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Abstract

The global power system is undergoing a significant evolution driven by the green
energy transition, decentralization, and load-side dynamics. While this transition
enables an enhanced resilience and greater energy flexibility, it also introduces sig-
nificant technical and operational challenges on grid stability issues, system
strength, and power quality. To ensure a reliable and secure operation amidst these
challenges, system operators must maintain an adequate supply of ancillary ser-
vices. Among the grid-connected devices capable of delivering such services, syn-
chronous condensers have gained renewed interest due to their ability to provide
reactive power, inertia, short circuit strength, and fault ride-through capability.

This thesis studies the prevailing stability challenges in the power system, existing
and future non frequency based ancillary markets, and renewed interest on syn-
chronous condensers as a grid connected device to provide non frequency ancillary
services, through a detailed literature study The thesis conducts a comprehensive
scenario-based simulation analysis on Wartsila 20V31SG gas turbine generator sets
to quantify its synchronous condenser capability to provide non frequency ancillary
services in supporting grid stability under increasing inverter-based resource (IBR)
penetration, as its main objective. Analysing the impact of deploying the conven-
tional synchronous machines as synchronous condensers instead of merit order
curtailments in high renewable energy injection was also an objective of the thesis.

The analysis is conducted through time domain simulations using DIgSILENT
PowerFactory, based on an IEEE 14-bus system scaled to represent a large power
network. A base case with 30% IBR penetration was developed and extended to
configurations with 50%, 75%, and 96% IBR shares. For each case, dynamic simu-
lations were conducted to assess the performance of the Wartsila gensets under dif-
ferent operating modes and disturbance events.

Keywords: Ancillary Services, Synchronous Condensers, Voltage Stability, Reac-
tive Power, Short Circuit Power
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1 Introduction

1.1 Background

The global power system is evolving rapidly, fuelled by the ongoing green en-
ergy transition, decentralization of the power system, and load-side dynam-
ics. Apart from the opportunities it brings, such as the integration of new en-
ergy technologies, greater energy flexibility, and the development of resilient
grids, it also introduces a set of technical and operational challenges. Grid
stability issues, depleting system strength, and power quality are among the
significant concerns. To ensure a reliable and secure operation amidst these
challenges, system operators must maintain an adequate supply of ancillary
services in the power grid

Among the grid-connected compensation devices that provide ancillary ser-
vices, synchronous condensers have gained significant interest among sys-
tem operators due to their inherent characteristics that overpower the exist-
ing power electronics-based devices. Besides their historically utilized reac-
tive power contribution, synchronous condensers can provide inertia sup-
port, high and rapid overloading during disturbances, and, more im-
portantly, short circuit power during extreme contingencies, making them
one of the most versatile Flexible Alternating Current Transmission Systems
FACTS devices.

Wartsila, as a global leader in power system solutions, has made significant
advancements with synchronous condenser technology as a part of its genset
portfolio, especially with the hybrid Genset that can work as a generator or
synchronous condenser. As a part of this development, this thesis work is
implemented to analyse the power system's response in different grid scenar-
ios under the assistance of Wartsila gensets capable of providing synchro-
nous condenser features.

1.2 Research Objectives and Scope

The objective of the research is to quantify the synchronous condenser capa-
bility of Wartsila generator sets to provide reactive power and short circuit
power support, when operating as a grid supporting device under different
renewable energy penetration levels, operational configurations, and dis-
turbance events.

Having inbuilt synchronous generators, these unit are capable of injecting
both active and reactive power to the power system. However, with the grow-

ing penetration of renewable energy sources, the active power dispatch from
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gas turbines is often curtailed by the merit order. Instead of shutting down
the entire plant during such periods, this study investigates the feasibility of
switching the operating mode from generation to synchronous condenser
mode to provide non-frequency based ancillary services, in this case reactive
power and short circuit power support.

The scope of the thesis includes performing a dynamic simulation based on
IEEE 14 bus system. These simulations aim to assess the impact of reactive
power and short circuit power support provided by Wirtsila gensets operat-
ing in synchronous condenser mode during power systems’ steady state con-
ditions, load variations and disturbance events under different renewable en-
ergy penetration levels.

