' = 1—1.25 pu. The current limitation

algorithm obtains the saturated current set-point values (ize({ i andizeqf ; ), as
follows:
SMax ref ; -ref’ Fmax
; 1% 005(5is,i) if g > gy
ref
bsdi = ; P E (5.2)
.ref _ .re . .re -max
Zs,d,i - Zs,d,z’ ’Lf 7’3,@' < Zs,i
FMax o3 ref ; ~ref’ “max
f Zs,i Sln(éis,i) Zf Zs,z' > Zs,i
.re
lsgi = ; p p (5.3)
-Te __qre . -TE -max
$,q,0 — Us,q,t Zf ls < Zs,i

CSA algorithm could use different priority for d-axis and g-axis currents,
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although in this work equal priority for both will be used. Hence, the angle

!
of the reference current does not change (d;; f= O, .
q \
sref!
Is,i
____________ +ref
3 Is,i
7 oref |
O
) ref I

Figure 5.1: Current saturation algorithm (CSA).

Once the current set-point values are saturated, the inner loop of the grid-
forming VSC-i controls the current injections i, ¢ ; and ¢, 4; with proportional-
integral (PI) controllers and they will provide the set-point values of the
output voltage of the VSC: e, 4; and e, 4 (see Figure 2.7).

5.4.2 Current limitation based on virtual impedance (VI-CL)

A transient virtual impedance is added to provide current limitation and
improve transient stability [Qoria'20a|. This consists of adding the terms
—Av}eg i’w and —Av}eqf iw to the voltage set points of the outer controllers

]

of Eq. (2.8) described in Chapter 2:

ref __ U;e-f-i-AUref’VR—Avrefl’vl
)

Yfdi = fodii fodii
(5.4)
ref ref,VR ref'VI
Yai = 0+ AUf,qﬂ' o Avf,q,i
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Terms Av;e({ ;’VI and Av;eqf ;VI of the Eq. (5.4) are calculate as follows:

A ref' VI

Ve di = TVIis,d,i - xVIis,q,i
(5.5)
ref' VI . .
AUﬁqui = TVIlsgit TVIlsd

Expression (5.5) only affects the transient and not the steady-state. The
virtual impedance algorithm is activated only when the converter current
magnitude 7, ; exceeds the maximum value of VI (is; > i{}{% pu). Otherwise,
VI will be disabled. 2y and ry; are given in (5.6) and (5.7).

kaVI O‘z/TAZ'SJ' Zf is,i > 17‘7/1(117:12:
Ty = (5.6)
0 if s < ime
TVI:TVI/U:c/r (57)
where is; = +/(isa:)? + (is,g:)? and the parameters kp,,,, and 0./, are

respectively the proportional gain and the ratio of the virtual impedance,
defined in [Qoria'20a]. kp,  is set to limit the current magnitude to a
suitable level i{}{7 during overcurrent in the steady state, while oy, ensures

a good system dynamics during the overcurrent.

5.4.3 Hybrid current limiter (HCL)

The current saturation algorithm and current limitation based on virtual
impedance can be implemented independently, both algorithms can also be
hybridised simultaneously to benefit each other, as explained in [Qoria'20b|.
CSA provides better post-fault current limitation than VI. In contrast, VI is
better than CSA during the transient stability after the fault clearance. In
comparison with the CSA, VI is less effective, because the VI cannot see the
overcurrent peak reached by the convert just after the fault occurs. Therefore,
hybridising both current limiting algorithms simultaneously takes advantage
of their benefits, having an accurate current limitation for transient stability
improvement.

To operate with hybrid current limiters, it is necessary to avoid activating
both forms of current limitation, CSA and VI, simultaneously. This aim is
achieved by making the maximum current allowed by CSA always higher
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than the maximum value allowed by VI. For example, if the maximum CSA
value is i;?i‘m = 1.25 pu, the maximum VI value should not be higher than
1.25 pu, then a reasonable value could be i =1—12pu

Hybridising both current limiters strategies activates the VI in case of a
fault (is; > if/f7). The CSA is activated if the current magnitude exceeds
the maximum CSA value (is; > iy{'"); otherwise, the CSA remains disabled.
The CSA activation limits the VSC current injection at iy for a few mil-
liseconds until the VI action diminishes the current to a lower value than the
CSA limit (is,; < z?ﬂ‘”) When the condition /77 < is; < ig;™ is fulfilled,
VI ensures the current limitation for the rest of the fault duration, improving

the transient stability.

5.5 Results

Simulations were carried out to analyse the impact of FVBs and HCLs on
Kundur’s two-area test system [Kundur'94| with 100% grid-forming VSC-
based generation. The system data and the corresponding one-line diagram
of the study system can be found in Appendix A, specifically in Table A.4
and Figure A.3.

The following cases have been analysed and compared:

e Base case: current limiter only (CSA or HCL).
e FVB-L (local) and current limiter (CSA or HCL).

e FVB-WACS (global) and current limiter (CSA or HCL).

5.5.1 Simulation of Fault 1

A three-phase-to-ground short circuit is applied to line 7-8a (close to bus
7) of the test system in Figure A.3, which is cleared by disconnecting the
line after 140 ms (Fault I of Table A.3). Figure 5.2 shows the angle differ-
ence between VSC-1 and VSC-3 for the six cases analysed while Figure 5.3
shows the frequency deviations of the VSCs with respect to the frequency
of the COI. In the base case with CSA and no FVBs, GFM-VSC lose syn-
chronism. The system maintains synchronism for the rest of the cases (see
Figure 5.2). Although, synchronism between GFM-VSCs is maintained in
the base case with HCL and no FVBs, the angles and frequencies of the
GFM-VSCs present higher separations during the transient. Note that angle
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differences are similar when using FVB-WACS with CSA or HCL, whereas
some differences are observed in case of FVB-L with CSA or HCL.

Figure 5.4 shows the supplementary voltage set point (provided by FVBs
strategies) and the output voltages of each VSC. The FVB-L strategy pro-
vides a positive supplementary voltage setpoint in all converters that detect
the fault. Only the converters close to the fault (VSCs 1 and 2) activate the
FVB-L strategy but not those far from it (VSCs 3 and 4). This behaviour is
due to the logic rules of Figure 4.4 and an appropriate design of the FVB-
L controller parameters. Therefore, this strategy is very effective whether
implemented with CSA or HCL current limiters. Strategy FVB-WACS can
provide a positive or/and negative supplementary voltage setpoint during
the first swing. This action depends on whether the converter frequencies
are above or below the frequency of the COI (see Figure 5.3). Thus, GFM-
VSCs 1 and 2 provide a positive supplementary voltage setpoint Av}if ’TS,
slowing down the GFM-VSCs. While GFM-VSCs 3 and 4 provide a negative
Av;eif ’TS, they accelerate as is shown in Figure 5.4 (blue and purple), re-
ducihg the risk of loss of synchronism. FVB-WACS strategy is also effective
when using CSA or HCL current limiters.

180

T T T

—e— Base case (CSA)
FVB-L (CSA)
160 ['| —_a— FVB-WACS (CSA) il
—— Base case (HCL)
140 || —— FVB-L (HCL) |
—— FVB-WACS (HCL)

0 1 1 1 1 1
0 1 2 3 4 5 6
time (s)

Figure 5.2: Fault I cleared after 140 ms. Angle difference of the VSCs.

99



5 Impact of current limiters on the performance of fast voltage boosters for transient
stability improvement

0.8 I —e— Base case (CSA) I
FVB-L (CSA)
06 - —a—FVB-WACS (CSA)
VSC1 & VSC2| —4— Base case (HCL)
——FVB-L (HCL)
04 ——FVB-WACS (HCL) 7
N
I 0.2
SN—
~
S o
3
o2
3
-0.4
-0.6
-0.8 ‘ : ‘ ) :
0 1 2 3 4 5 6
time (s)

Figure 5.3: Fault I cleared after 140 ms. Frequency deviations of the VSCs
with respect to the frequency of the COI.

