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Abstract

As renewable energy sources increasingly replace conventional synchronous genera-
tion, the resulting decline in system inertia and reactive power capability presents
growing challenges for maintaining power system stability. Synchronous condensers
(SCs) oler a potential solution by enhancing voltage stability through high fault
current injection, providing dynamic reactive power support, and contributing to
frequency stability via rotational inertia. This thesis investigates the ability of SCs
to improve power system stability, with a focus on voltage regulation and frequency
support. Simulations were conducted in DIgSILENT PowerFactory on two grid
models of varying strength and complexity, referred to as the robust grid and the
islanded grid. Three SC ratings, 8 MVA, 67 MVA, and 200 MVA, were evaluated to
determine their e [edtiveness under diLerknt fault scenarios and deployment strate-
gies.

In the robust grid model, SCs had a limited impact on mitigating voltage dips
due to the high short-circuit capacity (SCC) of the system and in the case of a
short distance between the SC and the fault. However, notable voltage recovery
improvements were observed under weakened grid conditions and at more vulnera-
ble locations. Performance between the 67 MVA and 200 MVA units was similar,
though deploying multiple smaller SCs may provide redundancy benefits. Regarding
frequency support, the high system inertia in the robust grid limited improvements
in the rate of change of frequency (RoCoF) and frequency nadir, which were more
evident in the islanded model. In the weaker islanded system, the deployment of
an 8 MVA SC significantly improved both voltage and frequency stability. The SC
e [edtively mitigated voltage dips, enhanced voltage recovery, and improved the Ro-
CoF and frequency nadir during disturbances. Its positive impact was consistent
across all placement locations, making the deployment strategy less critical. These
results highlight the value of SCs in supporting voltage and frequency stability,
particularly in low-inertia systems, more vulnerable grids, and weak points within
robust networks.

Keywords: Synchronous condenser, power system stability, rotational inertia, reac-
tive power support, RoCoF, frequency nadir.
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Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

AVR
BESS
EMT
GB
HVDC
NESO
OEL
PSS
RES
RMS
RoCoF
SC
SCC
SVvC
UEL

Automatic Voltage Regulator
Battery Energy Storage System
Electromagnetic Transients
Great Britain

High Voltage Direct Current
National Energy System Operator
Overexcitation Limiter

Power System Stabilizer
Renewable Energy Source

Root Mean Square

Rate of Change of Frequency
Synchronous Condenser
Short-Circuit Capacity

Static Var Compensator
Underexcitation Limiter






Nomenclature

Below is the nomenclature of parameters, and variables that have been used through-
out this thesis.

d Rotor angle

dv/dQ Relationship between voltage and reactive power
Exin Kinetic energy

Thadir Frequency nadir

o Nominal frequency

H Inertia constant

Hsys Total system inertia

lsc Short-circuit current

J Mass moment of inertia

RoCoF Rate of change of frequency

Sy Rated power of a synchronous machine
Ssys System base power

SCC Short-circuit capacity

Zin Thevenin impedance

Xi



xii



Contents

List of Acronyms IX
Nomenclature Xi
1 Introduction 1
1.1 Background . . .. .. . ... ... e 1
1.1.1 PreviousWork . .. ... ... .. ... ... .. 2
1.2 AIM . e 3
1.3 Scope and Limitations . . . . . .. .. ... ... 3
1.4 Research Questions . . . . . . . . . . . . ... .. 4
1.5 Ethical and Environmental Considerations . . . . .. ... ... ... 4
2 Power System Stability 5
2.1 Basic Power System Operation. . . . . .. .. ... ... ....... 6
2.1.1 Transmission and Distribution . . . . . ... ... ....... 7
2.1.2 N-1Contingency . .. ... .. .. . .. .. 7
2.2 Frequency Stability . . . . . . ... 7
221 Swing Equation . . . .. ... 8
222 InertiaConstant . . .. .. ... ... ... ... .. ..., 8
2.2.3 Rate of Change of Frequency . . .. ... .. ......... 9
2.24 Frequency Nadir . . . .. .. .. . ... .. .. 10
2.2.5 Primary and Secondary Frequency Control . . . . . ... ... 10
2.3 Voltage Stability . . . ... .. ... .. 11
2.3.1 Short-circuit Capacity . . . . . ... ... o 11
2.3.2 QV-curveanddV/dQ . . ... ... ... .. ... ... 11
2.4 Summary of Stability Evaluation Metrics . . . . ... ... ... ... 12
3 Synchronous Condenser 13
3.1 Working Principle . . . . . . . .. ... ... 13
3.2 Frequency SUpport . . . . . . .. 14
3.3 \oltage and Reactive Power Control . . . . . ... .. ... ..... 15
3.3.1 Excitation Systemand AVR . . . .. ... ... ... ..., 15
3.3.2 Underexcitation and Overexcitation Limiters . . . . . .. . .. 16
4 Synchronous Condenser Modelling 17
4.1 Modelling the Synchronous Condenser . . . . .. .. ......... 17
4.1.1 Control System . . . . .. ... ... 17



Contents

4.1.2 Step-up Transformer . . . .. . .. ... . ... ... ... 18
4.2 Model Verication . ... ... . . . . . ... 18
4.3 Limitations . . . . . . . .. e e 19
5 Robust Grid Model and Scenario Description 21
5.1 Base Model and Alterations . . . . . ... ... ... ......... 21
5.1.1 Zone 32 . . . . . . e 23
5.2 Fault Scenario Description . . . . . . ... ... .. .. 0. 24
5.3 Synchronous Condenser Placement . . .. ... ... ......... 25
6 Islanded Grid Model and Scenario Description 27
6.1 Base Model and Alterations . . . . ... ... .. .. . . . . .. ... 27
6.2 Fault Scenario Descriptions . . . . . . . ... ... o 29
6.3 Synchronous Condenser Placement . . .. .. ... .......... 30
7 Simulations Results from Robust Grid Model 31
7.1 Scenario 1: Short-circuit Fault on Transmission Line Zone 31-32 . .. 31
7.1.1 Pre-study: N-1 Contingency Analysis . . . .. .. ... .... 32
7.1.2 67 MVAvs. 200 MVA . . . . . e 33
7.1.3 Centralized vs. Decentralized . ... .............. 35
7.2 Scenario 2: Short-circuit Fault on Transmission Line Zone 29-31 . .. 37
7.3 Scenario 3: Loss of Generation at Hydro Power Plant . . . . . . . .. 39
7.4 Sensitivity Analysis . . . . . .. 41
7.5 SUMMANY . . . . o e e e e 42
8 Simulations Results from Islanded Grid Model 45
8.1 Scenario 1: Short-circuit Fault on Cable LO-OI'1 . . . ... ... .. 45
8.2 Scenario 2: Loss of Generation HYDRO G1 . . ... ... .. .... 48
8.3 Scenario3: Lossofload .. ... ....... .. ... ... ..... 50
8.4 Sensitivity Analysis . . . . . .. 51
8.5 Summary . . ... e e 53
9 Conclusions 55
9.1 Future Work . . . . . . . . 56
References 57

A Robust Grid Model in PowerFactory I

B Islanded Grid Model in PowerFactory "l

Xiv



1

Introduction

This chapter provides the overall background and motivation for this thesis, outlines
its aim, and de nes the scope and limitations. It also presents the research questions
and ethical and environmental considerations.

1.1 Background

Integrating renewable energy sources (RESS) into power systems is a key strategy for
reducing greenhouse gas emissions and addressing the signi cant,G@btprint of

the energy sector. In recent years, this transition has progressed rapidly, driven by
advancements in technology and policy support [1]. Consequently, power systems are
undergoing a profound transformation, shifting from centralized power generation
with large rotating machines to more decentralized systems where energy is produced
from inverter-based energy sources closer to where it is consumed, as illustrated in
Figure 1.1[2].

Figure 1.1: Comparison between traditional centralized power systems
(left) and future decentralized grids (right), highlighting the shift toward
distributed renewable energy sources. Reproduced with permission from
ABB [3].

Unlike synchronous generators, most renewable energy sources are connected to the
grid via power electronic converters, which do not inherently contribute to system
inertia or short-circuit strength [4] [5]. As a result, power systems are experiencing
reduced stability margins, particularly in regions with high renewable penetration

or weak grid con gurations. This shift raises challenges in maintaining frequency
and voltage stability, especially during sudden disturbances such as load changes,
short-circuit faults, or generation outages. These challenges highlight the growing

1



1. Introduction

importance of reactive power compensation and the need for system inertia.

Synchronous condensers (SCs) o er a potential solution to these challenges. By
providing rotational inertia, reactive power support, and short-circuit capacity, it
can strengthen the power system by compensating for services that are reduced with
the integration of RES [6][7]. The SC operates like a synchronous machine without
a mechanical load and therefore does not provide any active power to the system
[8]. SCs have been used since the 1930s, but have declined in use over the past 50
years since power electronics has become a more cost-e ective solution for reactive
power compensation. However, with the increasing integration of inverter-based
energy sources, which contribute little to system inertia and short-circuit capacity,
SCs have once again attracted attention as a valuable solution. This master's thesis
Is in collaboration with ABB and aims to explore how SCs can mitigate challenges
faced in modern power systems with diverse grid topologies.

1.1.1 Previous Work

Some studies have investigated the role of SCs in supporting power system stability.
One such study compares the dynamic performance of a conventional SC, a super-
conducting SC (SuperVAR), and a static var compensator (SVC) under various grid
and fault conditions [9]. The authors conclude that SVCs performed better during
faults causing small variations in voltage or faults in weaker grids due to their fast
electronic switching and reactive power injection. During more severe disturbances,
both SC models showed a better performance compared to the SVC, with shorter
recovery times to nominal voltage. An explanation for this, presented in the pa-
per, was that SCs can inject more reactive power as the voltage decreases due to
the increasing di erence in internal and terminal voltage, whereas the SVCs reactive
power output is limited by the square of terminal voltage, meaning that during large
voltage drops, the terminal voltage limits the reactive power injection to the grid.

A case study conducted on the British power system demonstrated that SCs can
improve frequency stability by reducing the Rate of Change of Frequency (RoCoF)

and increasing the tolerable generation loss following a disturbance [10]. The study
showed that a 5 GVA SC with an inertia constant of 2 seconds reduced RoCoF from
0.116 Hz/s to 0.103 Hz/s, which corresponds to an improvement of approximately

12.6%. The SC also improved fault levels and short-circuit ratios, enhancing system
strength and the operational security of HVYDC connections.

According to a third study, the increased penetration of wind energy in power sys-
tems is leading to the replacement of conventional fossil fuel-based synchronous
generators with variable-speed wind turbines [5]. Typically, they contribute with
less fault current, resulting in a reduced system strength at the point of connection
to the wind power plant, a factor that is critical for fault detection and recovery.
Previous studies has demonstrated that this challenge can be addressed through the
implementation of SCs or SVCs, as these devices contribute with additional fault
current and help maintain system stability.

2



1. Introduction

1.2 Aim

This master's thesis aims to evaluate the potential of synchronous condensers in
modern power systems for enhancing grid stability. It focuses on how the syn-
chronous condenser can contribute to reactive power support for voltage regulation
and provide inertia for frequency stability.

1.3 Scope and Limitations

This study focuses on evaluating the performance of SCs in two contrasting power
system con gurations: a robust grid, representing a large and strongly intercon-
nected system and an islanded grid, representing a smaller, islanded network with
limited short-circuit capacity and inertia. These two cases are selected to re ect
fundamentally di erent operating conditions and allow for the assessment of SC be-
haviour under varying system strengths. It is important to acknowledge that this
thesis does not aim to conduct a detailed network analysis of speci c power grids,
but rather to use them as a framework for analysing the performance of the SC.

The thesis explores the capability of the SC to improve power system stability by
supporting voltage regulation with reactive power and enhancing frequency stabil-
ity through inertia contribution. These aspects are also analysed with comparisons
between di erent deployment strategies, including centralized versus decentralized
installations and the use of one large unit versus several smaller units. The analysis
includes three SC unit ratings: 8 MVA, 67 MVA, and 200 MVA. The 8 MVA unit

Is evaluated in the islanded grid scenario, while the larger 67 MVA and 200 MVA
units are assessed in the robust grid con guration.

The dynamic simulations and power system studies presented in this thesis are
conducted using DIgSILENT PowerFactory, which is a widely used software platform
for power system analysis [11]. While PowerFactory provides a robust environment
for modelling and analysing complex power system dynamics, it is important to
recognise that all simulation-based studies inherently involve certain assumptions
and approximations.
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1.4 Research Questions

This thesis aims to answer the following questions:
" How e ectively does a SC contribute to voltage regulation and frequency sup-
port, and how does this performance di er between robust and islanded grid
con gurations during various disturbances?