1.3 Research Method

The research is extensively based on simulations that are performed using
the power system analysis software, DIgSILENT PowerFactory. DIgSILENT
PowerFactory was chosen as the analysis tool due to its direct compatibility
with the existing Wartsila generator models. The simulation model was con-
structed based on IEEE 14 bus system, which is a widely recognized bench-
mark network and intended to represent a large power system having a ca-
pacity of around 10GWs. A base system was first constructed that had 30%
Inverter Based Resource (IBR) share which was then extended to different
versions with 50%, 75% and 96% IBR share. These IBR penetration levels
were selected to represent a progressive transition towards high renewable
shares, enabling the assessment of system stability under varying grid condi-
tions. Simulation was performed for all grid versions. Predetermined grid
scenarios were applied to quantify the impact of the synchronous condenser
capabilities of Wartsila gensets, on power system stability improvement.

To construct the simulation model, several types of generators were used.
Out of them, gas turbines, wind turbines and solar PV plants were obtained
from the already existing models in the software, while custom-developed
Wartsila 20V31SG gas turbine model has been selected for the simulation
representing Wartsila generator sets. All other components were sourced di-
rectly from the software.

1.4 Thesis Structure

This thesis report consists of four main chapters. First, an introduction was
made to the thesis with separate subsections to give the readers an overall
understanding of the thesis flow. A comprehensive literature review is then
carried out to discuss the theoretical background of the thesis.
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The literature review identifies the ongoing challenges due to the changing
power system dynamics, the role of ancillary services to mitigate the chal-
lenges. It further extends to investigate how non frequency ancillary services
can support the power system stability and reliability and the commercial as-
pect of it. It finally introduces the synchronous condenser as a device to pro-
vide non frequency ancillary services to the power system, compare and con-
trast it with other existing ancillary service providing devices to emphasize
the renewed interest for synchronous condensers. Finally, it presents an in-
depth theoretical analysis on working principles of the Synchronous Conden-
sers.

The third chapter is dedicated for the research methodology, which includes
the configuration of the simulation models, demonstration of control of re-
active power by Wairtsila 20V31SG gas turbine’s control system and scenario
development for the simulation. The fourth chapter involves detailed analy-
sis on the results obtained in the scenario analysis. Fifth and the final chapter
discusses about the conclusions of the study, what went right and wrong in
the thesis process, and provides suggestions for improvements in future con-
tinuation of the thesis.

12



2 Literature review

2.1 Ongoing transition of the global power system

Growing concerns about the global climate crisis have fuelled a rapid shift in
the global energy landscape. As an industry, electricity and heat generation
have been substantial greenhouse gas emitters ever since, accounting for
31.8% of the total global greenhouse gas emissions in 2020 [1]. To achieve
net zero emissions and limit the global temperature rise to 1.5°C by the year
2050, decarbonizing efforts in the electricity sector will play a crucial role,
since it will not only result in direct emissions but also indirect reduction
of emissions from other industries such as transportation and buildings.

These factors, combined with the concerns of depleting fossil fuel resources,
accelerated the deployment of renewable energy sources into the global
power system. According to IRENA, at the end of 2023, worldwide installed
renewable power capacity had amounted to 3865 GW [3], threefolds com-
pared to 2010 levels. The report mentions, apart from hydro that has 33%
share of global installed renewable capacity as of 2023, the most dominant
renewable energy sources are wind and solar, having a share of 26% and 37%,
respectively. Bioenergy, Geothermal and Marine sources take up the rest
which is around 4%. Figure 1 shows worldwide cumulative renewable gener-
ation capacity change from 2010 to 2023.

Cumulative renewable energy capacity worldwide from 2010 to 2023 (in gigawatts)

Source Additional Information

Figure 1: Worldwide cumulative renewable capacity from 2010 to 2023 [2]
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Continued growth and technological advancements have further improved
the efficiency of renewable sources while reducing the cost of energy. Com-
paring 2010 levels to 2023, the capacity factor of Solar PV has increased by
14%, and LCOE has decreased by 90% [3]. For onshore wind, the capacity
factor increased by 33%, and the LCOE reduced by 70% during the same pe-
riod [3]. The favourable technical and economic feasibility steadily makes re-
newables (especially Wind and Solar PV) a promising alternative to conven-
tional energy generation, allowing most countries to increase their renewable
energy portfolio and gradually phase out conventional generators.

While renewable integration often takes centre stage in the multi-faceted
transition of the global power system, an equally important driver of this
transformation is the changing dynamics of the load side. Over the past two
decades, global electricity demand has risen from 15,277 TWh in 2000 to
29,471 TWh in 2023 [41]. The global trend towards digitalization has intro-
duced new types of energy-intensive applications such as data centres and
cryptocurrency mining [31]. Additionally, load profiles are shifting from tra-
ditional static and passive load models such as ZIP (constant impedance,
constant current, constant power) to more dynamic models, driven by the
increased use of load types, such as drive-controlled induction motors and
the growing penetration of distributed energy sources [31].