Figure 5.5 shows the active power injections of the GFM-VSCs and Fig-
ure 5.6 their current injections. The fault activates the current limiters (either
CSA or HCL) in those converters closer to it, leading to fast variations in the
active-power injections until the fault clearance. After the fault is cleared,
converters supply a positive or negative additional voltage setpoint Av;if ’TS,
by the action of FVB controllers (FVB-L and FVB-WACS). The supplemen-
tary voltage set points increase or decrease the active powers injections of the
converters according to (4.1). Precisely, (electrical) active-power injections,
Dg.i» drive the slowing down or the acceleration of the GFM-VSCs, according

to (3.1).
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Figure 5.4: Fault I cleared after 140 ms. (left) Supplementary voltage set
points of the VSCs and (right) voltages of the VSCs.
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Figure 5.5: Fault I cleared after 140 ms. Active-power injections of the VSCs.

102



5.5 Results
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Figure 5.6: Fault I cleared after 140 ms. Current injections of the VSCs.
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Current limiters CSA are activated just after the fault occurs in GFM-
VSCs 1, 2, and 3, where the current limit is reached (i;?i‘” = 1.25). The
current injections of those converters closer to the fault peak, reaching their
maximum allowed value according to (5.2) and (5.3) (see Figure 5.1). In the
cases where the CSA is used alone (without FVBs), converters remain at the
maximum limit value allowed by CSA until the fault clearance. Meanwhile,
when HCLs are used, the current injections of GFM-VSCs initially reach
the CSA limit, and then they are reduced by the virtual-impedance action,
impeding the loss of synchronism and thus improving transient stability.

The effectiveness of FVBs when using HCLs is due to the fact that actions
of both controllers take place at different stages of the transient. During the
fault, the HCL has priority and it introduces a supplementary voltage set
point to the GFM-VSC. Once the fault has been cleared, the HCL is disabled
and the FVB introduces a supplementary voltage set point to the GFM-VSC.
Therefore, the use of FVBs together with HCLs takes advantage of both.

5.5.2 Critical clearing times (CCTs)

Tables 5.1 and 5.2 show the critical clearing times (CCTs) of the faults de-
scribed in Table A.3 (see Appendix A) with/without FVBs, using CSA or
HCL current limiters. The FVB-WACS strategy increases the CCTs of all
faults. In contrast, the FVB-L strategy significantly increases the CCTs only
on faults I and II, with no impact on faults IIT and IV. This behaviour is be-
cause the FVB-L strategy is designed to be activated only for severe-enough
faults as a consequence of the activation conditions of the local strategy FVB-
L described in in Chapter 4. Comparing Tables 5.2 and 5.1, results shows
that HCL with no FVBs significantly improves the CCTs of faults III and IV
with respect to CSA with no FVBs. However, the improvements for faults I
and II are very small. This confirms that HCL is more effective than CSA .

The use of HCL algorithms with FVB strategies improves the CCTs in
all faults, even in those where the FVBs and the HCLs cannot improve when
applied independently. The best results are obtained when implementing
FVB-WACS with HCL current limiter. For example, the Base case without
FVB and using HCL does not have significant improvements in faults I and
II. Nevertheless, by combining HCLs with the FVBs (local or global mea-
surements), improvements in transient stability are produced. In the same
way, this situation happens in those faults where the FVBs strategies had no
relevant impact, such as fault number I11. Specifically, using the FVB-WACS
strategy with HCLs improves 100 ms concerning both "base case using HCL"
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and "FVB-L strategy using HCL". Therefore, this improvement is more sig-
nificant concerning the original base case (480 ms) than the FVB-WACS
strategy no using HCL cunrrent limiter, which only improves 10 ms to the
original base case.

Table 5.1: Critical clearing times (CCTs) with CSA.

CCT FVB-WACS with  delay
(ms) Base case | FVB-L 7=0ms 50 ms 100 ms
Fault I 130 250 270 270 260
Fault IT 2170 310 360 340 320
Fault III 220 220 230 230 230
Fault IV 420 420 880 870 890

Table 5.2: CCTs with HCL

CCT Base case | FVB-L | FVB-WACS (HCL) with  delay
(ms) (HCL) (HCL) 7=0ms 50 ms 100 ms
Fault I 140 280 290 290 280
Fault II 280 330 370 370 360
Fault ITI 600 600 700 700 690
Fault IV 510 510 930 950 940

5.5.3 Impact of the CSA current limiter of the VSCs

The effect of the current limiters of VSCs on the perfomance of the FVBs
proposed has been investigated by comparing two situations:

e CSA current limitation of i{;/** = 1.25 pu with equal priority to d-axis

and g-axis currents has been imposed to all VSCs (the same strategy
used so far).

e Simulation has also been carried out without current limitations on
the VSCs. However, this is not a realistic case because the current
limitation is mandatory for protection of the converter station.

Table 5.3 shows the CCTs for different faults of Table A.3, obtained for
the base case, strategy FVB-L, and strategy FVB-WACS. Parameters of
strategies FVB-L and FVB-WACS are provided in the Appendix.
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The result shows that the current limiters in GFM-VSCs will surely im-
pact on transient stability of these types of systems as previously shown in
[Qoria'20b]. All three cases included in Table 5.3 are affected although a
general pattern cannot be drawn without exceptions. in most cases, current
limits reduce CCTs but this is not always the case (see Fault IV in Table 5.3).
In fact, sometimes voltage sags during the fault are less severe if there is no
current limitation in the converter station and strategy FVB may not be
activated. However, Table 5.3 shows that current limiters and FVBs are
compatibles and the former does not jeopardise the benefits of the latter.

Table 5.3: Impact of current limiter (CL) of the VSCs. Critical clearing
times (CCTs).

CCT Base case FVB-L FVB-WACS
(ms) with CL without CL | with CL  without CL | with CL without CL
Fault I 130 210 250 200 270 340
Fault II 270 380 310 380 360 460
Fault III 220 550 220 530 230 620
Fault IV 420 340 420 340 880 820

5.5.4 Impact of communication latency

The impact of communication latency on the performance of the FVB-WACS
strategy, using CSA and HCL current limitation algorithms, has been anal-
ysed. The input error signal of the supplementary controller of Figure 4.5
with a communication delay reads:

U; = efsT(wCO[ — wi) (5.8)

where 7 is the communication delay. The work in [Zhang'15| reported to-
tal communication delays in WACS within the range of 50-80 ms. Total
communication latency delays of 50 ms and 100 ms will be considered in
this work. The FVB-WACS strategy requires a communication system to
transmit global measurements of the center of inertia. With this strategy,
the converters can provide a positive or negative supplementary voltage set
point when the frequency of the VSCs is above or below the frequency of the
COL.

Table 5.4 summarises the CCTs when the delays in communication sys-
tems are considered using CSA and HCL current limiters. Three cases of
communication latency using strategies FVB-WACS are compared (tau= 0
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ms, 50 ms and 100 ms). The CCTs decrease as the communication delay
increases. However, the CCTs obtained with the FVB-WACS strategy are
higher than the ones obtained in the base case and the FVB-L strategy, even
with communication delays up to 100 ms.

Furthermore, the CCTs obtained with FVB-WACS using HCL follow
a similar pattern as when CSA alone is used. Although HCLs produce im-
provements in transient stability, they have no impact on the communication
system latency. Results of Table 5.4 prove that strategy FVB-WACS is ro-
bust against communication latency when using the two options of current-
limitation strategies: CSA and HCL. This control feature produces better
results than the FVB-L strategy since it uses global measurements (the COI
frequency), making it more susceptible during transients and resulting in
more significant improvements.