" Where should the SC be deployed for optimal grid connection, and should it
be implemented as one large unit or distributed as several smaller units?

~ What are the limitations of the SCs?

1.5 Ethical and Environmental Considerations

The implementation of SCs in power systems raises some ethical and environmental
considerations that it is important to acknowledge. These include both their poten-
tial to positively support environmental and societal goals as well as challenges that
must be addressed to ensure responsible integration.

From an environmental perspective, the manufacturing of SCs requires large quanti-
ties of steel, copper, and insulating materials. Since these materials carry embedded
emissions, the construction of SCs contributes to the overall environmental foot-
print. As SCs are large machines, installing them requires a considerable amount of
space, especially when including necessary equipment like cooling systems. For this
reason, SCs may be less suitable in settings where land availability or community
impact is a concern.

By supporting renewable power generation, SCs can push the environmental im-
pact of the power system in a positive direction. Investment in such technologies
can help reduce the overall C®emissions by replacing fossil fuel-based energy pro-
duction and allowing more inverter-based sources into the system. Ensuring grid
reliability is an ethical responsibility in itself, as power system instability can lead to
widespread outages and compromised public safety. SCs can help enhance the stabil-
ity and thus play a key role in maintaining important infrastructure and supporting

the broader societal transition to renewable energy.
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Power System Stability

The stability of power systems is a fundamental aspect of their reliable operation,
ensuring that electrical grids can maintain equilibrium between generation and de-
mand at all times. Power system stability refers to the ability of a power system
to return to a steady operating condition following a disturbance, such as a short-
circuit fault, loss of a generator or sudden changes in load [12].

Power system stability is typically divided into three main categories: rotor an-
gle stability, frequency stability and voltage stability, as shown in Figure 2.1. Rotor
angle stability concerns the ability of synchronous machines to remain in synchro-
nism following disturbances, while frequency stability refers to the ability of the
system to maintain its nominal frequency following imbalances between generation
and demand [12]. Similarly, voltage stability ensures that voltage levels remain
within acceptable limits at all buses and how well the system can restore equilib-
rium between generation and demand.

This chapter will continue by presenting the theoretical foundations of these stabil-

ity phenomena and their implications for power system operation, beginning with

a de nition of basic power system operation in Section 2.1. It then continues with

describing frequency stability and important frequency response metrics in Section
2.2, followed by voltage stability in 2.3. As this thesis will mainly focus on the

frequency and voltage stability following the implementation of SCs, rotor angle

stability is not discussed in detalil.

Figure 2.1: Power system stability classi cation. Redrawn and adapted
from [12].



2. Power System Stability

2.1 Basic Power System Operation

Understanding the fundamental operation of an AC transmission system requires
knowledge of how electrical power is transferred from generation to load. There
must always be a balance between the active power generated and the active power
consumed in a system. Figure 2.2 shows an equivalent system diagram of a two-bus
power system, consisting of a generation source, a transmission line and a load.

Figure 2.2: Equivalent system diagram of a two-bus power system,
showing the active power ow,P.

The line reactanceX is assumed to be purely inductive [8]. The relationship between
voltage, transmission angle and line impedance determines the amount of power de-
livered through the transmission network [8]. This can be expressed mathematically
using the power-angle equation, which describes the power ow and is de ned as

X

P =

sin( + ) (2.1)

whereVs and V, are the voltage magnitudes at the sending and the receiving end,
is the line reactance and, ¢ is the transmission angle, i.e., the angle di erence be-
tweenVs and V; [8]. This implies that maintaining appropriate voltage magnitudes
and angle di erences is important to ensure stable and e cient active power transfer.

While active power ow determines the transfer of real energy across the network,
reactive power is equally important as it directly in uences voltage levels and hence
supports the stable operation of the system. Reactive power is naturally present
in AC systems due to the inductive and capacitive characteristics of transmission
lines, transformers and loads, which cause a phase di erence between current and
voltage [13][8]. However, this naturally occurring reactive power is not controlled
and must be actively managed through compensation devices, such as SVCs or
SCs. Active and reactive power are inherently linked, as the ability to transfer
active power e ciently depends on maintaining appropriate voltage levels through
reactive power control. Without su cient reactive power, voltage stability may be
compromised. The reactive power ow, given by

\VERRRVAVA

Qs = rTCOS( r s); (2.2)



2. Power System Stability

depends on the voltage levels at both ends of a transmission line and the line reac-
tance. This illustrates how reactive power plays a direct role in regulating voltage
magnitude. For example, an increase in reactive power demand leads to a voltage
drop at the receiving end, especially over long distances [8].

2.1.1 Transmission and Distribution

In reality, an electrical power system is not a two-bus system but a large, complex
network of interconnected generators, transmission lines, substations and loads that
continuously balance supply and demand [8]. The network is typically divided into
two main subsystems: the transmission system and the distribution system. The
transmission system, often described as the backbone of the network, carries elec-
tricity at high voltages, usually above 230 KV [8]. To reach end users, the voltage
Is stepped down through transformers to lower levels in the distribution system,
generally below 35 kV. However, these voltage levels can vary between countries or
regions, and there is no universal standard that strictly de nes the boundaries be-
tween transmission and distribution systems. In this study, both 400 kV and 21 kv
are treated as transmission voltages, depending on the network model used. The 400
KV level represents a typical transmission voltage in a large, interconnected power
system, while 21 kV is considered a transmission level within the small islanded grid
model.

2.1.2 N-1 Contingency

To achieve reliability, the system must continue operating even if a component fails
[14]. This is commonly evaluated using the N-1 contingency criterion, which means
that the system must remain stable and operational following the loss of any single
component in a network of N components.

2.2 Frequency Stability

Frequency stability describes the ability of a power system to maintain a stable
frequency after experiencing a major disturbance that a ects the balance between
generation and demand [12]. If instability occurs, it can result in large frequency de-
viations, which can trigger the disconnection of generators or loads. In Europe, the
nominal frequency is 50 Hz and is typically regulated within 49.5 50.5 Hz during
normal operation, as specied in the grid code by Great Britain's National En-
ergy System Operator (NESO) [15]. Frequencies beyond these limits are considered
critical deviations, and it's important to restore the frequency toward the nominal
condition to avoid instability. The system is expected to return to stable operation
within the 47 52 Hz range after a disturbance. A drop to 47 Hz is especially serious,
indicating a severe generation shortfall and bringing the system close to disconnec-
tion thresholds.

Frequency stability can be analysed using various metrics, two of the most signi cant

7



2. Power System Stability

being the Rate of Change of Frequency (RoCoF) and frequency nadir. These met-
rics re ect how severely the system reacts to a disturbance and how well it recovers.
Both are strongly in uenced by the amount of rotational inertia in the system, which
acts to slow down the frequency deviation following sudden power imbalances. The
system's dynamic behaviour during frequency disturbances is described by the bal-
ance between input and output power. This relationship is captured mathematically
by the swing equation.

2.2.1 Swing Equation

The swing equation models the dynamic behaviour of the rotor of a synchronous
machine when there is an imbalance between mechanical input and electrical out-
put power. This relationship explains how stored rotational energy resists sudden
frequency deviations. Expressed in per unit form, the swing equation is de ned as

2H d?
T, de = Pn  Pe; (2.3)
where H is the inertia constant, further explained in section 2.2.2! 5 is the syn-
chronous speed, is the rotor angle andP,, and P, represent the mechanical and
electrical power respectively [8]. The terrrg% describes the angular acceleration of
the rotor, meaning that if the system is in a steady-state condition with no change in
speed, the term equals zero. While the swing equation is often used in the context of
rotor angle stability, it also provides a foundation for analysing frequency stability.
Changes in rotor angle acceleration are directly related to changes in angular veloc-
ity and consequently, system frequency. By di erentiating the relationship between
rotor angle and angular speed, the swing equation can be reformulated in terms of
frequency deviation as

2Hgys oF _
fo dt

Pgen Pload; (2.4)

wheref is the nominal frequency andPye, and Pioaq is the active power generation
and active power demand respectively [16]. This version of the equation describes
the frequency behaviour as the result of a power imbalance, rather than the dynamic
behaviour of a generator's rotor angle. This provides insight into frequency stability,
making it more relevant for studies involving inertial response and frequency control,
such as assessing the contribution of SCs in this study.

2.2.2 Inertia Constant

Rotational inertia plays a central role in power system stability, as it determines
how strongly a synchronous machine resists changes in rotor speed following a dis-
turbance. This inertia is provided by the rotating mass of the machine and is stored
in the form of kinetic energy [17]. The rotational energy (or angular kinetic energy)

8



2. Power System Stability

is de ned as

1
Ewin = EJ! % (2.5)

whereJ represents the mass moment of inertia and is the rotational speed of the
machine [18]. The kinetic energy is directly related to the inertia constartl of a
synchronous machine. This is mathematically de ned as

. 12
= Ein 1017, (2.6)

H = -2
Sy 2S '

whereS; is the rated apparent power of the synchronous machine [16]., expressed
in seconds, represents the time a synchronous machine can continuously supply its
rated power using only its stored rotational kinetic energy and typically ranges
between 2-10 s [8][18]. A higher value &éf means that the rotating mass has more
kinetic energy stored per unit of rated power, resulting in slower changes in rotor
speed during a disturbance and thus slower frequency deviations. The inertia can
also be de ned in terms of equivalent system inertiakisys, as

P
L1 SoHi.

H = 2.7
sys Ssys ( )

where S, and H; are the rated power and inertia constant of theth machine in a
system ofN machines andS;; is the total apparent power of the system [16].

2.2.3 Rate of Change of Frequency

The instantaneous rate of change of frequency, also known as RoCoF or df/dt, is
measured at the time the instability occurs and represents how fast the frequency is
changing over a short time interval [19], as shown in Figure 2.3. Measured in Hz/s,
it describes how fast the frequency changes immediately after a disturbance and
serves as a measure of the system's robustness. It is strongly related to the swing
equation as stated in (2.4) and thus the total system inerti&ls,s. The mathematical
relationship of this can be expressed as

ROCOF = a_ PTo

= 2.8
dt 2H sys Ssys ( )

where P is the power imbalance between generation and load [16]. A lower Ro-
CoF indicates that the system experiences slower frequency deviations following a
disturbance and hence a greater system robustness. This characteristic is typically
associated with higher system inertia, which helps mitigate rapid frequency changes
and allows more time for control systems to respond. According to NESO, the

maximum allowed system RoCoF is 1 Hz/s [15].
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Figure 2.3: Frequency deviation following a disturbance, highlighting
the inertial response area, RoCoF, and frequency nadir. Primary and
secondary control actions are included for context.

2.2.4 Frequency Nadir

Frequency nadir, orf .4 , refers to the lowest point of frequency reached after a
disturbance, before the system begins to recover and the control mechanism can
restore stability [20] and can be seen in Figure 2.3 above. A higHggg; indicates a
more robust system able to limit frequency drops. It serves as a critical indicator of
the power system's resilience. Although,.qir IS not always explicitly de ned in the
grid code, it is implicitly constrained by minimum frequency requirements following

a disturbance, which is 49.5 Hz, according to NESO [15].

2.2.5 Primary and Secondary Frequency Control

The inertial response is an immediate physical reaction of rotating masses to a
frequency deviation. It occurs instantly after the disturbance, without relying on
any control action. Following the initial seconds, the primary frequency control
activates, as seen in Figure 2.3 above. This control action mitigates further frequency
decline and stabilizes the system by controlling the governors of the generators
[21]. Subsequently, the secondary frequency control activates and the automatic
generation control (AGC) starts to restore the frequency to its nominal value after
15 to 30 seconds [22]. These control systems regulate the active power output of
generators to maintain frequency stability. Since synchronous condensers do not
supply active power, they are not equipped with such control systems and they can
therefore only contribute through their inertial contribution.

10



2. Power System Stability

2.3 \oltage Stability

Voltage stability describes the power system's ability to maintain acceptable voltage
levels across all buses during both normal operation and following disturbances [12].
It is typically divided into two categories: small-disturbance voltage stability and
large-disturbance voltage stability [8][12]. This study will mainly focus on large
disturbances, which concern the system's ability to maintain stable voltage levels
following signi cant events such as short-circuit faults, sudden generation outages, or
abrupt load changes. These disturbances initiate dynamic responses that challenge
the system's voltage regulation and reactive power support. According to the grid
code by NESO [15], voltage levels during normal operation must remain within the
range of 0.95 to 1.05 p.u.