Similarly, the rise of distributed generation, where power generation takes
place on a smaller scale, closer to the load centers, is changing the traditional
power system landscape, adding positive and negative effects [42]. Aggrega-
tion of Distributed Energy Resources (DERSs) is transitioning the traditional
power system to a decentralized generation model, enabling consumers to
step from passive consumers to prosumers, contributing to both demand and
supply in the grid [31].

This paradigm shifts towards a renewable-driven, decentralized power sys-
tem introduces significant changes to its stability, flexibility, reliability, and
controllability.

2.2 Inverter Based Resources (IBRs) in the traditional
power grid

The traditional power grid was designed to generate electricity from a few
centralized generators [4]. The generators were primarily synchronous ma-
chines with a rotational mass and driven by fossil fuel, nuclear, or large-hy-
dro resources [4]. Synchronized with the power system’s voltage, frequency,
and phase angle, they functioned as voltage sources. Power flow in this sys-
tem was limited to a single direction, from power plants upstream to the end
user downstream, utilizing Alternating Current (AC) transmission to
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propagate power through the network. In addition to inertia, these machines
premeditatedly provide short circuit strength and adequate reactive power to
the power system, ensuring better stability over contingency scenarios.

In contrast, most renewable sources nowadays are connected to the tradi-
tional power system through a power electronic converter-based interface.
Two primary control strategies employed in converter-based interfaces are
Grid Following and Grid Forming converters [5]. Grid synchronization of
Grid Following converters is done through a control method called a phase-
locked loop (PLL). PLL tracks and follows the existing grid voltage and injects
current into the power system, making the converter behave as a controlled
current source. Since these converters depend on an already stable grid for
voltage and frequency reference without contributing to their regulation,
they are referred to as grid-following converters (GFL) [5]. Due to this pas-
sive nature of grid-following converters, widespread integration of grid fol-
lowing converter interfaced generation could challenge the power system's
resilience against disturbances.

Grid Forming Converters (GFM), developed initially to support the islanded
mode of microgrids [59], are making their way to large power systems due to
the advantages they can bring. Unlike GFL, which operates as a current
source following the grid voltage, GFM acts as a voltage source and does not
rely on the grid voltage for synchronization. Rather than focusing on maxim-
izing active power output, the primary objective of GFMs is to regulate fre-
quency and voltage in the grid [59]. GFMs employ several controlling mech-
anisms to achieve these grid-supporting functions. One widely used ap-
proach is droop control, which allows the GFMs to regulate active and reac-
tive power based on voltage and frequency, closely emulating the operation
of conventional synchronous generators [60]. Another common method is
Virtual Synchronous Machine (VSM) mode that mimics the dynamic behav-
iour of synchronous generators by providing virtual inertia and damping
[60]. However, most GFM technologies are still developing and have yet to
make their way to commercial use. Since the future power system will likely
be IBR-dominated, switching towards GFM inverter interfaces will mitigate
the adverse effects of GFL inverters and provide an additional layer of sup-
port for the grid.
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2.3 Classification of power system stability

Power system stability refers to the ability of a power system to return to its
normal operating conditions after being subjected to a disturbance [6]. In the
traditional power system, stability is classified into three categories: rotor an-
gle stability, frequency stability, and voltage stability [6]. However, with the
rapid growth of Inverter Based Resources (IBRs) and phasing out of conven-
tional generators, the power system is gradually becoming more dependent
on fast-response power electronic interfaces. Considering the influence of
these devices, the CIGRE and IEEE Power System Dynamic Performance
Committee have jointly introduced two new categories into the power system
stability classification: Converter-based stability and Resonance Stability [6].

A power system should be reliable in both normal and contingency situa-
tions. In a conventional generator-dominated power system, synchronous
generators' operational characteristics and control ensure dynamic stability
[6]. This equipment usually responds slowly and operates in the power sys-
tem time scale's electromagnetic, electromechanical, and thermodynamic re-
gions. As IBRs take over, the system's dynamic behaviour changes due to its
fast response characteristics. IBRs can respond almost immediately to
changes in the power system, introducing new challenges in stability, control,
and protection within the modern power system [6]. In addition, the high
dependency of renewable energy on natural phenomena creates another
layer of challenges. The following section will mainly focus on the challenges
of voltage stability and strength of the power system. However, other stability
scenarios are described briefly as well. The classification of power system sta-
bility is illustrated in Figure 2.