Table 5.4: FVB-WACS with time delay

CSA HCL
(ms) 7=0ms 50ms 100ms | 7=0ms 50ms 100 ms
Fault I 270 270 260 290 290 280
Fault IT 360 340 320 370 370 360
Fault ITI 230 230 230 700 700 690
Fault IV 880 870 890 930 950 940

5.6 Conclusions

The conclusions obtained in this chapter can be summarised as follows:

e Transient stability is improved significantly with the proposed fast volt-
age boosters (FVB-L and FVB-WACS), when using conventional cur-
rent saturation algorithm (CSA) and hybrid current limiter (HCL).

e Improvements are higher when using the proposed stategies FVB-L nad
FVB-WACS with HCL current limiter.

e Results show that FVBs and HCLs are compatible and complementary.

e The effectiveness of FVBs when using HCLs is due to the fact that ac-
tions of both controllers take place at different stages of the transient.
During the fault, the HCL has priority and it introduces a supplemen-
tary voltage set point to the GFM-VSC. After the fault clearing, the
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HCL does not act any more and then FVB introduces a supplementary
voltage set point to the GFM-VSC. Hence, the use of FVBs together
with HCLs takes advantages of both.

e FVB-WACS is robust against communication latency, when using both
current-limitation algorithms analysed (CSA and HCL).
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Chapter 6

Active-Power control strategies
for transient stability
Improvement

6.1 Introduction

This chapter proposes a local active-power (TSP-L) control strategy us-
ing local measurements as the control input to improve the transient sta-
bility of power systems with 100% GFM-VSC-based generator. The pro-
posed TSP-L control strategy is analysed and compared with two other ac-
tive power control approaches in GFM-VSCs for transient stability improve-
ments within power systems. The three strategies evaluated are the active
power control using a wide-area control system (TSP-WACS) [Choopani'19],
the local active power control using a transient damping method (TSP-
TDM) [Xiong'21a|, and the local active power control strategy (TSP-L)
proposed in this thesis. Simulations were conducted to assess the effective-
ness of these strategies in increasing the critical clearing time (CCT) of the
examined faults. The results illustrate the potential applicability of these
strategies on transient stability improvements within power systems.

The rest of the chapter is organised as follows. Section 6.2 reviews the
previous work on active-power control strategies for transient stability im-
provement. Section 6.3 presents the gap covered by the chapter. Section 6.4
presents the analysis of the three active-power control strategies mentioned
above: TSP-L, TSP-WACS, and TSP-TDM. The description of each strategy
in detail is provided in this section. Section 6.6 presents the results of the
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short-circuit simulation and the impact of communication latency on critical
clearing times (CCTs). Finally, Section 6.7 summaryses the key conclusions
found in this chapter and their implications for improving transient stability
in power systems.

6.2 Review of previous work

The phenomenon of loss of synchronism in large power systems has been
studied, and several control strategies have been proposed for improving
transient stability based on active-power control. The work in [Qoria'20a]
goes a step further and analyses transient stability of a GFM-VSC connected
to an infinite grid, using virtual-impedance current limiters of the GFM-VSC.
The study proposes an adaptative droop in the GFM-VSC by changing the
proportional gain of the P-f droop controller during the fault. Results show
that the strategy increases the critical clearing times (CCT) of a fault sig-
nificantly. The studies presented in [Choopani'l9; Choopani'20| introduce
a novel approach to improving the stability of power grids with 100% of
GFM-VSC-based generators. The work [Choopani'19] proposed a P-control
strategy, based on a PI controller, that introduces an additional active-power
setpoint using the error of the frequency qith respect to the frequency of the
Centre Of Inertia (COI) as input signal. The work analyses the impact of
communication latency on the performance of the controller. The study
demonstrates their method’s effectiveness in enhancing transient stability
stability of multi-converter systems. Meanwhile, the paper |Choopani'20|
present the same proposed method, focusing on large disturbances using the
frequency deviation with respect to the COI-frequency of the grid as an in-
put signal. Simulation results show that their method efficiently improves
transient stability.

Furthermore, the work in [Collados-Rodriguez'23| proposed a local ac-
tive-power control strategy in GFM-VSCs to improve transient stability. The
proposed method introduces an additional term is introduced into the P-f
droop control if the changes on the output frequency is too high, prevent-
ing loss of synchronism. The research presented in [Xiong'21a| proposes
a supplementary P-control strategy to improve transient stability using a
transient damping method (TDM) for a GFM-VSC connected to an infi-
nite grid. The P-control method adds a proportional gain to the frequency
deviation with respect to the nominal frequency, using local measurements.
The TDM strategy changes its active-power set-point proportionally to its
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frequency deviation through a high-pass filter (HPF), as a solution for sta-
bilising power systems. The study also discusses the limitations of the TDM
approach and provides guidelines for the design of the proposed controller in
improving transient stability in power systems. In contrast to the strategy
in [Choopani'19|, which uses global measurements of the centre of inertia to
try to pull all VSC frequencies together to join the COI frequency, the TDM
control action slows down all the converters independently when they are
close to or far from the faults. This means that the TDM control strategy
also slows down the converters below the centre of inertia, jeopardising the
transient stability.

Considering this aspect, this chapter proposes a local active-power control
strategy (TSP-L) able to be active only for severe-enough faults in a multi-
converter system with 100% grid-forming VSC-based generators. Therefore,
the TSP-L control will be only activated for those converters that are close
to the faults and disabled for those ones far from the faults. The aim of
this design is to mitigate the risks associated with the TSP-TDM strategy
without jeopardising system stability.

The chapter demonstrates that while all three strategies significantly im-
prove transient stability in such systems, controllers presented in [Xiong'21a]
and [Choopani'20| may require further refinements. For example, some re-
sults show that these control strategies could lead to poor results in multi-
converter systems, and the control strategy could be improved with logic-
activation rules and setting parameters. Short-circuit simulations and crit-
ical clearing time analyses are conducted to assess the effectiveness of the
active power controllers in enhancing transient stability, demonstrating their
efficacy in preventing the loss of synchronism.

6.3 Gap covered by this chapter

A noticeable research gap exists in investigating the P-TDM supplementary
controller proposed in |Xiong'21a| applied to GFM-VSCs connected to an
infinite bus. The question arises regarding its performance and effectiveness
when extended to multi-converter systems. Additionally, there is a need to
explore effective P-control strategies in GFM-VSCs to improve transient sta-
bility in multi-converter systems, especially when using local measurements.

By conducting a thorough analysis and comparison of various P-supple-
mentary controllers designed for GFM-VSCs, this chapter focuses on their
effectiveness in improving transient stability in multi-converter systems with

111



6 Active-Power control strategies for transient stability improvement

100 % GFM-VSC-based generators. Furthermore, in this chapter, a novel
local active-power supplementary controller (TSP-L) is proposed for tran-
sient stability improvement in GFM-VSCs. The significance of this proposal
lies in its expected effectiveness in multi-converter systems, addressing the
identified research gap and advancing the understanding of control strategies
in complex power system configurations.

Specifically, the main contributions of this chapter are as follows:

e Proposal of local active power control strategy to improve transient
stability of power systems with 100% of GFM-VSC-based generation.

e Comparison of the proposed control strategy with two control strategies
based on both global measurements (TSP-WACS) and local measure-
ments (TSP-TDM).

e Demonstration of the effectiveness of the control approaches in signifi-
cantly improving the critical clearing times of different faults.

e Analysis of the impact of communication latency on the global control
strategy (TSP-WACS) showing that the proposed control strategy is
robust for realistic communication latency.

To evaluate the effectiveness of the TSP-L strategy in comparison to
the other two strategies, numerical simulations are conducted on a multi-
converter system with GFM-VSC-based generators, specifically using Kun-
dur’s two-area test system [Kundur'94| with 100% GFM-VSC-based gener-
ation. The evaluation is carried out using the same simulation model that
has been used in the previous chapters. The simulation included detailed
modelling of system components such as lines, loads, and controllers. How-
ever, switching converters were represented as ideal variable voltage sources.
This comprehensive simulation setup enabled the analysis and evaluation of
control strategies in a realistic power system scenario. As a result, their
impact on transient stability and overall system behaviour could be reliably
assessed.