2.3.1 Short-circuit Capacity

In the literature, various approaches are used to de ne the strength of an AC power
system. One of the most common is the short-circuit capacity (SCC), also referred
to as short-circuit power. The value, expressed in MVA, represents the sti ness of
the system voltage following variations in current [23]. It is de ned as
2
scc="3 Vig= 2~ (2.9)
Zin
whereV is the nominal voltage prior to the fault, I s is the short-circuit current and
Zy, is the equivalent Thevenin impedance. To determine the SCC of the system, a
three-phase short-circuit fault is applied and the resulting currentg; is measured.
A higher SCC value indicates a more robust bus, characterized by a low impedance,
and less sensitive to voltage variations [24]. In contrast, a lower SCC value re ects
a weaker bus, which is more sensitive to voltage variations. In this study, SCC
will serve as a metric for evaluating the optimal placement of SCs in the grid by
identifying areas with low SCC.

2.3.2 QV-curve and dV/dQ

Another metric used for evaluating voltage stability in this study is dV/dQ sensi-
tivity. It describes how sensitive the system's voltage is to changes in the reactive
power injected or absorbed and can be measured at di erent buses in the system.
The QV-curve, shown in Figure 2.4, is a graphical representation of the relationship
between the change in reactive power Q and voltage V and can be de ned as

dv V.

dQ Q’
which indicates how much reactive power is required to achieve a given change in
voltage [25]. In this study, reactive power is plotted on the vertical axis and voltage
on the horizontal axis, meaning the slope of the curve represents dQ/dV. However,
the sensitivity metric of interest is dV/dQ, which is the inverse of the curve's slope.
The point where dV/dQ (and dQ/dV) equals zero indicates the voltage stability

(2.10)

11



2. Power System Stability

limit and represents the minimum voltage the bus can withstand before entering an
unstable operating condition, as seen in the gure. A higher dVv/dQ value implies
that the bus voltage is more sensitive to changes in reactive power, meaning it
requires a smaller amount of reactive power to cause a voltage change compared to

a bus with a lower dVv/dQ value.

Figure 2.4: QV-curve showing the stable and unstable regions together
with the voltage stability limit where dVv/dQ = 0.

2.4 Summary of Stability Evaluation Metrics

The stability and performance metrics used in this thesis have been introduced
and described throughout this chapter. These values are based on the grid code
requirements from NESO [15]. Table 2.1 summarizes the evaluation metrics used
in this analysis. The NESO grid code species ride-through durations of up to
90 minutes, depending on the severity of the disturbance. However, this thesis
limits the analysis to the rst 60 seconds following a disturbance, as this time frame
captures the critical dynamic response phase of the evaluated faults. While long-
term capability lies outside the scope of this study, the evaluation metrics are still
used to assess the results against the relevant operational limits speci ed in the grid

code.

Table 2.1: Summary of normal operational limits and evaluation met-
rics, as de ned in [15].

Operating Condition \ Metric Symbol | Reference Value
. Frequency range f 495 -505H
Normal operation quency rang z
Voltage range \% 0.95 - 1.05 p.u.
Rate of change of frequency, RoCoF 1 Hz/s
During disturbance g 'qu Y z
Frequency nadir f nadir 495 Hz

12
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Synchronous Condenser

Synchronous condensers (SCs) are a type of active shunt compensator that has been
used since the 1930s to control reactive power in power systems, before power elec-
tronics became widely used for such compensation. [26] [8]. As the amount of RES
increases rapidly in today's power systems, SCs have attracted new attention as
they provide both voltage and frequency support through dynamic reactive power
control and their rotational inertia. Another key bene t is their ability to increase

the system's SCC, thereby enhancing stability during faults [8]. Compared to other
types of shunt compensators, SCs produce reactive power independently of the sys-
tem voltage thanks to their internal voltage source, which allows them to operate

e ectively even under severe voltage drops.

This chapter outlines the fundamental working principle and internal structure of
the SC. Furthermore, it describes how SCs contribute to frequency regulation by
releasing kinetic energy stored in its rotational mass, thereby supporting the inertial
response during frequency disturbances. Lastly, this chapter discusses the process
of reactive power compensation, highlighting the operation of the control system
responsible for maintaining voltage stability.

3.1 Working Principle

The SCs operates similarly to a synchronous motor or generator, however it is not
connected to a mechanical load and therefore does not produce mechanical power
[8]. Instead, its primary function is to supply or absorb reactive power to support
voltage stability in the grid and to contribute to system inertia. It only draws a
small active power component from the grid to compensate for the internal losses
in the machine [27].

A synchronous machine consists primarily of two components, the armature and the
eld winding [8]. The armature windings are typically mounted on the stator of the
machine, while the eld windings are placed on the rotor. A direct current, supplied
via brushless or static excitation, ows through the eld windings of the machine.
This excitation current produces a magnetic eld, and as the rotor rotates, this in-
duces an AC voltage in the armature windings. The rotor is synchronized with the
electrical grid and rotates at grid frequency. By adjusting the excitation current,
the machine's internal voltage can be controlled. The direction and magnitude of
reactive power exchange with the grid are determined by the di erence between
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3. Synchronous Condenser

this internal voltage and the grid voltage, enabling the machine to supply or absorb
reactive power accordingly. This is automatically managed via its control system,
further described in Section 3.3.

As mentioned, the SC contributes to the system's SCC by contributing with short-
circuit current, |4, following a disturbance. When a fault occurs, such as a short-
circuit, the system voltage drops and currents are induced in the rotor of the machine
[8]. The currents that decay the fastest during such an event are described by the
subtransient parameters. When analysing the short-circuit contribution of the SC,
it is essential to consider both its internal characteristics and the external system
parameters, as they both aect the immediate response from the SC. The sub-
transient reactance X ¢ and the transformer leakage impedance, are two critical
parameters in this analysis [27]. Low reactance values ¥f°and X, are bene cial
for improving system strength, as they lead to a higher SCC by allowing greatky..
Optimizing these reactances can therefore signi cantly in uence the performance
and e ciency of the SC [28]. A simpli ed single-line diagram of the SC, including
these reactances, is shown in Figure 3.1.

Figure 3.1: Single-line diagram of SC wher& {°is the sub-transient
impedance, V; is the terminal voltage and X, is the transformer
impedance.

3.2 Frequency Support

The frequency support from an SC is provided by the rotational inertia of the ma-
chine. As a result, the SC only contributes to the inertial response during the rst
seconds following a disturbance and does not take part in primary or secondary
frequency control. To further enhance its frequency support, the machine can be
combined with a ywheel, which is a mechanical device used for providing addi-
tional rotational energy in the SC application [6]. The additional rotational mass
increases the machine's inertia constantl, and consequently the total system iner-
tia, Hsys. During power uctuations in the system, the SC and the attached ywheel
release the kinetic energy stored in their combined rotational mass to help limit the
frequency deviation [8][29]. This change positively in uences RoCoF aridagir
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3. Synchronous Condenser

3.3 \Voltage and Reactive Power Control

In combination with a voltage regulator to control its excitation, the SC can either
inject or absorb reactive power to help stabilize the terminal voltage across varying
grid conditions [8]. To protect the machine from damage during extreme operat-
ing conditions, the SC can be equipped with excitation limiters to ensure that the
excitation is within safe limits. The following section outlines the process of reac-
tive power compensation, detailing how the excitation system, in combination with
the Automatic Voltage Regulator (AVR), voltage transducers, and protective lim-
iters, works together to maintain optimal and safe operation and performance. A
simpli ed overview of the SCs control system can be seen in Figure 3.2.

Figure 3.2: Simpli ed representation of the control system

3.3.1 Excitation System and AVR

The excitation system, together with the Automatic Voltage Regulator (AVR), con-
trols and regulates the operation of a synchronous machine [8]. From a power system
perspective, the excitation system ensures that the machine responds e ectively to
voltage variations. The terminal voltage is continuously monitored by the voltage
transducer, which produces a DC signal for further processing [8]. The DC signal is
compared with a reference voltage, and based on the resulting voltage deviation, the
excitation current is adjusted to regulate the reactive power exchange. If the sys-
tem voltage drops, the excitation current increases to supply more reactive power.
Conversely, if the voltage rises, the excitation current is reduced, causing the SC to
absorb reactive power. This enables the SC to dynamically regulate reactive power
and support voltage stability. Following a fault, there is typically a delay of a few
hundred milliseconds before the AVR responds. This means that if the fault dura-
tion is shorter, the AVR may not have enough time to react. As a result, the SC can
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only respond to the fault through its immediate short-circuit current contribution,
while the AVR begins to regulate after the fault has been cleared.

3.3.2 Underexcitation and Overexcitation Limiters

In the excitation system of a machine, there are protective controls that set bound-
aries for the excitation of the SC to ensure that the excitation is within the operating
limits of the machine to avoid damage [8]. These limiters are commonly referred
to as underexcitation limiters (UEL) and overexcitation limiters (OEL). When the
terminal voltage drops signi cantly, it can result in a high current owing in the eld
windings of the synchronous machine. If this current is supplied during an extended
period of time, the OEL prevents the machine from overheating by limiting the
current [8]. In opposite, the UEL steps in to ensure that the decrease in excitation
of the machine does not cause steady-state instability or excessive thermal stress
in the end part of the stator core. A capability diagram that illustrates UEL and
OEL can be seen in Figure 3.3. However, as can be seen in the gure, the SC only
operates by controlling reactive power, and hence the active power is only relevant
for synchronous generators and motors.

Figure 3.3: Capability diagram of a synchronous machine, showing the
under- and overexcitation limitation in the control system.
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Synchronous Condenser Modelling

This chapter presents the modelling process and implementation of the three di er-
ently rated SCs, as well as the development and implementation of their respective
control systems. Additionally, it includes a veri cation of the dynamic models under
operating conditions similar to those expected in the actual application, essential
to ensure that the models perform as intended before proceeding to more complex
simulation environments.

4.1 Modelling the Synchronous Condenser

Three di erent sizes of SCs, rated 8 MVA, 67 MVA and 200 MVA were modelled
in PowerFactory. The models were developed based on detailed machine parame-
ters and control system settings provided by ABB. The SCs were modelled as syn-
chronous machines without any active power contribution. Both the 67 MVA and
200 MVA SCs were equipped with ywheels, whereas the 8 MVA unit used in this
study was not. The additional inertial contribution from the ywheel was incorpo-
rated via an increased inertia constant, eliminating the need for separate modelling.
The rated power, voltage, and inertia constants for each unit are presented in Table
4.1.

Table 4.1: Important modelling parameters for all SCs used in this

study.
SC 8 MVA 67 MVA 200 MVA
Rated power [MVA] 8 67 200
Rated voltage [kV] 10.5 13.8 13.8
Inertia constant [s] 2.306 7.046 8.024

4.1.1 Control System

In addition to modelling the SCs physical parameters, a representation of the ma-
chine's control system was required. The excitation system and AVR for the 8 and
67 MVA machines were based on the IEEE standard model AC11C, as de ned in
IEEE Std. 421.5-2016 Recommended Practice for Excitation System Models for
Power System Stability Studies [30]. Modelling of the control system also required
an overexcitation and underexcitation limiter, IEEE OEL2C and UEL2C. In ad-

dition, the IEEE voltage transducer and current compensator were added to the
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4. Synchronous Condenser Modelling

control system. The input parameters to all functions in the control system were
modi ed to suit the di erent sizes of the condensers. The control system for the 200
MVA unit was simpli ed by assuming a static excitation system, due to limitations
of the parameter data. As a result, a simpler excitation model, ST1A, from the
same IEEE standard was used. For this simpli ed approach, the implementation of
overexcitation and underexcitation limiters was excluded.

4.1.2 Step-up Transformer

The voltage ratings of the units assessed in this study are 10.5 kV and 13.8 kV,
as shown in Table 4.1 above. Depending on the voltage requirements, a two-stage
transformer con guration was used, consisting of a step-up transformer in series with
the SC to match the machine's terminal voltage with the grid voltage. By connecting
the SCs in parallel to a common bus, the need for individual transformers for each
unit was eliminated. However, the transformer rating must be appropriately selected
to allow maximum reactive power compensation from the SC. Input data is based
on [31] and presented in Table 4.2. The modelling was simpli ed by allowing for
potentially high currents through the transformer due to the ratio between power
and voltage. This simpli cation was considered acceptable, as the aim of the study is
to analyse the behaviour of SC rather than to optimise the design of the transformer.