Power system stability

1T I

Rotor angle Voltage Frequency Converter Resonance
stability stability stability driven stability stability

1 [ I I |

smal Transient small Translent Slow
disturbances disturbances - nteraction

|

’ ' — 1

Shart term Long term

Fast Interaction Electrical Torsional

Short term Long term

Figure 2: Categorisation of power system stability [6].
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2.3.1 Voltage stability

Voltage stability is referred to as the ability of a power system to maintain an
acceptable voltage level, for example within 5% of the nominal voltage [30],
across all the buses during both steady-state and contingency situations.
Voltage instability can appear as a reduction or rise in voltage at certain
buses, especially in systems with heavy loading or reactive power limitations,
potentially leading to voltage collapse [10]. Several factors that directly affect
the voltage stability of the power system are network strength, the reactive
power capability of the generation sources and compensation devices, dis-
tance to the reactive power source from the point of interest, and load char-
acteristics [29] [44].

Further, the widespread integration of renewable sources often displaces a
significant amount of synchronous generation, and the power system is not
compensated for the reactive power that synchronous generators provide.
The grid can become unstable without sufficient reactive power resources,
potentially leading to voltage collapse and blackouts following a post-fault
period [11]. Extended transmission networks must be utilized when most
large-scale renewable energy generators are far from load centres. Instabili-
ties can arise in these transmission corridors during a system disturbance
due to insufficient reactive power to stabilize voltage [11].

2.3.1.1 Classification of voltage stability

The voltage stability of a power system is mainly categorized into small dis-
turbance stability and transient stability, depending on the severity of the
disturbance. Small-disturbance voltage stability refers to the system's ability
to maintain voltage within acceptable limits following a minor perturbation,
such as an incremental load change. In contrast, transient voltage stability
deals with the system's response to sudden, significant disturbances, such as
the loss of a generation unit or a short circuit [45]. Voltage stability is further
classified into short-term and long-term stability. The dynamics of rapidly
responding components such as HVDC systems and inverter-based genera-
tion are involved in short-term stability. In contrast, long-term stability is
influenced by the operation of slower-responding equipment, including tap-
changing transformers, thermostatically controlled loads, and generator cur-
rent limiters [6].

In a converter-dominated power system, short-term voltage stability is
mainly impacted by the reactive power deficiency in the network. Large-scale
converter-based generation introduces a low ratio between active power and
reactive power, as these systems are primarily designed to maximize active
power while consuming reactive power [4][6]. On the demand side, the
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composition of dynamic loads, typically linked to Induction Motors (IM), of-
ten leads to stalling following a failure. This results in delayed voltage recov-
ery, voltage instability, and, in severe cases, rapid voltage collapses. This sit-
uation occurs because stalled IMs draw a large starting inrush current, fur-
ther depressing the voltage and continuing to draw reactive power, prevent-
ing the voltage from recovering [37]. Therefore, higher concentrations of
such loads can increase the system's vulnerability to short-term voltage sta-
bility problems. Especially in weak systems with low short circuit capacity,
where the increased consumption of reactive power coupled with the reduced
capability of converter-based systems to provide reactive power compensa-
tion, creates significant challenges for voltage regulation [4].

2.3.1.2 Voltage stability challenges from distributed generation

The distributed deployment of power generation in modern power systems
introduces several complexities, such as power quality challenges, mainly
due to the intermittent nature of wind and solar energy [18]. The most com-
mon power quality issues introduced by grid-connected renewable energy
sources are voltage fluctuation, voltage sag/swell, and harmonic distortion
[19]. Voltage fluctuations can lead to voltage sags and swells, where the volt-
age drops 10-90% from its nominal levels and rises above 10% of nominal
levels respectively.

2.3.1.3 Solutions for voltage stability challenges

Ultimately, voltage instability can cause electromechanical power imbalance
at synchronous generators, leading to transient instability. Therefore, it is
important to maintain reactive power reserves precisely to improve voltage
stability in the system. The grid operators (TSOs and DSOs) have taken sev-
eral measures to address these challenges, such as implementing strict grid
codes ensuring acceptable reactive power management from REGs and de-
ploying reactive power supporting devices [11].