6.4 Active-Power control strategies

This section describes two active-power control strategies in GFM-VSC with
VSM control. One of these strategies uses local measurements, and the
other uses global measurements that consider the frequency of the center of
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inertia (COI). Both types of strategies have shown significant improvements
in transient stability.
Two control strategies are analysed in this section:

e Active-power control using a wide-area control system (TSP-WACS)
presented in [Choopani'19].

e Local Active-power control using transient damping method (TDM)
proposed in [Xiong'21a].

6.4.1 Active-power control using a wide-area control system
(TSP-WACS) [Choopani'19]

Similarly to the case of the control strategy with local measurements, this
control strategy follows the same principle as its analogue FVB-WACS (see
Chapter 4), using the speed of the COI. This chapter aims to compare the
proposed controller with the proposal in [Choopani'19|, which uses the speed
of the COI and applying PID controllers, and to investigate further improve-
ments This controller works using an active-power control in each GFM-VSC
within a wide-area control system (TSP-WACS). Yet, in this case, the control
set-point value is the active power injection (py;) shown in Figure 6.1.

e TS 1 ? T /ép;",?x
i / Wi ref ,TS
. , oK. . r
_? 1esT, [ V= = 1+5T,, il VA Apy;
_Apg ix
w

Figure 6.1: Strategy TSP-WACS.

The philosophy of the TSP-WACS controller follows the same principle as
its FVB analog, but with slight differences in terms of activation, as explained
below:

e [f the frequency of VSC-i is above the frequency of the COI, VSC-7 will
decrease its active-power setpoint, trying to slow VSC-i down.

o If the frequency of VSC-i is below the frequency of the COI, VSC-i will
increase its active-power setpoint, trying to accelerate VSC-i.

e Therefore, control actions will pull together the frequencies of GFM-
VSCs of the system.
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6.4.2 Local Active-power control using transient damping
method (TSP-TDM) [Xiong'21a]

This control strategy consists of the damping method in VSM proposed
in [Xiong'21a| for transient stability improvement in GFM-VSCs connected
to infinite gird. The input of the controller of TSP-TDM is the frequency de-
viation of each GFM-VSC-i, with respect to an absolute reference frequency,
Aw; = w; — wo py- Figure 6.2 shows the scheme of the TDM implemented in
a GFM-VSC with VSM control.

The TDM control strategy consists of a gain (Krgp;) and a wash-out
filter (with a time constant of Tyy;). Although not discussed in [Xiong'21a|,
this work includes a saturation parameter to limit the contribution of control
actions (such as the TSP-L and TSP-WACS controllers) for a fair comparison,
denoted as +Ap"*. The controller takes the frequency deviation (Aw;)
calculated by the VSM algorithm of the GFM-VSC as input, and its output
is a supplementary active-power set point (Ap;eif ’TS). In the TDM control
strategy, each GFM-VSC adds a supplementary active-power set point that
is proportional to the frequency deviation, which uses only local information.

Ap;
wo pu gl
' 1 T / STy ref ;TS
, K. f,
'_? 1esT,, [ V= e TesT,, [ 1 s TL’“ Apg;
—Apg;
Q.

Figure 6.2: Strategy TSP-TDM.

TSP-TDM control strategy uses the frequency deviation of each GFM-
VSC-i¢ as an input, and the philosophy of its activation is as follows:

o If the frequency of VSC-i (w;) is above the base frequency (wo pu), VSC-
1 will decrease its active-power setpoint, trying to slow VSC-i down.

e If the frequency of VSC-i (w;) is below the base frequency (wo py), VSC-
1 will increase its active-power setpoint, trying to accelerate VSC-i.

In contrast to the TSP-WACS, which uses global measurements of the
centre of inertia to try to pull all VSC frequencies together to join the COI
frequency, the TDM control action slows down all the converters indepen-
dently when they are close to or far from the faults. This means that the
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TDM control strategy also slows down the converters below the centre of
inertia, which would jeopardise the transient stability.

Notice that this control approach has the same structure and configura-
tion as the self-synchronisation strategy VSM without PLL using a wash-out
filter, previously analysed in Chapter 3.

6.5 Local Active-power control (TSP-L)

This Section introduces the proposed local active-power (TSP-L) control
strategy to improve transient stability in multi-converter systems. This pro-
posed control strategy follows the same principle as that used in the FVB-L
(see Chapter 4); which is based on the use of local measurements as input
signals: the voltage at the terminal and the frequency deviation (in pu) of
each GFM-VSC-i. The block diagram is shown in Figure 6.3. It is a similar
diagram of Figure 4.3 of Chapter 4, but in this case, the control set-point
value is the active-power set-point (Ap;if ’TS) instead voltage at the terminal
of VSC-i (vy;) as in the case of the FVB-L strategy.

The activation philosophy for the TSP-L strategy shown in Figs. 6.3
and 6.4 is as follows:

e Binary variable 71 ; is set to 1 if a voltage sag is detected with an
hysteresis, as shown in Figure 6.3. If vy; < va,, then v1; = 1 and
remains equal to 1 until vy; > vp,;. if a fault is not detected, then
Y1, = 0.

e Binary variable s ; is set to 1 if the frequency deviation of GFM-VSC-i
(with respect to the nominal frequency) is greater than or equal to a
certain threshold: Aw; > wipres,;. Otherwise, vo2; = 0.

e The supplementary controller is activated with binary variable +;, which
is the result of a logic circuit with v1; and ~2; as inputs, as shown in
Figure 6.3.

e The supplementary active-power set point is given by: Apgi.f TS
YiApg*, where Apgi® > 0 is a parameter of the controller (vi =0 if

the controller is deactivated and 7; = 1 if the controller is activated).

The logic used to activate the controller can then be summarised as fol-
lows:
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e The controller will be activated if a voltage sag is detected. Therefore,
v1,; will drive the activation of the controller.

e Once the controller is activated, the supplementary active-power set-
point is maintained if at least one of the two following conditions are
satisfied: undervoltage (v1; = 1) or frequency greater than or equal to
the threshold (v2,; = 1).

Vi

ref . TS
7/_ Apg,i
Logic circuit !
if (A0, 2 0y ) Vo,
V2 =1
Ao ————— ’
L else
72:=0
end Ap;nliax

Figure 6.3: Strategy TSP-L.
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Figure 6.4: Strategy TSP-L. Logic circuit for fault detection.

Unlike the TSP-TDM strategy, which was proposed for GFM-VSCs con-
nected to an infinite grid and activated for even converters far from the fault,
the control action rules of the TSP-L strategy only activate the control for
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severe enough fault, thus avoiding its activation for those converters very far
from the fault (VSCs which frequencies are bellow the COI frequency).

6.6 Results

This section examined the behaviour of Kundur’s two-area test system in
[Kundur'94|, but using 100% grid-forming VSC-based generation. System
Data and the one-line diagram are provided in Appendix A (Table A.4 and
Figure A.3).

Four cases are compared:

e Base case: no supplementary controller for transient stability is imple-
mented in the GFM-VSCs.

e TSP-L: VSCs applying TSP-L strategy (Figs. 6.3 and 6.4), with pa-
rameters: v4; = 0.50 pu, vg; = 0.9 pu, Winres;i = 1073 pu, Apgffx =
0.15 pu.

e TSP-WACS: VSCs applying TSP-WACS strategy (Figure 6.1), with
parameters: Kpgp; = 100 pu, Ty; = 0.1 s, Tw,; = 10 s, Apl* =
0.15 pu and ¢ = 1073 pu.

e TSP-TDM: VSCs applying TSP-TDM strategy (Figure 6.2) with pa-
rameters: Kpgp; = 100 pu, Ty; = 0.1 s, Ty,; = 10 s, Ap;’?f“” = 0.15 pu
and ¢ = 1073 pu.

6.6.1 Short-circuit simulation

Fault T described in Table A.3 is applied at ¢ = 1 s and cleared after 150
ms. Figure 6.5 shows the angle difference between VSC-1 and VSC-3, while
Figure 6.6 shows the frequency deviations of the VSCs with respect to the
frequency of the COI. In the base case, VSC-based generators lose synchro-
nism. However, synchronism is maintained with the three supplementary
controllers (TSP-L, TSP-TDM and TSP-WACS).