Table 4.2: Modelling parameters for the transformers used in this study

[31].
Transformer [KV/kV] 33/400 13.8/33 10.5/21
Con guration [-] Y/Yn Y/Yn D/Yn
Rated power [MVA] 600 400 50
Series resistance [p.u] 0.002 0.002 0.002
Series reactance [p.u] 0.1 0.1 0.1

4.2 Model Veri cation

To verify that the SCs and their respective control units were correctly modelled in
PowerFactory, several pre-study simulations were performed. The test environment
was modelled only with transformers and an SC connected to an in nite bus, iso-
lating the system from in uences from other system components. This was done for
each SC unit. The in nite bus was represented by a voltage source behind a series
impedance, de ned via its SCC and X/R ratio. The test setup was used to assess
the dynamic response from the SC and con rm proper operation of the AVR and
the exciter. Data for the in nite bus was based on results from the short-circuit
analysis, described in Chapter 5.

By varying the SCC of the external grid from 50 MVA to 13000 MVA, di erent
system strength scenarios were simulated, representing both islanded and robust
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grids. The 8 MVA unit was tuned for operation under lower SCC values, while the
67 MVA and 200 MVA units were tuned for higher SCC values. This allowed the
control system for each SC unit to be adjusted to re ect expected behaviour under
realistic grid conditions.

To evaluate the system's voltage regulation response, a step change in the AVR
reference voltageV,es , was applied, increasing it from 1.0 to 1.025 p.u. as part of
the veri cation tests. All SC models reached 90% of the new terminal voltage step
change within approximately 400 ms as seen in Figure 4.1. Variations in voltage
behaviour were primarily observed following the initial rise phase, particularly in
terms of overshoot and steady-state voltage. These di erences can be explained due
to variations in control parameters, such as proportional and integral gains.

Figure 4.1: Voltage response following a step change increase in the
reference voltage Vs for synchronous condensers (SCs) of 8, 67, and
200 MVA capacity. The red line indicates 90% of increase M.y .

4.3 Limitations

It is important to note that the constructed representation of the SC is based on
approximations and assumptions, and can be considered an idealised model. The
simulation does not capture all real-world physical phenomena occurring in the ma-
chine during operation, such as heating, material degradation, or environmental
in uences, although some of these e ects are estimated through parametrisation.
As a result, its behaviour in the simulation may di er from its real-world perfor-
mance. Furthermore, the control system is modelled in a simpli ed way, which may
not fully re ect the system's dynamic response or protection mechanisms.

As previously mentioned, when verifying the response of the SC in an isolated grid,
there are no other components or control systems for it to interact with. However,
when connected to a more complex grid model, the SCs response is a ected by the
presence of multiple generators, loads, transmission lines, compensators, and their
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respective control systems. As a result, its behaviour is a ected by the requirement
to operate in coordination with all these elements.
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Robust Grid Model and Scenario
Description

This study utilizes two pre-existing power system models to represent a large inter-

connected grid and a small isolated grid. These models are not analysed in terms
of real-world performance, but instead serve as platforms to explore how SC behave
in power systems with two di erent system strengths. This chapter focuses on the

larger grid model based on the Great Britain transmission system, and is hereafter

referred to as therobust grid model due to its high SCC. Theislanded grid model

is described in Chapter 6.

The robust grid model is based on the GB 36-bus model and is a publicly available,
reduced equivalent of the National Electricity Transmission System (NETS) of Great
Britain. It is developed in DIGSILENT PowerFactory by NESO and based on data
from 2013 [32]. This chapter outlines the structure of the model, including the
modi cations made to adapt it for this study. In addition, it describes the simulated
fault scenarios and the deployment strategies used for the placement of SCs.

5.1 Base Model and Alterations

The robust grid model includes 36 zones, each represented by one bus and intercon-
nected to the remaining zones via transmission lines. A full diagram of the model
from PowerFactory is presented in Figure 5.1. Each bus contains one load and multi-
ple generators. Wind, marine, and HVDC sources are modelled as static generators.
Remaining generators such as nuclear, oil, hydro, pumped hydro, biomass, coal and
other types of generation are modelled as dynamic generators equipped with both an
AVR and a governor. In the base model without alterations, all coal generators were
out of service, a setting that was kept throughout the study. In several zones, addi-
tional reactive power compensation is provided by a Static Var Compensator (SVC)
or other Static Var Systems (SVS). Due to limitations in the dynamic modelling
of SVCs and SVS, numerical stability issues were observed during Electromagnetic
Transient (EMT) simulations. As a result, these were replaced with xed capacitors
and reactors, sized according to their reactive power contributions from power ow
analysis. Accurately modelling SVCs for EMT simulations would require modifying
their control systems, which was considered outside the scope of this study.
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5. Robust Grid Model and Scenario Description

Figure 5.1: The GB-36 bus model [32] from PowerFactory displaying
all the zones in the network. The zones of interest for this study are
marked in red.

An initial three-phase short-circuit analysis was conducted in the model, con rming
the robustness as SCC values exceeding 20 000 MVA were observed in the system.
As a consequence, some adjustments were made. To simulate a system with high
renewable penetration, nuclear generation from all active units was reduced by 20%,
corresponding to approximately 2000 MW. To maintain system balance, this reduc-
tion was replaced by an increase in wind generation with corresponding output.
This additional wind power was distributed across multiple zones to re ect realis-

tic geographical distribution and to ensure that all turbines operated within their
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ratings. With these modi cations implemented, and all remaining generators and
loads operating as expected, this is referred to as thase case

To identify weak areas in the new base case where the installation of an SC could
enhance system stability and performance, another three-phase short-circuit analysis
was performed at the 400 kV bus in each zone. This analysis provided the di erent
SCCs in each area and served as a key indicator of system strength. Buses with
low SCC were identi ed as potential weak points, as they are more sensitive to
voltage variations. The results of this analysis were used to investigate the strategic
placement of SC units, ensuring they are located where they can be bene cial for
voltage regulation. The results of the short-circuit analysis for the zone with the
lowest SCC, along with its neighbouring zones, are presented in Table 5.1. Complete
results for all zones, including load ow voltage values for the respective buses, are
provided in Appendix ?7.

Table 5.1: SCC of the three neighbouring zones with the lowest SCC.
A full list of all zones SCC can be found in Appendix A (Table A.1).

Zone Nom. Voltage [kV] | SCC [MVA]

31 400 10356
32 400 9245
33 400 9252

51.1 Zone 32

Based on the results from the short-circuit analysis, Zone 32 was chosen for further
analysis as it was identi ed to have the lowest SCC at 9245 MVA. The generation
is distributed between gas, hydro, pumped hydro, marine, wind, and other types of
generation. A single-line diagram of Zone 32 and the ratings for all the generators
can be seen in Figure 5.2. As can be seen in the gure, the majority of generation
comes from wind, hydro, and pumped hydro and hence, this is a good representation
of a zone with high penetration of RES. Additionally, one load and two transmission
lines, interconnecting Zone 32 with Zone 31 and 33, are connected to the 400kV bus.

To investigate system stability under stressed conditions, a set of N-1 contingencies
was simulated for Zone 32 to re ect realistically weakened operating scenarios. This
included the disconnection of a gas turbine, a pumped hydro unit, and an outage
of the transmission line connecting Zone 32 to Zone 33. The two generators were
selected due to their di ering generation capacities, while the transmission line out-
age was considered interesting as it reduced support from neighbouring zones. Each
contingency was simulated over the full simulation period during Scenario 1, further
described in Section 5.2. Their respective impacts were compared to identify the
most critical N-1 event.
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Figure 5.2: Single-line diagram of Zone 32, illustrating generators,
loads, transmission lines connecting to neighbouring zones, and proposed
SC implementations.

5.2 Fault Scenario Description

Three fault scenarios were simulated using the robust grid model to evaluate the
performance of the SC under typical grid disturbances. These included a three-phase
short-circuit on a transmission line, a similar fault on a second transmission line,
and a generation loss at a hydro power plant. The scenarios were selected to assess
the SCs contribution to voltage and frequency stability. Each event was analysed
under two operating conditions, the base case and the N-1 base. EMT simulations
were used for short-circuit events to accurately capture fast dynamics, while RMS
simulations were su cient for scenarios involving generation loss, due to slower sys-
tem dynamics and analysis over a longer time period. The following section outlines
each of the simulated disturbances in detail.

1. Three-phase Short-circuit Event on Transmission Line Zone 31-32: The

rst scenario involved a three-phase fault with zero impedance at the midpoint of
the transmission line between Zone 32 and Zone 31. The fault, with a duration of 50
ms, was simulated to assess the SCs response to a fault in the nearby area, causing
a severe voltage dip.

2. Three-phase Short-circuit Event on Transmission Line Zone 29-31: The
second scenario simulated a similar three-phase fault with zero fault impedance on
a second transmission line, with a duration of 50 ms. This event was designed to
evaluate the response of the SC to a fault occurring further away, introducing more
impedance between Zone 32 and the fault location, and consequently resulting in a
milder voltage dip.

3. Loss of Generation at Hydro Power Plant: The third scenario simulated a
generation loss of 0.85 p.u. at the hydro power plant in Zone 32, represented by a
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sudden reduction in mechanical torque in the synchronous machine after 1 second.
This scenario aimed to assess the SCs ability to support system inertia and improve
the RoCoF and thef i .

5.3 Synchronous Condenser Placement

To evaluate the optimal deployment strategy for SCs, several connection strategies
were evaluated. Each con guration was tested using two levels of total compensa-
tion of approximately 200 MVA and 400 MVA. These were achieved by combining
three or six 67 MVA units, or one or two 200 MVA units. This enabled a direct
comparison of system performance between con gurations using di erent SC rat-
ings, while maintaining the same total capacity. Due to the high system strength,
compensating with fewer SCs was not considered relevant. The connection of the
SC to either the bus or the wind bus in Zone 32 is illustrated in Figure 5.2.

Centralized - Connected to Bus in Zone 32

In the centralized con guration, the SCs were connected to the 400 KV bus in Zone
32. This setup served as the reference case for evaluating centralized deployment,
representing a typical approach where support is concentrated in a single, strategi-
cally selected location with lower SCC, here represented by the bus in Zone 32 with
SCC of 9245 MVA.

Decentralized - Connected to Buses in Zone 31, 32 & 33

For the decentralized con guration, 67 MVA SCs were distributed equally in neigh-
bouring Zone 31, Zone 32, and Zone 33, each connected to its respective 400 kV bus.
The total compensation provided matched that of the centralized setup of either 200
MVA or 400 MVA, allowing for direct comparison of performance. Deployment in
more distant zones or areas with high SCC was not considered relevant, due to lim-
ited compensation contribution from SCs in such areas.

Local - Connected to Wind Bus in Zone 32

The SC was connected to the bus of the wind power plant in Zone 32, allowing for
analysis of its performance at a lower voltage level of 33 KV and in a part of the zone
characterised by lower SCC. This deployment strategy was particularly relevant for

evaluating the SCs ability to enhance stability in weaker areas of the grid.
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Islanded Grid Model and Scenario
Description

In contrast to the large-scale interconnected power grid discussed in the previous
chapter, this chapter focuses on a small islanded power system, which is more vul-
nerable to uctuations and disturbances due to its limited size and low SCC. This
model is designed to re ect the characteristics of a low-inertia, weaker grid system
with a majority of RES production, making it particularly relevant for studying the
implementation of SC. This system will henceforth be referred to as thslanded
grid model

The grid model used to represent a smaller, isolated power system is based on a
model of the southernmost island of the Faroe Islands. The original model was de-

veloped by Helma Tréndheim as part of her PhD research [33]. Since the objective of
this thesis is not to analyse a speci c grid, the model has been altered and changed
to represent a general islanded grid, with areas and busbars renamed to re ect this

generalized approach. The main components and con guration of the model are

described in this section, along with the speci c alterations made for this thesis.