2.3.2 Prevailing challenges related to the power system short circuit
level

The strength of a power system is a crucial parameter for power system se-
curity and focuses on how quickly the system can respond in the phase of
unexpected disturbances [12]. Power system strength can be directly related
to the extent of voltage change in a power system following a fault or a dis-
turbance [12]. At any given point, the strength of the power system can be
quantified using the Available Fault Level (AFL) [13]. The AFL, widely known
as the Short Circuit Power, represents the maximum current that could flow

18



through a point during a short circuit fault [14]. Mathematically, the AFL is
expressed as [13]:

AFL =

[o}°] |0QN
1
1
1
1
1
1
1
1
~
(=)
p—

EZ = Voltage seen at the point of interest in the grid
Zy = Equivalent Network Impedance seen at the point of interest in the grid

If the AFL is high, a power system is considered strong, while a lower AFL
makes a power system weak [13]. Synchronous generators have been the pri-
mary contributor to the fault level in traditional power systems, with an in-
herent capability of generating a significant short circuit current in the range
of 5-8 Per Unit (P.U) of the rated current [4][13]. However, as mentioned
above, the broad adoption of converter-based renewable sources is leading to
the gradual replacement of synchronous generators, creating a significant
adverse effect on the power system's strength [13].

Typically, IBR sources generate short circuit currents in the range of 1.1 -1.5
P.U. of the rated current due to the thermal limitations of the inverters [13].
Due to this limitation, IBR contributes less to the AFL of the power grid than
conventional sources, increasing the system's vulnerability to voltage insta-
bility and potential collapse following a disturbance [13]. The strength of a
power system is further influenced by both the size (rating) of the connected
source and their electrical distance from the synchronous generators in the
network. Most large IBR sources are located in remote areas, which increases
the electrical distance from available synchronous generators. These IBRs do
not provide the same level of AFL as synchronous generators, reducing the
effectiveness of available synchronous generators and depleting the grid
strength [15].

In an IBR-dominated power system context, the short circuit ratio (SCR) is
an important parameter for evaluating the IBR's withstandability under low-
strength conditions. SCR is defined as the ratio of the AFL at the point of
interest to the nominal active power output of the IBR [14].

AFLpg;

PIBR

SCR =

AFLpg; = Available Fault Level at the Point of Interest
Pigr = Nominal Active Power Output of the IBR
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A higher SCR indicates a stronger system, while lower values suggest other-
wise. Typically, if a grid's SCR is lower than 3, it is considered weak [13].
Therefore, most grid-connected inverters require maintaining a minimum
SCR ratio for stable operation [14].

2.3.2.1 Fault Ride Through Issues with IBRs

In the event of a severe fault, such as a short circuit, the voltage at the fault
location experiences a significant reduction. This voltage dip propagates over
an extended area until the fault is cleared [11]. Detecting and disconnecting
the faulty component by operating the relevant relays is crucial to protecting
grid assets in such incidents. In conventional systems, the high short circuit
currents help to detect the faults and limit the voltage imbalances following
the faults while staying connected throughout the fault situation [16].

In the aforementioned weak grid scenario in section 2.3.2, where there is
widespread penetration of IBRs that do not provide adequate dynamic reac-
tive power and short circuit power in a fault situation, IBR sources tend to
disconnect from the grid when they sense a decrease in terminal voltage be-
low the Low Voltage Ride Through (LVRT) thresholds. This disconnection
creates serious voltage stability issues in the system and adversely impacts
the operation of the remaining generator units [11]. Modern grid code re-
quires IBRs to remain connected during a fault to improve system reliability
and resilience, and this is achieved by integrating improved control strategies
and auxiliary devices installed and controlled with IBRs [17].

2.3.3 Frequency Stability challenges in the modern power systems

Demand and supply in the power system are in a delicate balance. Having a
constant supply of input power, conventional generators could provide con-
stant and reliable power to the system, maintaining frequency, typically at 50
or 60 Hz [7]. The ability of a power system to maintain a steady frequency
and restore it quickly following a severe disturbance is referred to as fre-
quency stability [9]. Such disturbances cause imbalances between supply and
demand. In situations where the power system cannot correctly balance load
and generation after a disturbance, significant frequency deviation can occur
in the system which could result in power system instability. Protection sys-
tems will activate if the frequency fluctuation exceeds the safe operational
limits, causing generator units to trip [77][9].