Figure 6.7 shows the supplementary active-power set-point provided by
the control strategies and the active-power injections of the VSCs. Local
strategies TSP-L is only activated in VSCs 1 and 2, which are close to the
fault and not in VSCs 3 and 4, which are far from it. This local strategy
is also effective in multi-converter systems with 100% of grid-forming-based
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Figure 6.5: Fault I cleared after 150 ms. Angle difference of the VSCs ap-
plying TSP controllers.

generation. This is the consequence of the logic rules in Figure 6.4. The TSP-
TDM strategy is activated in all converters, providing a larger supplementary
power set-point to the converters that are closer to the fault, based on the
frequency deviation of each GFM-VSC-i as input in the TSP-TDM strategy
(see Figure 6.2). It is important to note that the frequency deviation is
always negative because it is measured relative to an absolute frequency set-
point, which is the nominal frequency (wop, = 1 pu), and all the VSCs tend
to accelerate during faults. These accelerations result in the frequency of
each VSC being higher than the frequency set-point. Therefore, the control
action aims to decelerate all the VSCs simultaneously.

In control strategy TSP-WACS, a negative supplementary active-power
set point is provided by VSCs 1 and 2 when just the fault occurs because their
frequencies are above the frequency of the COI (see Figure 6.6). Meanwhile,
VSCs 3 and 4 provide a positive supplementary active-power setpoint during
the first swing because their frequencies are below the frequency of the COI.
Therefore, VSCs 1 and 2 will slow down while VSCs 3 and 4 will accelerate,
reducing the risk of loss of synchronism.
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Figure 6.6: Fault I cleared after 150 ms. Frequency deviations of the VSCs
with respect to the frequency of the COI applying TSP controllers.
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Figure 6.7: Fault I cleared after 150 ms. (left) Active-power set-points and
(right) active-power injections of each VSC applying TSP controllers.
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Figure 6.8: Fault I cleared after 150 ms. Current injections of the VSCs
applying TSP controllers.

Finally, Figure 6.8 illustrates the current injections of each VSCs during
the simulation. When a fault occurs, the current limiters of the converters are
activated in cases where the current limit is reached. The current injections
of VSCs 1, 2, and 3, which are located close to the fault, experience a peak
where they reach their maximum allowed value (if/"® = 1.25). These findings
demonstrate that the P control strategies used in the study are compatible
with the current limiters of the VSCs, similar to the findings observed with
the fast voltage boosters (FBVs) strategies in the chapters 4 and 5.
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6.6.2 Critical clearing times (CCTs)

The critical clearing time (CCT) of several faults described in Table A.3
are provide in Table 6.1. The base case is provided as a reference the table
and the subsequent columns correspond to different supplementary control
strategies: TSP-L, TSP-TDM, and TSP-WACS. Active-power control strate-
gies were implemented in all GFM-VSCs of Figure A.3 (see Appendix A).

The three P-supplementary controllers significantly increase the CCTs
of all faults in comparison with the base case. Each strategy is evaluated
with different parameter settings, indicated by the values in the table. For
each fault scenario (Fault I, Fault II, Fault III, and Fault IV), the CCT
values are presented for each strategy and parameter configuration. A wash-
out-filter time constant of Tyy; = 10 s was selected for TDM and TPS-
WACS strategies. Two different values of gain Krsp; (Krsp; = 100 pu and
Krgsp; = 50 pu) are used to compare the performance of the TDM strategy.
Similarly, the TSP-WACS strategy compares two values of the gain Krgp;
parameter (K7sp; = 100 pu and Krgp; = 50 pu). Finally, the saturation
parameter of the TSP strategies was selected as Apg‘fx = (.15 pu, since
the supplementary active-power set point should be bounded for practical
applications.

Table 6.1 depicts that different strategies and parameter settings impact
the CCTs differently. For example, in Fault IV, the TSP-TDM strategy with
Krsp; = 100 pu achieves a CCT of 540 ms, while with Krgp; = 50 pu
yields a CCT of 600 ms (these parameters are a feasible design, according to
the guidelines provided in reference |Xiong'21al).

The performance of the TSP-WACS strategy varies depending on the
fault scenario. For Fault I, a value of K7gp; = 50 pu yields a better
performance, with a CCT of 290 ms compared to a CCT of 280 ms when
Krspi = 100pu. However, for the rest of the faults, the opposite behavior
is observed. The TSP-WACS strategy exhibits better behaviour in terms of
CCTs when a value of K7gp; = 100 pu is used compared to K7sp; = 50 pu.

The TSP-L strategy shows different CCT values depending on the volt-
age threshold (v4 ;). The TSP-L strategy increases the CCTs for Faults I, II,
and III, except for Fault IV. In the case of Fault IV, the CCT decreases from
420 ms in the base case to 300 ms when v4; = 0.75 pu is used but when
the threshold is set at v4; = 0.5 pu, the CTTs maintains the same value
as the bases case at 420 ms. The absence of negative impact on the critical
clearing times (CCTs) for all fault scenarios can be attributed to the specific
conditions under which the local strategy TSP-L is activated, as described
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in Section 6.4. By carefully designing the activation thresholds, the TSP-L
strategy is only triggered for severe faults. This selective activation ensures
that the strategy does not introduce any adverse effects for less severe faults.
To illustrate this, consider the example where the parameter v4; in Figure
6.3 is changed from 0.75 pu to 0.5 pu. Despite this change, the CCT for Fault
IV remains unchanged, as shown in Table 6.1. This demonstrates that the
TSP-L strategy, with a v4; value of 0.5 pu, is capable of delivering improved
results without negatively impacting the system’s stability. Therefore, for
the remainder of the chapter, a value of v4; = 0.5 pu will be used for the
TSP-L strategy. This choice has been found to yield better results, and the
specific parameter values can be found in the Appendix. By carefully se-
lecting the activation thresholds and parameter values, the TSP-L strategy
ensures that it provides effective supplementary control only when necessary,
without compromising the system’s stability under normal operating condi-
tions. This highlights the importance of tuning the control parameters to
achieve optimal performance in power systems with grid-forming VSC-based
generation.

Table 6.1: Critical clearing times (CCTs) for TSPs.

CCT base TSP-L TSP-WACS  with  delay

(ms) case | va,; =0.75 pu wvy; =0.5pu TSP-TDM 7 =0 ms 50 ms 100 ms

Fault I 130 300 300 240 280 270 270

Fault IT | 270 390 390 350 430 410 390

Fault III | 220 260 260 250 320 300 270

Fault IV | 420 300 420 600 1520 1420 1410

Table 6.2: Critical clearing times (CCTs) for TSPs.

CCT base TSP-L TSP-TDM TSP-WACS

(ms) case | va; =0.75 pu wy,; =0.5 pu | Krsp; =100 pu Krsp; =50 pu | Krsp; = 100 pu  Krsp; = 50 pu

Fault T | 130 300 300 230 240 280 290

Fault IT 270 390 390 350 350 430 390

Fault IIT | 220 260 260 250 250 320 270

Fault IV | 420 300 420 540 600 1520 1410
6.6.3 Impact of the activation of the TSP controllers in dif-

ferent areas.

Tables 6.3 and 6.4 present the critical clearing times (CCTs) for the three
different supplementary control strategies when they are activated in two
separate areas. Table 6.3 displays the CCTs for Area 1, while Table 6.4 shows
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6 Active-Power control strategies for transient stability improvement

the CCTs for Area 2. The base case is used as a reference in both tables, and
each column represents a different supplementary control strategy: TSP-L,
TSP-TDM, and TSP-WACS. The impact of various parameter settings on
the CCTs is also examined.

In Area 1, the TSP-L strategy increases the CCTs for Faults I, II, and
III compared to the base case. However, for Fault IV, the CCT remains the
same as the base case. This behaviour is attributed to the specific conditions
under which the TSP-L strategy is activated. By carefully designing the
activation thresholds, the TSP-L strategy is triggered only for severe faults,
ensuring that it does not introduce any adverse effects for less severe faults.
The TSP-TDM and TSP-WACS strategies show different effects on the CCTs
depending on the fault scenario in Area 1. For Fault I, both strategies with
different parameter settings result in improved CCTs compared to the base
case. However, for Faults II and III, the CCTs are similar to or slightly worse
than the base case. In the case of Fault IV, both strategies significantly
increase the CCTs.