6.1 Base Model and Alterations

The model is divided into ve areas: a central area (Bus 1), an oil area (Bus 2),
a hydro area (Bus 3), a load area (Bus 4) and a wind farm (Bus 5.1-5.7), as seen
in Figure 6.1. The central area forms the core of the grid structure, serving as
the connection point between the wind farm and the other areas. As indicated
by their names, this islanded system includes three main generation sources: two
hydropower generators, one oil power plant, and a wind farm represented by seven
static generators. The hydro and oil generators are modelled as dynamic generators
with appropriate control systems, including governors and AVRs con gured for each
generation type. The two hydropower plants, HYDRO G1 and HYDRO G2, are
rated at 1 MW and 2 MW, respectively. The oil power plant, OIL G1, is rated at
4.1 MW. The wind farm consists of seven static wind generators (WIND T1 T7),
each rated at 0.9 MW, with a static dispatch of 0.4 MW per generator under normal
operating conditions to represent moderate wind conditions. The load area, as well
as the oil and hydro areas, are designed as substations with loads connected to the
buses. The loads are modelled as static PQ loads that represent smaller distribution
networks. An important detail not shown in the gure is that both the oil area
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and the load area contain two voltage levels: a 10.5 kV bus where the generators
and loads are connected, and a 21 kV bus used for transmission. These buses are
interconnected via transformers within each area. The hydro area only consists
of one bus operating at 10.5 kV. Lastly, all transmission elements in the system
are modelled as underground cables. A summary of the load ow values, generator
ratings and all bus voltages and types of the altered islanded grid model is presented
in Appendix B.

Figure 6.1: Simpli ed diagram of the islanded grid model. The SCs
marked in green indicate the bus locations used in the dierent test
con gurations of this study.

The original grid model included an SC rated at 8 MVA, connected at Bus 1 in the
central area. For this study, the unit was disconnected to enable a clearer evalu-
ation of the SC's impact. This adjustment resulted in slightly reduced load ow
voltage levels across the grid, with the lowest bus voltage reaching approximately
0.961 p.u. This value, while somewhat low, remains within the grid code's normal
operating range of 0.95 1.05 p.u. and highlights the underlying need for reactive
power support in the system. The voltage level was deemed acceptable, as it allows
for a meaningful comparison between cases with and without SC support without
compromising system stability. The analysis therefore begins from a base case with-
out any SCs and focuses on assessing the e ects of incrementally adding one or more
units in di erent locations.

A Battery Energy Storage System (BESS) present in the original model was ex-
cluded in this study. The decision to disconnect the BESS was made to ensure
the model's stability. The integration of the BESS would have required extensive
modi cations to the underlying simulation scripts, which were beyond the scope
of this thesis. Additionally, parts of the original model's relay protection system
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were deactivated for similar reasons. Since the primary objective of this thesis is
to evaluate how SCs can enhance power grid stability in terms of frequency and
voltage support, retaining the full original relay con guration was not essential for
the intended analyses.

Similarly to the robust grid model, a short-circuit analysis was performed to evaluate
optimal weak points for the connection of the SC. This is presented in Table 6.1.
As shown in the table, the dierences in SCC between the buses are relatively
small. Therefore, the conclusion was that it would be interesting to evaluate the
performance of the SC at multiple bus locations to explore whether these minor
variations in SCC have a noticeable impact on system stability.

Table 6.1: SCC values of selected buses in the islanded grid model. A
complete list of all bus SCC values is provided in Appendix B (Table

B.2).
Area/bus Nom. Voltage [KV] SCC [MVA]
Central area/Bus 1 21 45.01
Oil area/Bus 2 21 46.61
Hydro area/Bus 3 10.5 39.73
Load area/Bus 4 21 44.85
Wind area/Bus 5 21 44.25

6.2 Fault Scenario Descriptions

The selected scenarios were designed to evaluate the performance of SCs in an is-
landed grid under typical severe disturbances a ecting voltage and frequency stabil-
ity. Due to limitations in the dynamic model of the islanded grid model, only RMS
simulations were conducted. To evaluate the performance, three fault scenarios were
chosen: a three-phase short-circuit trip on cable LO-OI 1, a generation loss scenario
of HYDRO 1 and a load rejection scenario of a load in the oil area. These scenarios
were chosen to investigate both the voltage and frequency behaviour, both pre- and
post-connecting the SCs. The scenarios are:

1. Three-phase short-circuit fault on LO-OI 1: The rst scenario involved
simulating a three-phase short-circuit fault on one of the two parallel underground
cables connecting the load area and oil area. The fault had 1 fault impedance
was located at the midpoint of the 18 km cable, and lasted for 150 ms. While the
probability of a three-phase fault occurring on a cable is relatively low compared to
overhead lines, this scenario was chosen to evaluate the system's dynamic voltage
response.

2. Generation loss of HYDRO G1: The second scenario simulated the loss
of generation from HYDRO G1, located at Bus 3. The generation loss was mod-
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elled as a sudden decrease of 0.8 p.u. torque, representing a signi cant reduction in
power input to the system. This fault was included to study the system's frequency
behaviour.

3. Loss of Load: The third scenario involved a sudden reduction of 30% of a
load in the oil area. This reduced the total system load by 3.8% in both active and
reactive power, simulating a decrease in demand and testing the system's ability to
maintain frequency stability under load-shedding conditions.

6.3 Synchronous Condenser Placement

The SC placements used in this study are illustrated in green in Figure 6.1. Across
all three fault scenarios, 8 MVA SCs were added incrementally at di erent buses
to evaluate how placement in uences system performance and how many SCs are
needed for su cient improvement. For each case, multiple simulations were con-
ducted, with one SC added at a time at the locations shown in the gure.
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Simulations Results from Robust
Grid Model

This chapter presents the simulation results obtained from the robust grid model
developed in PowerFactory. Three fault scenarios were simulated to evaluate the sys-
tem's voltage and frequency responses under di erent types of disturbances, both
before and after the implementation of 67 MVA and 200 MVA SCs. The fault sce-
narios tested in this grid model include:

" Scenario 1: A three-phase short-circuit on the transmission line connecting
Zone 31 and 32

Scenario 2: A three-phase short-circuit on the transmission line connecting
Zone 29 and 31

Scenario 3: A loss of generation at the hydro power plantin Zone 32, resulting
in @ mechanical torque reduction of 0.85 p.u.

To accurately capture the system's fast dynamic behaviour during short-circuit
events for voltage analysis, EMT simulations were applied. For frequency-related
studies, when observing the response over longer time periods, RMS simulations
were used as they are more suitable for such analysis. Both the base case and the
most critical N-1 contingency, as further discussed under Scenario 1, were simulated
for each scenario. Additionally, di erent SC deployment strategies were tested to
evaluate their in uence on system performance. The section concludes with a sensi-
tivity analysis of the robust grid model, providing additional support to the results,
and ends with a summary of the key ndings presented in this chapter.

7.1 Scenario 1: Short-circuit Fault on Transmis-
sion Line Zone 31-32

This scenario involves a three-phase short-circuit with zero fault impedance, applied
at the midpoint of the 400 kV transmission line connecting Zone 31 and Zone 32.
The fault is initiated at 0.1 seconds and cleared at 0.15 seconds. Simulations were
conducted under two system conditions: The base case and the N-1 contingency case,
identi ed in the following pre-study. Furthermore, all three deployment strategies for
SC were analysed: the centralized approach in Zone 32, the decentralized approach
across Zones 31, 32, and 33, and a local connection at the bus to the wind power
plant in Zone 32. The voltage response was evaluated at both the 400 KV bus in
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Zone 32 and at the wind bus. This simulation was conducted to evaluate a severe
voltage dip occurring in the nearby area of Zone 32.

7.1.1 Pre-study: N-1 Contingency Analysis

To better assess the contribution of external support, such as that provided by a
SC, it is essential to analyse the system under various conditions. This includes
both normal operation, referred to as the base case where all components function
as expected, but also during more stressed scenarios. Analysing only the base case
provides limited insight into the SC's potential, as the robust grid limits its im-
pact due to its high system strength. Therefore, it becomes necessary to consider
weakened operating conditions, where system strength is reduced. Such stressed
conditions were created by disconnecting stable units or reducing available genera-
tion capacity, thereby making the system more vulnerable. To capture this, an N-1
contingency analysis was carried out, in which three potential component outages
were simulated in Zone 32. The aim was to identify which of the disconnections
would lead to the most critical operating condition. The following contingencies
were considered:

Disconnection of the pumped hydro plant
Disconnection of the gas turbine
Outage of the transmission line (TL) connecting Zone 32 and 33

The disconnection of elements did not lead to system instability, which is evident
when observing Figure 7.1, where the pre-fault voltage remains close to 1 p.u. To
further stress the system, the short-circuit fault in Scenario 1 was applied at 0.1
seconds. The resulting SCCs following the disconnection of various elements are
presented in Table 7.1.

Figure 7.1. \Voltage response to short-circuit fault for comparison of
the di erent N-1 scenarios, measured at the 400 KV bus in Zone 32.
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Table 7.1: SCC in Zone 32 following di erent N-1 contingency scenarios

Contingency SCC [MVA]
W/o Pump. Hydro 7152
W/o Gas 9239
Outage TL 7056

The results indicate that the disconnection of the gas turbine and the outage of the
transmission line have only a marginal impact on system performance in Zone 32.
In contrast, the disconnection of the pumped hydro plant represents the worst-case
scenario, as it introduces noticeable oscillations following fault clearance. This be-
haviour can likely be explained by the loss of a rotating machine, which directly
impacts the system's inertia and a ects the dynamics described by the swing equa-
tion. When the pumped hydro unit is disconnected, the SCC decreases from 9245
MVA to 7152 MVA. An interesting observation is that the outage of the transmission
line causes the greatest decrease in SCC to 7056 MVA. However, while SCC serves
as a useful measurement for system strength, it does not fully capture the dynamic
behaviour. Based on this analysis, any subsequent reference to the disconnection of
the pumped hydro plant will henceforth be referred to as the N-1 case.

7.1.2 67 MVA vs. 200 MVA

As two di erent sizes of SCs were evaluated in the grid model, an initial test was
conducted to compare their performance under identical operating conditions. The
results form a basis for comparing the two unit sizes and are essential for guiding
the deployment strategy in later simulation scenarios. Figure 7.2a shows the voltage
response at the 400 kV bus for the base case when compensating with three and six
67 MVA units, respectively. In contrast, Figure 7.2b illustrates the response when
using one and two 200 MVA units. The choice of three and six 67 MVA units was
made to enable a direct comparison with the total compensation capacity provided
by one and two larger units, respectively. Additionally, due to the high SCC of the
network, compensation using a single 67 MVA unit was considered insu cient. Its
relative contribution to system strength was too small to make a measurable im-
pact on voltage stability or fault response, thereby limiting its e ectiveness in the
intended analysis.

As observed in the results, the voltage responses of the two SC sizes are almost
identical and di cult to distinguish. This similarity can primarily be explained by

the fact that both units provide the same total amount of reactive power, resulting

in comparable impacts on the voltage response. Another contributing factor may
be that the larger unit is modelled by scaling up the parameters of the smaller SCs,
which leads to similar dynamic behavior. Furthermore, as discussed during the SC
veri cation, their control systems are tuned to produce comparable regulation re-
sponses to voltage variations. Consequently, it is not surprising that the responses
of the two sizes are identical. Analysis of the results also indicates that scenarios in-
volving a total compensation capacity below 200 MVA are not necessary to consider,
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as such con gurations would result in an even smaller impact on voltage stability
than those already observed.

(@)

(b)

Figure 7.2: Voltage response to short-circuit fault, measured at the 400
KV bus in Zone 32, for base case with(a) 67 MVA SCs and(b) 200
MVA SCs.

By observing the simulations alone, it is not possible to determine whether com-
pensation with one larger unit or several smaller units is preferable. However, an
important consideration is the increased redundancy provided by using multiple
smaller units. Although the system under analysis is considered robust and the dis-
connection of one unit does not cause signi cant impact, in a more vulnerable grid,
losing one large unit could lead to stability issues. In such cases, compensating with
several smaller units is advantageous, as the disconnection of one unit still allows
the remaining units to provide continued compensation.
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7.1.3 Centralized vs. Decentralized

In addition to evaluating the performance of di erent SC unit sizes, a comparison
is made to determine whether a decentralized approach using several smaller units
distributed across multiple zones is more e ective than a centralized solution with a
single larger unit placed at a strategic location. Figure 7.3 illustrates the comparison
between centralized and decentralized compensation strategies. In the centralized
case two 200 MVA SCs with a total of 400 MVA are installed in Zone 32, while in
the decentralized case the same total capacity is evenly distributed across Zones 31,
32 and 33 with two 67 MVA SCs installed in each zone.

Figure 7.3: Comparison of a centralized and decentralized approach.
Two 200 MVA SCs are placed in Zone 32 for the centralized, and two 67
MVA units are distributed each in zones 31, 32 and 33 for the decentral-
ized approach. Voltage response measured at 400 kV bus in Zone 32.