Inertia within the power system is important for its ability to maintain fre-
quency stability. During severe disturbances, the system's inertial response
slows down the Rate of Change of Frequency (RoCoF), preventing the system
from being pulled into a cascading failure [7]. Conventional sources naturally
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provide this inertial response due to having rotating masses whose mechan-
ical speed is synchronized with the grid frequency. In contrast, IBRs rely en-
tirely on electronic components and do not contain any mechanical compo-
nents or rotating masses. As a result, IBRs, except batteries and STATCOMs
with energy storage, do not contribute to the system inertia and are fre-
quently described as 'Zero Inertia' devices. Therefore, their response to dis-
turbances rather than an inertial response depends on their control strategies

[7].

The limited inertial response in the system may pose challenges for integrat-
ing additional renewable resources due to the rapid control characteristics of
IBRs. Under normal operating conditions, IBR's power electronic controllers
automatically adjust to meet the supply-demand balance. However, reduced
system inertia leads to more significant frequency fluctuations and reduced
natural damping. In extreme cases, this can result in the control system of
IBRs exceeding their operational limits, potentially leading to automatic
shutdowns and equipment damage [4].

2.3.3.1 Solutions for frequency stability challenges

Efforts are being taken to address the challenges of diminishing inertia with
the widespread adoption of IBRs. These efforts include utilizing retiring syn-
chronous generators, integrating grid forming inverters (GFM) that can
mimic the inertial response behaviour of synchronous generators (virtual
synchronous machines), Battery Energy Storage Systems (BESS), and em-
ploying wind generators (Type III, Type IV, and Type V) that can provide
short term inertia [7]. Additionally, demand response participation in fre-
quency control could improve the frequency nadir, the lowest point the sys-
tem frequency reaches during a disturbance in a low inertia system [43]. One
research [43] shows that it does not significantly contribute to the systems
RoCoF. However, necessary measurements should be taken, such as imple-
menting synchronous condensers to maintain an acceptable RoCoF during a
disturbance [43].

2.3.4 Rotor angle stability

The ability of a synchronous machine to remain in synchronism and regain
synchronism after being subjected to a disturbance is called rotor angle sta-
bility [6]. Rotor angle stability is further classified into small signal stability
and transient stability [6], where transient stability often relates to a large
disturbance such as a short circuit failure [45]. Power system strength and
the type of the generator excitation system are factors impacting the system's
response to such a disturbance [45]. As the power system weakens,
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insufficient damping torque results in rotor angle instability, potentially
leading to blackouts. A recent example is the blackout in a highly renewable
concentrated network in Southern Australia 2016 [57].

2.3.5 Resonance Stability

Resonance in the power system occurs when an energy exchange happens
periodically and an oscillatory manner. These oscillations can escalate volt-
age, current, or torque magnitudes where resonance instability could occur
if the magnitudes exceed a certain threshold [6]. Resonance stability is fur-
ther classified into two categories: electrical resonance and torsional reso-
nance. Issues due to electrical resonance are typically due to the resonance
between the electrical characteristics of a generator and a series of compen-
sated lines. In contrast, torsional resonance stability issues occur due to the
interaction between a series of compensated lines and the mechanical tor-
sional properties of the generator shaft, making the generator shaft vulnera-
ble to fatigue and potential failures [60].

2.3.6 Converter driven stability

Converter-driven stability was introduced primarily due to the difference in
dynamic behaviour between conventional synchronous generators and the
converter integrated generators [6]. As mentioned in section 2.2, converter-
based generators employ control loops such as PLL that work with faster time
responses than conventional generators. When these units operate in a wide
range of the power system time scale, they can create unstable oscillations in
the power system due to interaction with electromechanical dynamics of ro-
tating machines and transients in the electrical network [6]. Converter-
driven stability is further classified into fast interaction and slow interaction,
where fast interaction stability deals with the oscillation caused by the inter-
action of power electronic-based devices such as STATCOM and HVDC with
controllers of other grid-connected devices such as synchronous generators
and transmission lines. Frequency of oscillations for fast interaction stability
range from a few hundred Hz to several kHz, while the range is typically lower
than 10 Hz for slow interaction stability [6]. 4HZ oscillation experienced by
Texas grid due to the integration of wind is an example of a slow interaction
stability [62].
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2.4 Ancillary Services

To maintain a secure and reliable grid operation amidst the challenges dis-
cussed in Section 2.4, Independent System Operators (TSOs and DSOs) must
adopt enhanced flexibility within their networks provided by ancillary ser-
vices [20]. In general terms, ancillary services refer to the functions beyond
active power generation and transmission that are essential to ensure the sta-
bility, reliability, and power quality of the power system [21][23]. There is a
constant need for ancillary services in a power system under normal and con-
tingency situations. These services must be readily available to handle any-
thing from minor imbalances in the system to a power system black start in
the event of a severe system failure. [23].