In Area 2, the TSP-L strategy does not have any impact on the CCTs
for Faults I and II, as the values remain the same as the base case. For
Fault III, the CCT increases when the TSP-L strategy is activated. How-
ever, for Fault IV, the TSP-L strategy increases the CCTs compared to the
base case. The behavior of the TSP-L strategy in Area 2 differs from that in
Area 1, highlighting the influence of the specific system conditions and fault
scenarios. The TSP-TDM strategy in Area 2 shows no improvement in the
CCTs for Faults I and II. For Fault III, the CCTs remain similar to the base
case, while for Fault IV, the TSP-TDM strategy with the specific parame-
ter settings results in a CCT of 0 ms. This indicates that the TSP-TDM
strategy is not effective in mitigating the fault for Area 2 in this scenario.
The TSP-WACS strategy in Area 2 improves the CCTs for Faults I and III
compared to the base case. However, for Faults II and IV, the CCTs in-
crease significantly when the TSP-WACS strategy is activated. A CCT of
zero milliseconds (0 ms) means that a fault of very short duration (e.g., fault
clearance of 10 ms) plus the disconnection of the faulted line produces a loss
of synchronism.
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Table 6.3: Critical clearing times (CCTs) for TSPs. Area 1

CCT base TSP-L TSP-TDM TSP-WACS
(ms) case | va; = 0.5 pu | Krgp; = 100 pu | Kpgp; = 100 pu
Fault I 130 300 270 230

Fault 1T 270 390 360 350

Fault III | 220 220 220 320

Fault IV | 420 420 1080 840

Table 6.4: Critical clearing times (CCTs) for TSPs. Area 2
CCT |[base| TSP-L TSP-TDM | TSP-WACS
(ms) case | va; = 0.5 pu | Krgp; = 100 pu | Krgp; = 100 pu
Fault T | 130 130 0 230
Fault I | 270 270 250 350
Fault IT1 | 220 260 250 610
Fault IV | 420 420 0 790

6.6.4 Impact of communication latency

Furthermore, it is important to analyse the influence of communication la-
tency on the performance of the TSP-WACS strategy. To investigate this,
the input error signal of the supplementary controller in Figure 6.1 will be
subjected to a delay represented by 7 in the following equation:

(6.1)

ui = e " (wecor — wi)

Here, 7 denotes the communication delay. Previous studies, such as the
one conducted in [Zhang'15|, have reported total communication delays in
wide-area control systems (WACS) ranging from 50 to 80 ms. In this partic-
ular study, we will consider communication latency delays of 50 ms and 100
ms.

While there may be faults, such as Fault IV, in which the control strate-
gies will have no impact, overall, the TSP-WACS strategy demonstrates bet-
ter results compared to TSP-L and TSP-TDM. Moreover, the results pre-
sented in Table 6.5 provide evidence that the TSP-WACS strategy is robust
against communication latency. Table 6.5, presents the critical clearing times
(CCTs) for the TSP-WACS strategy with different communication latency
delays. It includes scenarios where Krgp; is set to 100 pu. As observed,
the CCTs for various fault scenarios are influenced by the communication
delay. However, even with the presence of latency, the TSP-WACS strategy
consistently outperforms the other strategies in terms of improving transient
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6 Active-Power control strategies for transient stability improvement

stability.

These findings highlight the significance of considering communication
latency in the design and implementation of wide-area control systems. The
robust performance of the TSP-WACS strategy, even with communication
delays of 50 ms and 100 ms, demonstrates its ability to effectively mitigate
transient stability issues.

Table 6.5: Critical clearing times (CCTs) for TSP-WACS with delay.

CCT TSP-WACS with delay
(ms) 7=0ms 50ms 100 ms
Fault I 280 270 270
Fault II 430 410 390
Fault 111 320 300 270
Fault IV 1520 1420 1410

6.6.5 Discussion on the use of the three P control strategies

This section discusses the implementation and effectiveness of the three con-
trol strategies analysed in this chapter. The TSP-L and TSP-WACS strate-
gies, involve local active-power control, where each grid-forming VSC utilises
only local measurements. On the other hand, the second strategy uses a wide-
area control system that requires global measurements and, consequently,
a communication system. In terms of implementation, local strategies are
considered easier and more cost-effective since they rely solely on local mea-
surements. In contrast, the TSP-WACS strategy requires a communication
system to gather global measurements, making it more complex and poten-
tially more expensive to implement.

The effectiveness of the control strategies is evaluated based on their abil-
ity to improve transient stability. The ideal control actions involve supplying
a positive supplementary voltage to VSCs with frequencies above the fre-
quency of the center of inertia (COI) and a negative supplementary voltage
to VSCs with frequencies below the COI. The TSP-WACS strategy, which
utilises global measurements, generally yields better results than the TSP-L
and TDM strategies because it has access to the frequency of the COI. The
activation thresholds of the TSP-L strategy can be tuned to ensure that the
control strategy is activated only for sufficiently close faults, which typically
correspond to faults producing frequencies above the COI. This selective ac-
tivation mechanism allows the TSP-L strategy to target severe faults while
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avoiding unnecessary intervention for less severe faults.

Both TSP-L and TSP-TDM strategies can be implemented in grid-forming
VSCs to improve transient stability for severe faults. They provide effective
control mechanisms without the need for a communication system. However,
despite their increased complexity, the use of the TSP-WACS strategy could
be a valuable option in power systems that are particularly vulnerable to
transient stability issues. The TSP-WACS strategy can potentially deliver
more significant improvements by utilising global measurements and better
capturing the system’s dynamics.

6.7 Conclusions

The conclusions obtained in this chapter are as follows:

e Strategy TSP-WACS (global measurements), proposed in previous work
improves transient stability for when close and remote faults occur and
it improves their critical clearing times (CCTs) significantly.

e Strategy TSP-WACS (local measurements), proposed in previous work,
improves transient stability when close faults occur, but it jeopardises
transient stability for some remote faults.

e Strategy TSP-L (local measurements), proposed in this chapter of the
thesis, improves transient stability when close faults occur and it does
not jeopardise transient stability in case of remote faults. Achieving
this when using local measurements, only, is an advantage.

e The effect of control parameters of active-power has been analysed to
provide design guidelines tuning the parameter values by simulation.
High values of saturation parameter or gains can improve the effective-
ness of the control strategies, but setting them too high can jeopardise
the stability.

127






Chapter 7

Conclusions and contributions

This thesis aimed to investigate control strategies in GFM-VSCs to improve
transient stability of power systems with 100% converter-interfaced gener-
ation. This chapter summarises the conclusions and contributions of this
thesis and suggests potential avenues for future research.

7.1 Conclusions

The main conclusions and findings derived from this thesis are summarised
below.

7.1.1 Self-synchronisation strategies in GFM-VSCs

e The four self-synchronisation mechanisms for GFM-VSCs analysed in
this thesis (VSM without PLL, VSM with PLL, VSM without PLL +
wash-out and IP controller) can have a similar behaviour under small
disturbances, for a proper tuning of the parameters. However, they
can have different behaviour under large disturbances, due to non-
linearities.

e Strategies VSM with PLL and VSM without PLL + washout produce
the best results in terms of transient stability.

e Strategies VSM without PLL and IP control produce the lowest critical
clearing times (CCTs).

e The Virtual active-power controller (VAPC) improves the CCTs in all
cases, and it can be applied to all self-synchronisation strategies in
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GFM-VSCs.