As seen in Figure 7.3, there is no signi cant di erence between the centralized and
decentralized approaches, as the two voltage responses are nearly identical. There-
fore, it is di cult to determine whether compensating with one larger unit or several
smaller units is more bene cial based only on the simulation results. However, as
mentioned earlier, deploying several smaller units provides important advantages in
terms of system redundancy. This means that if one unit fails or is disconnected, the
remaining units can continue to provide compensation, maintaining system stability
and reducing the risk of voltage collapse. In contrast, disconnection of a single large
unit can cause a signi cant impact, especially in already vulnerable systems, since
the entire compensation capacity from that unit is lost at once. Thus, redundancy
through multiple smaller units enhances the overall reliability and robustness of the
power system, and are especially an important aspect in weaker grids such as the
islanded grid model, presented in following chapter 8.

In addition, these results can be di cult to evaluate due to the limited impact of
the SC in a robust power system, as also shown in Figure 7.2. Due to the relatively
high SCC for the base case, the system is less sensitive to additional reactive power.
As voltage varies locally and is a ected by the reactive power balance at specic
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nodes, its sensitivity varies throughout the network. In areas with high SCC and low
voltage sensitivity, changes in reactive power have only a small e ect on the local
voltage pro le. As a result, the di erences between centralized and decentralized SC
deployment approaches are di cult to observe under such conditions. For example,
Figures 7.4a (base case) and 7.4b (N-1 case) demonstrate how placing an SC at the
33 kV wind bus leads to improved voltage support. At this weaker node, the SC's
reactive power compensation has a greater in uence on the voltage prole. The
simulation time is increased for the N-1 case to ensure convergence.

(@)

(b)

Figure 7.4: Voltage response to short-circuit fault, measured at the 33
KV wind bus, for: (a) Base case angb) N-1 case.

As shown in Figure 7.4 above, the contribution from the SC becomes more pro-
nounced in both the base case and the N-1 case when compensating at a weaker
node. Due to its dynamic reactive power compensation, the voltage recovery after
fault clearance is enhanced and easier to distinguish compared to compensation at
the 400 kV bus. To improve voltage stability more e ectively in a decentralized
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approach, it is essential to place compensation units in more vulnerable parts of the
grid where the need for reactive power is greater. This e ect is further discussed
in section 7.2. However, an interesting observation in this scenario, both seen when
the SC is connected at the wind bus and the 400 kV bus, is the limited improvement
during the actual fault. Since the fault occurs on a transmission line between Zone
32 and Zone 31, it is located close to the SC, with minimal impedance in between.
This can cause the SC to inject a large current in an attempt to support the voltage
dip. However, due to the low impedance, most of this current is instead fed directly
into the fault, reducing its e ectiveness in supporting voltage stability. In addi-
tion, evaluating faults located further from the compensation point, with greater
impedance in between, provides a more realistic assessment of their impact on the
voltage support of the actual fault.

7.2 Scenario 2: Short-circuit Fault on Transmis-
sion Line Zone 29-31

The second fault scenario involves a similar three-phase short-circuit fault with zero
fault impedance, occurring on a transmission line located further away, between the
adjacent Zone 31 and its neighbouring Zone 29. As in Scenario 1, the fault is initi-
ated at 0.1 seconds and cleared at 0.15 seconds. This scenario is designed to evaluate
the system's response to a less severe voltage dip resulting from a more distant fault,
with greater impedance between the fault location and the observation point. Based
on the conclusions from Scenario 1, only compensation using the 67 MVA SC unit
Is presented when connected to the wind bus in Zone 32. Additionally, the fault
is simulated both for base case and the N-1 case. Figure 7.5a shows the voltage
response observed at the 33 kV wind bus for the base case, with compensation
from three or six 67 MVA units connected to the same bus as the wind power plant
Is connected to. In addition, Figure 7.5b shows the voltage response for the N-1 case.

As demonstrated in the results, the initial voltage dip caused by the fault for both

the base case and N-1 case before connection of SC, is less severe in this scenario
(0.65 p.u. and 0.64 p.u.) compared to scenario 1 (0.55 p.u. and 0.47 p.u). The im-
plementation of SCs does not signi cantly mitigate the voltage dip, as also observed

in Scenario 1. However, once the fault is cleared, the damping of voltage oscillations

is improved, resulting in a shorter settling time before the voltage returns to normal
operation within 0.95 - 1.05 p.u.

The limited impact of SCs on the actual fault can likely be explained by the overall
robustness of the system, as previously discussed. This robustness is re ected in
the relatively high SCC, even though Zone 32 and, in particular, the wind bus
represent some of the weaker areas within the network. In both the base case and
the N-1 scenario, the voltage dip remains almost unchanged when comparing no
compensation to compensating with six units, from approximately 0.65 to 0.69 p.u
for the base case, and 0.64 p.u. to 0.67 p.u for the N-1 case. While SCs contribute
to I, the high current demand during the fault possibly exceeds the SCs capacity
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to signi cantly in uence the actual fault. The SC's contribution to the |4 is largely
determined by its internal characteristics, such as subtransient reactancs 9 and
also the transformer impedanceX;. While the overall network strength a ects the
total system response, optimizing these parameters may increase its e ectiveness in
mitigating the voltage dip.

(@)

(b)

Figure 7.5: Voltage response to short-circuit, measured at the 33 kV
wind bus, with compensation from 67 MVA SC for:(a) Base case and
(b) N-1 case.

The reactive power support from the SC becomes more impactful after fault clear-
ance, supporting voltage recovery and enhancing system damping. Therefore, the
primary bene t of SCs in this context is not in mitigating the fault, but in improving
post-fault voltage stability through dynamic reactive power support. The enhanced
post-fault recovery observed, particularly in the N-1 case, can be explained by the
SC's ability to rapidly inject or absorb reactive power via its excitation system, ef-
fectively regulating voltage deviations from the reference value. This reactive power
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support increases the system's damping of oscillations, leading to faster stabilization
and improved voltage recovery following the fault.

7.3 Scenario 3: Loss of Generation at Hydro Power
Plant

The third and last fault scenario represents a generation loss at the hydro power
plant located in Zone 32. This event occurs after 1 second, and represents a re-
duction of 0.85 p.u. in output torque of the synchronous generator, which directly
corresponds to a generation drop of 0.85 p.u. As the primary objective of this fault
is to analyse the system's frequency response, varying the location of the SC within
Zone 32 had no signi cant impact on the results, as the frequency is a global pa-
rameter of the system, determined by the overall balance between generation and
demand. Hence, only the deployment of the SC connected to the 400 kV bus is eval-
uated. In addition, due to the sustained system imbalance following the N-1 case,
the frequency deviated permanently from 50 Hz to 49.9 Hz. Accurate frequency re-
sponse analysis from the SC in the N-1 case was therefore not considered su cient
and hence only simulations for the base case are presented.

Figure 7.6 presents the frequency response following the generation loss. Inertia
plays a crucial role in the power system's initial response to frequency deviations.
Since the SC contributes to frequency regulation only through its inertial response,
the rst few seconds following a disturbance are especially important for analysis.
The frequency does not fully return to 50 Hz after the disturbance but instead sta-
bilizes around 49.95 Hz after the initial seconds visible in the gure. This behaviour
suggests a lack of generation or insu cient secondary frequency control to restore
the system to its nominal frequency. However, important to take into considera-
tion that the frequency remains within acceptable operating limits as it is operates
within 49.5 and 50.5 Hz.

lllustrated in Figure 7.6, is that an increase in total system inertiaHys leads to an
improvement in the RoCoF, consistent with the swing equation and equation (2.4).
Consequently, this results in an improved paqir . A higher f g allows the system
more time to respond to frequency deviations, which reduces the risk of reaching
critical frequency thresholds. According to equation (2.7), the total system inertia
is determined by all machines in the grid that contribute with inertia. In a strong
grid that already includes a large number of synchronous generators, in uencing
the overall system inertia is inherently more challenging compared to a smaller or
islanded grid, despite 67 MVA and 200 MVA SCs having inertia constants of 7.046
and 8.024 seconds, which are higher than those of the generators in the system.
The installation of six SCs rated at 67 MVA results in a 2.04% increase iHsys,
which corresponds to an improvement in RoCoF by 0.05 Hz/s. Therefore, achieving
more signi cant improvements in RoCoF andf ,,q; would require a much greater
contribution to system inertia. In a strong grid, this would involve the installation

of a large number of additional SC.
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Figure 7.6: Frequency response to generation loss from hydro power
plant with 0.85 pu, compensation with 67 MVA SC.

Values for RoCoF f,aqir and Hgys are presented in Table 7.2. This was also analysed
for the 200 MVA SC, however the results showed similar behaviour and are therefore
not presented. As shown in the table, the inertial contribution from the SC, which
accounts for approximately 1-2% of the total system inertia, indicates that its overall
impact during such events is limited.

Table 7.2: Results following a generation loss regarding RoCoFagir
and Hsys when connecting SCs.

SCs RoCoF [Hz/s] fnadgir [HZz/S] Hsys [S] | % of Hgys [%0]
0 0.37 49.89 12.50 -
3 0.34 49.90 12.63 1.03
6 0.32 49.91 12.76 2.04

Additionally, it is essential to analyse the system's voltage response during such an
event to ensure that it does not lead to system instability. Figure 7.7 illustrates the
voltage response with and without SCs implemented, following a 0.85 p.u. loss at
the hydro power plant. Although there is a loss of generation in Zone 32, the voltage
response remains stable within the range of 0.95 - 1.05 p.u. This is primarily due to
that voltage is more sensitive to changes in reactive power, and this fault represents
a loss of active power. As seen in earlier scenarios for the base case, small deviations
in voltage, around 1 p.u, can be e ciently damped by the system strength and units
supporting reactive power. Hence, a change in voltage from 1 to 1.01 p.u. is not
considered problematic and therefore not further analysed.
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Figure 7.7: Voltage response to generation loss from hydro power plant
with 0.85 pu, measured at the 400 kV bus in Zone 32 when compensation
with 67 MVA SC.

7.4 Sensitivity Analysis

A sensitivity analysis was carried out to assess how the voltage at a speci ¢ node in
the system responds to reactive power injection. This was performed by conducting
a QV-analysis in PowerFactory for the various deployment locations considered in
the study, serving as a validation reference for the simulation results. To visually
illustrate the relationship between voltage and reactive power in the system, Figure
7.8 presents the QV-curve for the bus in Zone 32. As observed, the implementation
of SCs increases the stability margin to voltage collapse. Table 7.3 presents the
values of dv/dQ and the operating voltage for each deployment location in the
robust grid model.

Figure 7.8: QV-curve for di erent numbers of SCs with 67 MVA rating,
showing the reactive power as a function of voltage at main bus in zone
32. The dashed line represents the reference for zero reactive power.
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Table 7.3: Voltage sensitivity dvV/dQ and SCC at the buses in the
robust grid model without SCs.The dV/dQ values are evaluated near
1.00 p.u. and represent the local sensitivity of voltage to reactive power

injections.
Location Voltage [kV] | dV/dQ [p.u./MVAr]
32, Main Bus 400 0.000086
32, Wind Bus 33 0.000124
31, Main Bus 400 0.000031
33, Main Bus 400 0.000044

The calculations are based on a system condition with reactive power close to 0
MVAr, corresponding to a voltage of approximately 1 p.u. This re ects typical
operating conditions, making the resulting voltage sensitivity to reactive power in-
jection at the SC location a relevant and representative measure. Low dV/dQ values
close to zero indicate that a large amount of reactive power is required to produce
notable changes in the voltage. These results con rm what has been observed in
the simulations, highlighting the robustness of the system and the limitations of the
SC in such a network. Important to take into consideration is that these voltage
sensitivity values are calculated for the linear region, close to where voltage is 1 p.u.
During a fault, the voltage is lower and no longer in the linear region as it is closer
to the stability limits of the QV-curve. Consequently, the dV/dQ values are more
relevant for the post-fault recovery when the voltage oscillates around its hominal
value.

7.5 Summary

The simulations in the robust grid model prove that SCs can contribute with voltage
and frequency support, thanks to its ability to dynamically support reactive power
as well as support the overall inertia of the system. The simulations highlight the
importance of strategic deployment strategies, especially in a strong network, as the
contribution from the SC otherwise is limited by the overall system strength.