The Federal Energy Regulatory Commission (FERC), in collaboration with
the Interconnected Services Working Group, has identified and defined sev-
eral types of ancillary service types that include spinning reserves, reactive
power supply and voltage control, real power loss replacement, and system
black start support [24]. Each type of ancillary service is organized within a
hierarchical setup based on their response times, with faster-responding ser-
vices being considered higher quality. The hierarchical structure allows for
the replacement of higher-quality ancillary services with lower-quality ones
when necessary [25]. However, with the widespread integration of IBR into
the power system, the need for ancillary services with a shorter response time
is increasing. Table 1 shows a classification and time scale of different ancil-
lary services that are commonly available.

Table 1: Classification of ancillary services [28][31].

Service Name Acronym Time scale of service

200 milliseconds following the power

Inertial Response IR ‘mbalance event

2-10 seconds following the power imbal-

Fast Frequency Response FFR ance event

Frequency Containment FCR Few seconds after power imbalance in-
Reserve cident

Frequency Restoration FRR From 30 seconds up to 15 minutes fol-
Reserve lowing the power imbalance incident

From 30 seconds up to few hours fol-

Replacement Reserve RR lowing the power imbalance incident

Reactive power & Voltage

- Milliseconds to minutes
Control

Microseconds to less than a second fol-

Fault Ride Through FRT lowing the power imbalance incident
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Microseconds to few days after the

Black Start Support ) blackout incident

Ancillary services (AS) can further be categorized into two main groups ac-
cording to the authors of [31]. They are Frequency-related AS and non-fre-
quency-related AS. Ancillary services that ensure frequency equilibrium in
both steady state and contingency operation are considered frequency-re-
lated AS [31]. The aforementioned services in Table 1, including IR, FFR,
FCR, FRR, and RR, fall under the frequency related AS category [46]. On the
other hand, non-frequency related AS focuses on ensuring voltage stability,
providing reactive power compensation, and restoring the power system in
the event of a blackout [46]. However, later parts of this section narrow its
focus to reactive power and voltage control ancillary services and fast fault
current injection within the non-frequency related AS category.

As of 2024, the global ancillary services market value is estimated to be USD
8.67 billion and is expected to grow around USD 16.81 billion by 2032 at an
annual growth rate of 8.6% [26]. The growth is primarily driven by integrat-
ing variable renewable energy sources and phasing out conventional sources
that traditionally supplied ancillary services. These changes in the power
grid, coupled with the emerging demand-side dynamics, have increased de-
mand for ancillary services.

2.4.1 Procurement of Ancillary Services

TSOs use two procurement approaches for ancillary services to ensure the
availability of the required amount. The first approach is compulsory provi-
sion, where generators must provide certain types of ancillary services in or-
der to be connected to the power system. These requirements are defined by
the grid codes of the TSO [29]. The mandatory procurement is done at a fixed
price or free of charge. As this approach had its drawbacks, such as unneces-
sary investments, excessive procurement of services, and insufficient moti-
vation for the participants to invest and innovate, a commercial approach
was introduced to procure ancillary services [25].

2.4.2 Ancillary Services for Voltage Control

Ancillary services for voltage control aim to achieve the regulation of the volt-
age level across each node of the network (both transmission and distribution
levels) such that voltage is maintained within acceptable limits while ensur-
ing voltage stability in the system [29]. Additionally, voltage control helps to
minimize the bottleneck for active power flow in transmission lines and to
reduce active power losses [30].
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Voltage control is closely linked to reactive power management [29]. Reac-
tive power exists in the power system when the current and voltage wave-
forms are not in phase. Inductive and capacitive equipment at an AC electri-
cal network's transmission and distribution levels absorb or produce reactive
power. The system's loading condition and supply availability directly influ-
ences the required reactive power compensation and is also related to voltage
control [23]. Therefore, voltage control is achieved by absorbing or injecting
reactive power at or near the relevant network nodes [28][29]. However, due
to significant reactive losses, reactive power cannot travel long distances
through transmission lines. For instance, in a 230kV line operating at full
load, reactive power losses are typically five times greater than active power
losses [30]. Furthermore, delivering reactive power over long distances re-
duces the active power capacity of the transmission network. Consequently,
reactive power is produced locally by devices installed closer to the nodes
where the voltage control ancillary services are required.