7.1.2 Fast voltage boosters (FVBs)

e The proposed local strategy FVB-L improves transient stability of se-
vere faults, significantly, and their critical clearing times (CCTs) are
increased. However, its control actions must be restricted to severe-
enough faults by proper tuning activation thresholds. This means that
this control strategy will have little effect on transient stability when
remote faults occur.

e The proposed global strategy FVB-WACS improves transient stability,
significantly, improving their CCTs. It produces significant improve-
ments for severe and non-severe faults. The control strategy is robust
when subject to communication latency.

o F'VB-L strategy uses local measurements. Hence, its implementation
is easier and cheaper. Meanwhile, FVB-WACS requires a communi-
cation system to use global measurements, having, therefore, a more
difficult and expensive implementation. A trade-off should be made
when choosing using FVB-L or FVB-WACS. In general, the implemen-
tation of FVB-L improving transient stability only for faults close to
the GFM-VSC could be a cost-effective and practical solution. Nev-
ertheless, in power systems which are vulnerable to transient stability,
FVB-WACS could be a more effective solution, improving transient
stability of severe and non-severe faults.

e The effect of control parameters of strategies FVB-L and FVB-WACS
has been analysed to provide design guidelines tuning the parameter
values by simulation. High values of Av}?{” and Kpyp; can improve

the effectiveness of the control strategy, but setting them too high can

jeopardise the stability or cause the GFM-VSC to reach its limits, lead-

ing to non-linearities that can reduce the effect of the control strategy.

7.1.3 Current limiters and FVBs

e Transient stability is improved significantly with the proposed fast volt-
age boosters (FVB-L and FVB-WACS), when using conventional cur-
rent saturation algorithm (CSA) and hybrid current limiter (HCL).

e [mprovements are higher when using the proposed stategies FVB-L nad
FVB-WACS with HCL current limiter.
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e Results show that FVBs and HCLs are compatible and complementary.

e The effectiveness of FVBs when using HCLs is due to the fact that ac-
tions of both controllers take place at different stages of the transient.
During the fault, the HCL has priority and it introduces a supplemen-
tary voltage set point to the GFM-VSC. After the fault clearing, the
HCL does not act any more and then FVB introduces a supplementary
voltage set point to the GFM-VSC. Hence, the use of FVBs together
with HCLs takes advantages of both.

e F'VB-WACS is robust against communication latency, when using both
current-limitation algorithms analysed (CSA and HCL).

7.1.4 Active-power control strategies

e Strategy TSP-WACS (global measurements), proposed in previous work
improves transient stability for when close and remote faults occur and
it improves their critical clearing times (CCTs) significantly.

e Strategy TSP-WACS (local measurements), proposed in previous work,
improves transient stability when close faults occur, but it jeopardises
transient stability for some remote faults.

e Strategy TSP-L (local measurements), proposed in this chapter of the
thesis, improves transient stability when close faults occur and it does
not jeopardise transient stability in case of remote faults. Achieving
this when using local measurements, only, is an advantage.

e The effect of control parameters of active-power has been analysed to
provide design guidelines tuning the parameter values by simulation.
High values of saturation parameter or gains can improve the effective-
ness of the control strategies, but setting them too high can jeopardise
the stability.
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7.2 Scientific Contributions of the thesis

The main scientific contributions of this thesis are summarised below.

7.2.1 Self-synchronisation strategies in GFM-VSCs

e A comprehensive analysis and evaluation of grid-forming self-synchro-
nisation methods for GFM-VSCs.

e Analysis of the impact of grid-forming self-synchronisation methods for
GFM-VSCs on transient stability.

e Various methods and techniques proposed in the literature are dis-
cussed, allowing for a thorough examination of the self-synchronisation
approaches. The advantages, limitations, and performance characteris-
tics of these methods are analysed under different operating conditions.

e Understanding of the capabilities of self-synchronisation strategies, pro-
viding valuable insights for the design and implementation of GFM-
VSCs.

7.2.2 Fast voltage boosters (FVBs)

e Proposal of FVBs in GFM-VSCs to improve transient stability:

— FVB-L: Local FVB (local measurements).

— FVB-WACS: FVB using a wide-area control system (global mea-
surements).

e Analysis of the impact of communication latency of strategy FVB-
WACS.

e Analysis of the impact of control parameters of the proposed FVBs and
guidelines for design.

e Analysis of the proposed FVBs in power systems with 100 % converter-
interfaced generation.
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7.2.3 Current limiters and FVBs

Investigation of the impact of the hybrid current limiters (HCLs) im-
plemented together with the proposed FVBs on transient stability of
power systems with 100% of GFM-VSC-based generation.

— HCL + FVB-L.

— HCL + FVB-WACS.

Demonstration of the effectiveness of both approaches in significantly
improving the critical clearing times of different faults.

Analysis of the impact of communication latency of strategy FVB-
WACS, when implemented with HCL limiter.

7.2.4 Active-power control strategies

Proposal of Local active-power (P) control strategy to improve tran-
sient stability of power systems with 100% of converter-interfaced gen-
eration (T'SP-L), proving its effectiveness for severe faults and not jeop-
ardising the results for remote faults.

Analysis and comparison of different P-supplementary controllers for
GFM-VSCs to improve transient stability.

— TSP-TDM (local), proposed in previous work.
— TSP-WACS (global), proposed in previous work.
— TSP-L (local), proposed in this thesis.

Analysis of the impact of communication latency of strategy TSP-
WACS.

Analysis of the impact of control parameters of P-control strategies and
guidelines for design.

Analysis of P-control strategies in power systems with 100 % converter-
interfaced generation.

133



7 Conclusions and contributions

7.3 Proposals for further research

Based on the results of this thesis, some proposals for further research are as
follows:

e The control strategies proposed and analysed in this thesis to improve
transient stability (FVBs and P-control strategies) provide good re-
sults. However, their evaluation and verification in experimental plat-
forms could be investigated.

e The proposed control strategies have demonstrated efficacy in transient
stability improvement. Nevertheless, there is a need for a more exten-
sive evaluation and validation through in large-scale power systems
with 100% non-synchronous generation. Conducting such analyses will
yield valuable practical insights into the applicability and performance
of these control strategies on a broader scale.

e Analysis of FVB strategies with various current limiter algorithms
should be conducted. This thesis was restricted to analysing FVBs
with current saturation algorithms (CSAs) and hybrid current limiters
(HCLs). Future investigations could explore different current limiter
algorithms to provide a more comprehensive understanding of the im-
plications and potential improvements in the performance of FVBs.

7.4 Publications

7.4.1 Journal papers (Chapter 4)

e R. E. Avila-Martinez, J. Renedo, L. Rouco, A. Garcia-Cerrada, L.
Sigrist, T. Qoria, and X. Guillaud, “Fast voltage boosters to improve
transient stability of power systems with 100% of grid-forming VSC-
Based generation,” IEEE Transactions on Energy Conversion, vol. 37,
no. 4, pp. 27772789, 2022.

7.4.2 Working papers (Chapter 5)

e R. E. Avila-Martinez, J. Renedo, L. Rouco, A. Garcia-Cerrada, L.
Sigrist, T. Qoria, and X. Guillaud, “Impact of current limiters and
fast voltage boosters on transient stability of power systems with 100%
grid-forming VSC-based generators,” submitted to the power system
computation conference (PSCC), Paris, France — June 4 — 7, 2024.
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7.4.3 Additional publications (conference papers and presen-
tations)

The author of this thesis also participated in additional publications which
were not part of this thesis:

e R. E. Avila-Martinez, L. Rouco, J. Garcia-Aguilar, J. Renedo, L. Sigrist,
A. Garcia-Cerrada, Impact of PLL control on small-signal stability of
wind DFIGs connected to weak grids, 28° Seminario Anual de Au-
tomatica, Electronica industrial e Instrumentacion - SAAEI 2021, Ciu-
dad Real (Spain) Online. 07-09 July 2021. In: SAAEI 28° Seminario
Anual de Automatica, Electrénica Industrial e Instrumentacion: Libro
de actas, ISBN: 978-84-123292-2-3.

e L. 1. dela Barba, L. Sigrist, L. Rouco, R. E. Avila-Martinez, A. Garcia-
Cerrada, Analysis of the effect of control bandwidth on inverter inter-
actions using small-signal stability analysis, 28° Seminario Anual de
Automatica, Electronica industrial e Instrumentacion - SAAEIL 2021,
Ciudad Real (Spain) Online. 07-09 July 2021. In: SAAEI 28° Semi-
nario Anual de Automatica, Electronica Industrial e Instrumentacion:
Libro de actas, ISBN: 978-84-123292-2-3.

e R. E. Avila-Martinez, L. Rouco, J. Garcia-Aguilar, J. Renedo, L. Sigrist,
Impact of PLL control on small-signal stability of wind DFIGs, IEEE
Power & Energy Society General Meeting - IEEE PES GM 2020, Mon-
treal (Canada). 03-06 August 2020. In: IEEE PES GM 2020: Confer-
ence proceedings, ISBN: 978-1-7281-5509-8
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Appendix A

Test systems

A.1 GFM-VSC connected to an infinite grid

Figure A.1 illustrates a GFM-VSC connected to an infinite bus.

it rao+—4o

Grid

VSC

Figure A.1: GFM-VSC connected to an infinite bus.