No signi cant performance di erence was observed between the 67 MVA and 200
MVA SCs when providing equal reactive power. However, using multiple smaller
units improves redundancy, as the loss of a single large unit can impact stability.
While the system is strong enough to withstand such events, this becomes crucial
in weaker grids, where the loss of a single large SC can have more severe impacts on
voltage stability and dynamic performance.

The SC's impact during short-circuit events was mainly seen after fault clearance,
improving post-fault voltage recovery. Its e ect on the initial voltage dip caused by

the fault was limited due to the system's high SCC, even under weakened conditions.
Possibly, this was also limited by low impedance between the fault and the SC, due
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to the short distance. However, its dynamic reactive power support e ectively im-
proved post-fault oscillations and reduced recovery time. Placement proved critical,
and installation at the 33 kV wind power plant bus notably improved performance,
especially in the N-1 case, while the 400 kV bus o ered limited bene t. These re-
sults highlight the importance of deploying SCs in more vulnerable areas with lower
voltage levels and reduced SCC to enhance voltage stability in a robust power sys-
tem. The sensitivity analysis and the dV/dQ values con rm the observations from
the results, demonstrating that reactive power has a greater impact on voltage at
weaker points in the system. However, in general, it is expected to achieve small
changes in voltage in such a robust grid.

When observing a loss of generation, the SC supports the frequency through its
inertial response. However, since the grid already has high,s, from the existing
synchronous generators, the SC's contribution, around 1-2% of the total inertia,
has limited e ect. To make a larger impact on frequency stability, many more SCs
would be needed. Additionally, when analysing the voltage response, the system
remains stable within 0.95 to 1.05 p.u. even after the generation loss because the
fault mainly a ects active power, while voltage is more sensitive to reactive power
changes. These small changes around 1 p.u. are not considered critical.
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Simulations Results from Islanded
Grid Model

Following the results and analysis of the robust grid model in Chapter 7, this chap-
ter presents the RMS simulation results conducted in PowerFactory for the islanded
grid model. As outlined in earlier chapters, three scenarios have been investigated
to evaluate both frequency and voltage behaviour before and after the connection
of the 8 MVA SC. The tested fault scenarios are as follows:

Scenario 1. A three-phase short-circuit fault on the underground cable LO-
Ol 1, which connects Bus 2 and Bus 4.

Scenario 2: A hydropower plant trip resulting in a generation loss corre-
sponding to a mechanical torque of -0.8 p.u.

Scenario 3: A decrease of one load, located at Bus 2, corresponding to 3.8%
loss of total system load.

The chapter concludes with a voltage sensitivity analysis, presenting QV-curves and
the corresponding dV/dQ values, to further evaluate the impact of the SC on voltage
stability in the grid. Finally, a brief chapter summary is provided to highlight the
key ndings from the simulations in the islanded grid model.

8.1 Scenario 1: Short-circuit Fault on Cable LO-
Ol 1

The rst scenario involves a three-phase short-circuit fault of one of the parallel
underground cables connecting the oil area and load area (Bus 2 and Bus 4), named
LO-Ol 1. The fault occurs at 1 second and lasts for 150 ms before the fault is
cleared. The rst analysis evaluates the e ect of disconnecting each of the three
generation types in the system, one at a time. Figure 8.1a shows the case without
any SCs connected. In each simulation, one generating source was disconnected,
leaving only the remaining two in operation. The voltage response is measured at
Bus 1, located in the central area. Figure 8.1b presents the same set of cases, but
with an 8 MVA SC connected to Bus 1. This test was conducted to evaluate how
the impact of the SC varies depending on the system's generation characteristics.
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(@)

(b)

Figure 8.1: Voltage response at Bus 1 of a short-circuit fault following
disconnection of generation for:(a) without SC and (b) with 8 MVA
SC located at Bus 1 in the central area.

By analysing the gures, it is clear that the SC signi cantly improves voltage sta-
bility by mitigating both the initial voltage dip and the post-fault oscillations. Im-
mediately after the fault, the voltage drop is less severe with the SC in operation,
reaching only about 0.3 p.u., compared to 0.1 p.u. without it. The voltage peak
that follows the fault is also noticeably reduced, particularly in scenarios where the
hydro plants are disconnected. In that case, the peak is lowered from 1.2 p.u. to 1.07
p.u. When the oil plant is disconnected, a 100% RES system is simulated, with only
hydro and wind as generation sources. In this case, the voltage does not show an
overshoot following fault clearance. Additionally, the system stabilizes more quickly.
The settling time after fault clearance is shortened from approximately 3.35 seconds
to 1.35 seconds for all cases when the SC is connected.

A possible explanation for why the system is most a ected by the disconnection
of the hydropower plants is that, in the islanded grid model, the oil power plant's
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AVR gain is signi cantly higher than that of the other generators in the system.
This highly responsive AVR response may contribute to the increased oscillatory
behaviour observed when the hydro units are removed. Conversely, in the scenario
where the oil plant is disconnected, the remaining hydro units are equipped with
relatively low AVR gains, resulting in a slower but more stable voltage response
with minimal oscillations. Furthermore, the wind power plants do not contribute

to the reactive power, and both the hydro and oil power plants provide limited
reactive power support, which reduces the system's ability to maintain voltage sta-
bility during the disturbance. During the short-circuit fault, the SC contributes
with instantaneous | s, helping to mitigate the voltage dip. However, due to the
delay in the excitation system, typically a few hundred milliseconds, the SC does
not provide dynamic reactive power support during the fault itself. Instead, the
excitation system begins responding once the fault is cleared, enabling the SC to
contribute to post-fault voltage recovery. This reduces the oscillations and shortens
the settling time, as seen in the gures. These results highlight the SC's ability
to enhance system stability under severe disturbances, such as short-circuit faults.
This improvement is observed consistently across all three generation mix scenarios,
including the case without the oil plant, which represents a 100% renewable energy
system.

For the same fault scenario, an additional case was simulated to compare the voltage
behaviour at Bus 1 in the central area when up to three SCs were connected in a
decentralized way, compared to only one SC in the previous case. In this case, all
generators are connected and operating. The rst SC was connected to Bus 1, the
second to Bus 3, and the third to Bus 2, increasing the number of SCs for each
simulation shown in Figure 8.2.

Figure 8.2: Voltage at Bus 1 in the central area during a short-circuit
fault, comparing the e ect of adding one, two, and three SCs in a decen-
tralized con guration.

The case without any SC shows the lowest voltage drop following the fault, with a
minimum voltage of 0.15 p.u. and the value increases for each SC added. The results
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indicate that adding more SCs mitigates the voltage drop further and accelerates
the voltage recovery. The most signi cant improvements post-fault are observed
when adding one or two SCs. Adding a third unit provides limited additional post-
fault improvement for the analysed bus, although it does further reduce the initial
voltage dip by contributing to 1s.. Worth noticing is that when connecting the SC

to Bus 3 in the hydro area (yellow curve), it shows less improvement for the voltage
dip compared to the other cases. This is likely because Bus 3 is located furthest
away from the observed bus, and hence there is more impedance between the ob-
servation point and the SC, limiting its |s. contribution. Another explanation for
this could be that the hydro area only has a 10.5 kV bus, meaning that the SC is
connected to a lower voltage compared to the other SCs and the observed 21 kV bus.

A case where the SCs were placed in a centralized con guration, connected to the
same bus, was also tested for all three cases but showed no signi cant improvement
in the voltage response compared to the result in Figure 8.2 above. Since the buses
in the islanded grid model are connected via short cables (< 18 km), the electri-
cal distance between them is relatively small. As a result, reactive power support
provided at one location has a more system-wide in uence, rather than being con-
centrated to only the local bus. Distributing the SCs across multiple buses not only
improves local voltage support and dynamic response but also enhances system re-
dundancy as discussed in Chapter 7. In the event of a fault or outage at one location,
decentralized placement ensures that other SCs can continue to support the grid,
increasing overall reliability.

8.2 Scenario 2: Loss of Generation HYDRO G1

Figure 8.3 shows the system frequency response following the trip of the hydropower
plant HYDRO G1, corresponding to a generation loss of 0.8 p.u. torque. This loss,
occurring at 2 seconds, remains constant throughout the simulation. Because of
this loss, other generators in the system have to increase their output power to
compensate, leading to a more strained system. Four cases are compared: without
an SC, and with one, two, and three SC units connected to Bus 1, Bus 4 and Bus
2, respectively. In the absence of additional inertia, as in the rst case seen in
the gure, the frequency drops rapidly, reaching & a4 0Of 48.71 Hz and a RoCoF
of 1.554 Hz/s, both of which fall outside the acceptable range de ned by the grid
code. As the number of SCs increases, both RoCoF ahgg; improve signi cantly.
With three units connected, the RoCoF is reduced to 0.274 Hz/s arfg.qi; increases

to 49.43 Hz. Regarding RoCoF improvement, only one SC would be su cient to
improve the value to a value within the 1 Hz/s limit. Regardingf aqir , more SCs
would be required to come closer to 49.5 Hz in this scenario. These improvements
can be explained by the additional rotational inertia and thus the higher value of
Hsys. A summary of all RoCoF andf aq; Values is presented in Table 8.1.
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Figure 8.3: Frequency response following a -0.8 p.u. hydro generation
loss with varying numbers of connected SCs.

As also seen in Figure 8.3 above, it is important to note that damping worsens
slightly as more SC units are connected. This leads to frequency overshoots and
longer settling times. An explanation to this could be that multiple SCs may inter-
act unfavourably with existing AVR or other control systems if not properly tuned.
Poor coordination or tuning of these controllers can introduce oscillatory behaviour
or further reduce damping in the system. Another possible explanation for the ob-
served behaviour is the lack of power system stabilizers (PSS) in the generator and
SC control systems in the islanded grid mode.

However, while SCs do not contribute to primary or secondary frequency control
due to the lack of active power output, their inertial response signi cantly shapes
the frequency trajectory following a disturbance. According to the swing equation
and equation (2.4), the RoCoF is inversely proportional to total system inerti#lsys.
Thus, by increasingHsys, SCs reduce the RoCoF and extend the time to readRagi -
This delay allows more time for governor-controlled generators to respond, resulting
in a smoother frequency behaviour and improved overall frequency stability, even
beyond the inertial response phase. Since this small islanded model has few dynamic
generators, the frequency controls are limited. Table 8.1 also lists the increase of
Hsys when SC are incrementally added to the system.

Table 8.1: Results following a generation loss regarding RoCoF;,gir
and Hsys when connecting SCs.

SCs | RoCOF [Hz/s] | fpagr [Hz/S] | H s [S]
0 1.554 48.71 3.128
1 0.594 49.17 4.360
2 0.368 49.34 4.807
3 0.274 49.43 5.039
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Figure 8.4 shows the voltage response following the same scenario as described for
the frequency case above. As previously noted, a loss of generation primarily im-
pacts frequency stability, which becomes evident in the gure. However, without
any SCs the voltage settles at a relatively low steady-state level. This behaviour
can be explained by the low reactive power support in the original islanded grid
model due to the disconnection of the original SC, as discussed in Chapter 6. As
more SCs are connected, the steady-state voltage increases progressively towards 1
p.u. The SC also limits the voltage oscillations caused by the fault. The generation
loss causes only minor voltage oscillations shortly after the fault, but the system
stabilizes quickly in all cases. This further demonstrates that while generation loss

a ects voltage stability to a lesser extent, the inclusion of SCs contributes positively

to maintaining acceptable voltage levels and limits voltage oscillations.

Figure 8.4: Voltage response at Bus 1 following a 0.8 p.u. hydro gen-
eration loss with varying numbers of connected SCs.

8.3 Scenario 3: Loss of Load

In this nal scenario, a sudden load reduction occurs in the oil area at 2 seconds,
resulting in a temporary energy overproduction and a corresponding frequency in-
crease, as shown in Figure 8.5. The 30% load reduction at Bus 2 corresponds to a
decrease of 150 kW and 72.6 kVAr, which is equivalent to approximately 3.8% of the
total system active and reactive load. This relatively small, localized disturbance is
used to assess frequency stability under a typical load rejection event.