Figure A.2 illustrates the equivalent model of a GFM-VSC connected to
the grid. Data of the grid-forming VSC-1 are provided in Table A.1. Nominal
voltage and frequency of the system are 220 kV and 50 Hz, respectively.

Parameters of line 2-3 are r = 0.01 pu, x = 0.1 pu (base values for pu:
220 kV and 100 MVA).

e Load at the bus N2 2: 5 MW.
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A Test systems

Figure A.2: Equivalent model of a Grid-Forming Voltage Source Converter
GFM-VSC connected to the grid.

Table A.1: Parameters of the VSCs

Parameters

VSC'’s rating are base values for pu

Rating VSC, DC voltage, AC voltage 100 MVA, +640 kV, 400 kV
Max. current 1.20 pu (equal priority for d — ¢ axes)
Transformer resistance (r.;)/reactance (z.;) 0.005 pu / 0.15 pu

(100 MVA 400/320 kV transformer)

Inner prop./int. control (K¢ p;i/Kc,1.i) 1.0027 pu / 1.0743 pu/s
Emulated inertia (Hgrps,i) the VSC 5s

Primary freq. controller (Kprri/Trrr.:) 20pu/1s

Primary freq. controller limit (Ap;”f”) 1 pu

A.2 Kundur’s two-area test system

Kundur’s two-area test system in Figure A.3 has been used to validate the
performance of the control strategies in Chapters 4, 5 and 6 (FVB strate-
gies, HCL strategies and P strategies). The Kundur’s two-area test sys-
tem [Kundur'94| is implemented with 100% of grid-forming VSC-based gen-
eration by means of electromagnetic-type simulation in Matlab + Simulink
+ SimPowerSystems. Electromagnetic-type models (EMT) have been used
to represent the elements of the power system. Specifically, converters have
been modelled using electromagnetic-type averaged models, including con-
verter limitations such as current and voltage limits. System elements such
as lines and loads, and controllers have been simulated in detail whereas
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A.2 Kundur’s two-area test system

converters have been modelled using electromagnetic-type averaged models,
including converter limitations such as current and voltage limits.

vscz | < }| vsca

Figure A.3: Kundur’s two-area test system with 100% GFM-VSC-based gen-
eration.

Table A.2 shows the results of the steady-state initial operating point.

Table A.2: Initial operating point.

VSC Vg,i (pu) 59,1’ (deg) Pgﬂ' (MW) Qg,i (MVAI")
VSC1 | 1.0475 0.44 693.00 0.00
VSC 2 | 1.0309 0.45 693.00 90.00
VSC 3 | 0.9900 0.00 642.60 -69.93
VSC4 | 0.9738 0.16 693.00 180.00

Table A.4 depicts the data of the grid-forming VSCs. The data of the
original two-area Kundur’s test system can be found in [Kundur'94|. In this
work the same conditions of [Avila-Martinez'22| were considered: (Load at
bus 7: 917 MW & 100 MVAr; load at bus 9: 1817 MW & 100 MVAr).
Nominal frequency is 50 Hz.

Table A.3: Fault description

Short circuit | close clearing

at line ¢ — j | to bus
Fault [ 7-8a 7 Disconnect 7-8a
Fault 1T 5-6 5 short circuit cleared (line not disconnected)
Fault IIT 10-11 11 short circuit cleared (line not disconnected)
Fault IV 8-9a 8 Disconnect 8-9a
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A Test systems

Data of the grid-forming VSCs are provided in Table A.4. Data of the
original two-area Kudur’s test system can be found in [Kundur'94]. Nom-
inal voltage of the transmission grid and the nominal frequency (230 kV
and 60 Hz, respectively) were changed to 220 kV and 50 Hz in this study.
Loads were modelled as constant impedances for dynamic simulation. Be-
sides, a critical case for transient stability was achieved by increasing the
power transfer from Area 1 to Area 2:

e Loads: bus 7: 917 MW & 100 MVAr; bus 9: 1817 MW & 100 MVAr.

Figure A.4 presents the equivalent model of a Grid-Forming Voltage
Source Converter (GFM-VSC) connected to the rest of the system through
an LC filter used in all converters of the Kudur’s two-area test system.

ps|i' qs,i pf,i' qf,i
- — e pg,i! qg,i
IS,i rc,i Lc,i oty >
- l f AMA— |
V.. V.. Rest of the
Cf i fii 9! system

Figure A.4: Equivalent model of a Grid-Forming Voltage Source Converter
GFM-VSC connected to the res of the system via a LC filter

Parameters of the FVBs

max

o FVB-L: vq; = 0.5 pu, vp; = 0.9 pu, Wipresi = 1073 pu, Avﬂi =
0.15 pu.

e F'VB-WACS: Kpyp,; = 50 pu, Ty; = 0.1 s, Tyw,; = 10 s, Av?}i‘” =
0.15 pu and ¢ = 1072 pu.

Parameters of the current limiters

e CSA:if'#® = 1.25 pu (equal priority for d — q axes).
o VI-CL: i/ = 1.0 pu, kp,,, = 0.098 pu, 0, = 5..
e HCL: Parameters of CSA and VI-CL are used.
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A.2 Kundur’s two-area test system

Parameters of the TSPs

o TSP-L: vq; = 0.50 pu, vp; = 0.9 pu, Wipres; = 1073 pu, Ap

0.15 pu.

mazx
g77’

e TSP-WACS: KTSP,Z' = 100 pu, Tf,i = 0.1 S, TW,Z' =10 S, Apqu

0.15 pu and ¢ = 1072 pu.

g,t

e TSP-TDM: KTDM,i = 100 pu, Tfﬂ' = 0.1 S, TW,i = 10 S, Apqu

0.15 pu and ¢; = 1072 pu.

971

Table A.4: Parameters of the VSCs

Parameters
VSC'’s rating are base values for pu

Rating VSC, DC voltage, AC voltage
Max. current

o 3 Vi
Max. modulation index (mJ*® = /3 . jdob
? 2 2Vac,B

Series filter resistance (r¢;)/reactance (zy;)
Shunt filter capacitance (Cy;)

Transformer resistance (r¢;)/reactance ()
(900 MVA 300,220 kV transformer)

Inner prop./int. control (K¢ pi/Kc,1,i)
Outer prop./int. control (Kv.p;/Kv.r,i)
Virtual transient resistance (rv,;/Tvr.)
Emulated inertia (Hgrar;) of VSCs 1 and 2
Emulated inertia (Hgpar:) of VSCs 3 and 4
Primary freq. controller gain. (Dysc,i)

)

900 MVA, £320 kV, 300 kV

1.25 pu
(equal priority for d — g axes)
1.31 pu
0.005 pu / 0.15 pu
0.0660 pu

0.005 pu / 0.15 pu

0.73 pu / 1.19 pu/s
0.52 pu / 1.16 pu/s
0.09 pu / 0.0167 s
45s/45s
41755 / 6.175 5
20 pu
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