The frequency response is shown in Figure 8.5. Immediately after the disconnection,
the frequency rises to a maximum of 50.23 Hz and then settles aff gqi; of 49.96
Hz in the case without any SCs. Both values remain within the acceptable limits
for normal operation as de ned by the grid code. A summary of RoCoF anid,ag
values is presented in Table 8.2. The corresponditityys values are also included for
consistency, although they are identical to those listed for Scenario 2. To evaluate
the impact of SC integration, the rst SC was connected to Bus 2 in the oil area
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and the second to Bus 4 in the load area. These areas are connected via an 18 km
cable. As seen in the gure, the implementation of an SC signi cantly reduces the
frequency overshoot following the load rejection. Although none of the simulated
cases violate grid code frequency requirements, the addition of SCs leads to a clear
improvement in overall frequency behaviour. However, similarly to the generation
loss in Scenario 2, the addition of the SC introduces damping issues, as seen in the
gure. This suggests that, as before, the islanded grid model either lacks power
system stabilizers or that their tuning and coordination could be improved.

Figure 8.5: Frequency response following a 30% load decrease of a load
in the oil area, with varying numbers of SCs implemented.

Lastly, the marginal bene t of adding more than one SC is limited, with minimal
additional improvement observed beyond the rst unit. The small frequency devi-
ations in all cases are primarily due to the relatively small size of the disturbance.
Larger load rejection events were considered during the study, but introduced con-
vergence issues and simulation errors. Therefore, this scenario was selected as the
most suitable for stable analysis.

Table 8.2: Results following a loss of load regarding RoCof,.qi; and
total system inertia when connecting SCs.

SCs | ROCOF [Hz/s] | fpagr [Hz/S] | Hgys [S]
0 0.258 49.96 3.128
1 0.047 49.97 4.360
2 0.037 49.98 4.807

8.4 Sensitivity Analysis
To further study the impact of SCs have on voltage stability in the islanded grid

model, a QV-curve showing the implementation of one or two SCs at Bus 1 compared
to the case with no SCs connected. From Figure 8.6 it is evident that with the
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installation of more SCs in the system, the safety margin to the voltage stability limit
increases, meaning that the system can tolerate larger reactive power disturbances
without risking voltage collapse, indicating a stronger grid. Bus 1 in the central
area is studied for all three cases in the gure.

Figure 8.6: QV-curve for increasing numbers of SCs with 8 MVA rating,
showing the reactive power as a function of voltage. The dashed line
represents the reference for zero reactive power.

As a supplement to the dynamic simulations, a steady-state sensitivity analysis
based on dV/dQ is also performed to validate the results. Table 8.3 summarizes the
dVv/dQ values at key buses in the system before any SCs are installed. Compared to
the dVv/dQ values in the robust grid model, the islanded grid shows approximately
100 times higher voltage sensitivity to reactive power injection (0.000086 vs. 0.00873
vs p.u./MVAr) when comparing Zone 32 in the robust grid and Bus 1 in the islanded
grid. This indicates that SCs have a signi cantly greater in uence on voltage in
weaker grid conditions, further supporting the ndings presented in this chapter.

Table 8.3: Voltage sensitivity dvV/dQ and SCC at the buses in the
islanded grid model without SCs.The dV/dQ values are evaluated near
1.00 p.u. and represent the local sensitivity of voltage to reactive power

injections.
Bus | Voltage [kV] | dV/dQ [p.u./MVAr]
1 21 0.00837
2 21 0.00742
3 10.5 0.02896
4 21 0.00866
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8.5 Summary

The simulation results con rm that SCs signi cantly enhance both frequency and
voltage stability in the islanded grid model. Connecting SCs signi cantly improves
voltage stability during short-circuit faults and the disconnection of generation units
in the islanded grid. With one 8 MVA SC connected to the central area, the voltage
dip is reduced, post-fault overshoot is lower, and settling time is reduced. Adding
SCs in a decentralized con guration further improves voltage support. Since the SC
injects and absorbs reactive power at the point of connection, installing several 8
MVA units at the same bus in the islanded grid model is not su cient, as it showed
no signi cant improvement compared to the decentralized case. From a system sta-
bility perspective, it is more e ective to distribute the SCs in a decentralized way
across di erent locations in the network, rather than concentrating them at a single
bus.

In the generation loss case, SCs had a substantial impact on improving frequency
response. RoCoF was signi cantly reduced and thfg,.q;; improved with each added
SC. However, increasing the number of SCs also introduced more oscillations and
reduced damping. This e ect is likely due to the absence of coordinated control
mechanisms, such as power system stabilizers or correctly tuned control systems.
Although the generation loss had a limited impact on voltage response, the SCs
improved steady-state voltage levels by injecting reactive power.

For the loss of load scenario, the disturbance corresponds to only 3.8% of the total
system load, simulating a small disturbance. Introducing one SC at Bus 2 notably
improved the frequency response by reducing the overshoot. However, adding more
than one SC yields minimal additional bene t. Similar to the generation loss case,
the SC introduces damping issues, suggesting that the islanded grid lacks a properly
tuned control system and power system stabilizers.
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9

Conclusions

This thesis evaluated the ability of synchronous condensers (SCs) to improve volt-
age and frequency stability in two contrasting power system con gurations. The

rst represents a large, strongly interconnected grid, while the second is a smaller
islanded system with limited SCC and inertia. For each grid model, fault scenar-
ios were applied to assess the system response before and after the connection of SCs.

The potential for stability enhancement from SCs depends primarily on their capac-
ity relative to system conditions. The robust grid model is inherently too strong to
bene t signi cantly, even with multiple units connected. Both the 67 MVA and 200
MVA SCs show a relatively small impact in a system with an SCC of approximately
10000 MVA. Similarly, the SCs contribution toH,s remains small in the robust grid
model, limiting their e ect on RoCoF and f 54y even though they separately have
large inertia constants. Consequently, SCs primarily o er supplementary support
rather than substantial improvement. In contrast, the 8 MVA SC in the islanded grid
model is connected to a much weaker system with an SCC of around 45 MVA, mak-
ing its contribution proportionally far more signi cant. The SC leads to increased
Hsys, Which improves both RoCoF and a4 , providing essential frequency support.

The simulation results for the robust grid model indicate that the most signi -
cant improvements in voltage stability occur during post-fault recovery, where SCs
enhance voltage restoration. This e ect was most pronounced when SCs were con-
nected to weaker points in the system, such as the point of connection at the wind
power plant, characterized by lower voltage levels and short-circuit capacity. Fur-
ther improvements were also observed under weakened operating conditions. The
comparison between 67 MVA and 200 MVA compensation units showed similar re-
sponses, making it di cult to distinguish their performance. However, deploying
multiple smaller units o ers advantages in terms of redundancy, as the disconnec-
tion of a single unit has a smaller impact on overall system stability.

The study also concludes that placing one 8 MVA SC in the central area of the
islanded grid model signi cantly improved the voltage response during and after
the short-circuit fault in all cases and for all generation mixes, even in the scenario
where the oil plant was disconnected, simulating a 100% RES system. Adding more
8 MVA units in a decentralized way further reduced the initial voltage dip and im-
proved settling time. Due to the small system size and short electrical distances
between buses, similar results were also observed when multiple SCs were placed at
a single bus.
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9. Conclusions

9.1 Future Work

While this thesis provides insights into the performance of SCs in two contrasting
power systems, several areas remain open for future work. One promising direction
would be to investigate the e ects of decentralized SC placement in distribution net-
works with lower voltage levels. Additionally, applying the analysis to a larger grid
model with a higher share of RES could o er deeper insight into how SCs can con-
tribute to system stability under higher RES penetration due to fewer synchronous
generators contributing to system inertia and short-circuit current. Lastly, a study
examining the combination of SCs with BESS in a hybrid solution could be valu-
able, enabling both reactive and active power support to enhance overall dynamic
performance.
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A

Robust Grid Model in
PowerFactory

This part of the Appendix presents results from the three-phase short-circuit analysis
that was conducted across the robust grid model in PowerFactory as well as load
ow values from the simulations. These results can be observed in Table A.1.

Table A.1: Load ow results and SCC values for the base case of the
robust grid model

Zone | Nom. Voltage [KV] | SCC [MVA] | Voltage [p.u.] | Angle [deg]

1 400 11061.78 1.005 24.2

400 10702.57 1.011 23.5

3 400 12258.21 1.007 30.5

4 400 10534.64 1.017 20.6

5 400 14917.58 1.005 19.0

6 400 19635.94 1.021 20.8

7 400 19393.99 1.022 21.7

8 400 21387.74 1.023 20.4

9 400 22127.40 1.016 21.0

10 400 21125.62 1.022 24.8
11 400 17899.02 1.009 24.5
12 400 30069.51 1.011 39.5
13 400 27014.31 1.005 23.6
14 400 15101.01 0.998 23.2
14A 400 21842.23 0.999 29.2
15 400 21052.82 0.996 29.7
16 400 30020.82 1.007 36.9
17 400 28660.53 1.004 35.6
18 400 19052.44 1.010 38.6
19 400 23531.13 1.016 49.0
20 400 24943.28 0.999 41.9




A. Robust Grid Model in PowerFactory

Zone | Nom. Voltage [KV] | SCC [MVA] | Voltage [p.u.] | Angle [deg]
21 400 18782.06 1.012 48.5
22 400 21432.79 1.008 49.2
23 400 28988.48 1.003 41.8
24 400 28078.91 1.007 38.4
25 400 18480.23 1.005 54.8

25A 400 19131.28 1.007 49.5
26 400 16397.54 1.004 56.2
27E 400 16641.12 0.998 62.6

27TW 400 15521.99 1.000 59.2
28 400 11591.89 0.987 59.5
29 400 14183.38 0.999 62.8
30 400 10355.83 0.993 61.5
31 400 11751.13 1.006 68.0
32 400 9244.73 1.000 78.5
33 400 9251.84 1.000 71.7




B

Islanded Grid Model In
PowerFactory

This part of the Appendix summarizes the Islanded Grid model from PowerFactory.
Figure B.1 shows the area representation from PowerFactory. Table B.1 displays
the total system generation, load and losses. Table B.2 shows the load ow and
SCC values from each bus in the system before implementing the SCs. Table B.3
displays the bus type andP,,.x Vvalues for all generators. Lastly, Table B.4 shows
the active and reactive power demand from all the loads in the model and where
they are connected.

Figure B.1: Islanded grid model from PowerFactory, each area involving
the di erent generators and loads.
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Table B.1:

Total generation, load and

islanded grid model

losses in the base case of the

Tot. P [MW] Q [MVAI]
Generators 4.0 -04
Loads 3.9 1.9
Losses 0.1 -2.2

Table B.2: Load ow results and SCC values for the base case of the
islanded grid model.

Area/bus Nom. Voltage [kV] | SCC [MVA] || Voltage [p.u.] | Angle [deg]
Central area/Bus 1 21 45.01271 0.964 -29.3
Oil area/Bus 2-HV 21 46.61379 0.961 -29.4
Oil area/Bus 2-LV 10.5 43.18296 1.000 0.0
Hydro area/Bus 3 10.5 39.73109 1.013 1.2

Load area/Bus 4-HV 21 44.85185 0.960 -29.4
Load area/Bus 4-LV 10.5 36.10654 1.002 0.1

Wind area/Bus 5.1 21 43.71921 0.965 -29.3
Wind area/Bus 5.2 21 43.83024 0.965 -29.3
Wind area/Bus 5.3 21 43.85494 0.965 -29.3
Wind area/Bus 5.4 21 44.06525 0.965 -29.3
Wind area/Bus 5.5 21 44.08383 0.965 -29.3
Wind area/Bus 5.6 21 44.19546 0.965 -29.3
Wind area/Bus 5.7 21 44.25134 0.965 -29.3
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Table B.3: Generation type and rated active power for the respective
generators in the base model of the weak grid. Each generator has a
power factor of 0.8.

Gen. Names | Bus Type | Gen. Type | Pmax [MW]
HYDRO G1 PQ Hydro 1
HYDRO G2 PQ Hydro 2

OIL G1 Slack oil 4.1
WIND T1 PQ Wind 0.9
WIND T2 PQ Wind 0.9
WIND T3 PQ Wind 0.9
WIND T4 PQ Wind 0.9
WIND T5 PQ Wind 0.9
WIND T6 PQ Wind 0.9
WIND T7 PQ Wind 0.9

Table B.4: Load data and their respective bus connections in the is-
landed grid model. All loads are modelled as static PQ loads.

Load Bus | P [KW] | Q [kVATr]
L1 2 200 97
L2 2 200 97
L3 2 200 97
L4 2 200 97
L5 2 200 97
L6 2 200 97
L7 2 500 242
L8 3 200 97
L9 4 200 97

L10 4 200 97
L11 4 200 97
L12 4 200 97
L13 4 200 97
L14 4 200 97
L15 4 200 97
L16 4 200 97
L17 4 200 97
L18 4 200 97
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