Depending on the control strategy, voltage control can be categorized into
three groups: steady-state voltage control, dynamic voltage control, and fast
reactive current injection [31]. Steady-state control ensures that the voltage
profile of the system remains close to the acceptable values during normal
operating conditions and after slower disturbances. This type of control is
usually done within hours [29]. Dynamic control activates within seconds to
minutes to stabilize the system's voltage profile during transient disturb-
ances, such as sudden load changes, faults, or generator outages [29]. Fast
reactive current injection refers to a generator's capability of delivering a pro-
portional response to a voltage dip. This ancillary service activates in a dy-
namic frame within milliseconds. It operates for a few minutes, preventing
or limiting the extent of a voltage collapse right after a disturbance, ensuring
the dynamic security of the power system [28].

Several devices can provide voltage control ancillary services by absorbing,
injecting, or forcing reactive power flow. Dynamic sources such as synchro-
nous generators and synchronous condensers and static sources such as ca-
pacitor banks, Static Voltage Compensator (SVC), and Static Synchronous
Compensator (STATCOM) are among these devices [29]. These devices are
distinguished by different characteristics such as response speed, capital and
operating costs, control continuity, and response to system voltage changes

[30].
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2.4.2.1. Rising challenges for voltage control in the power system

With the increasing penetration of IBR and market-based displacement of
conventional sources, the future power system will consist of a higher num-
ber of variable renewable sources and a relatively lower number of conven-
tional synchronous resources, fundamentally altering the demand and avail-
ability of ancillary services, including voltage control.

Renewable power generation, such as wind and solar, is often located in re-
mote areas with abundant resources. However, as the remaining synchro-
nous units are spread thinly across the power system, the electrical distance
between the synchronous voltage sources and the renewable generators is in-
creased, reducing the electromagnetic strength of the system [32]. While the
availability of synchronous reactive power in the system is reduced, demand
rises for the reactive power at the EHV level due to the increased distance
between load centres and the energy supply [33]. This could create challenges
in maintaining the voltage profile across the system and restoring voltage in
the event of a failure.

Additionally, a significant portion of IBR penetration will occur at the distri-
bution level. A report published by EirGrid in 2010 indicated that more than
half of the projected wind power plant connections in Ireland will occur at
the distribution level [32]. Having volatile energy sources connected to the
distributed network can impact the voltage profile, such as unintended volt-
age rises and drops.

2.4.2.2. Future demand for voltage control ancillary services

The demand for additional dynamic and steady-state reactive power-sup-
porting mechanisms will increase with the above changes in the power sys-
tem. This can be provided by connecting dedicated reactive power sources
(such as FACTS devices and Synchronous condensers) or allowing VRE
sources to participate in reactive power support ancillary services. However,
the reactive power provision by VRE sources beyond the grid code require-
ments can be challenging for several reasons.

For instance, wind power plants have a limited power factor range compared
to conventional synchronous generators. Typically, wind power plants oper-
ate at a lagging/leading power factor of 0.95 P.U. at maximum wind power
output. In contrast, conventional generators have a wider range of 0.93 P.U.,
leading to a 0.85 P.U. lagging power factor at their maximum active power
output. This results in a potential reduction of the overall reactive power con-
trollability of the system even with a higher number of wind power plants
complying with the grid codes [32]. Participating in ancillary services can
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also create high opportunity costs for renewable generators, as the revenues
from such services could be outweighed by significant losses due to market
premiums for the curtailed active power [58]. Unlike synchronous sources,
which consist of excitation systems capable of providing constant reactive
current during transient disturbances, doubly fed induction generators
(DFIGs) commonly used in wind power plants may face difficulties in provid-
ing dynamic reactive power during transient instability or voltage collapse
due to their limited reactive power capabilities [32].

In the same report by EirGrid [32], an analysis was conducted to measure the
impact of the increasing penetration of wind power generation on available
reactive power in Ireland and Northern Ireland's power systems. A model
was created by aggregating hourly dispatch data from each reactive power-
generating unit for both 2010 and 2020 levels. In 2010, the total lagging re-
active power in the system ranged from 2500 Mvar to slightly over 5000
Mvar. By 2020, there was a noticeable reduction in the availability of reactive
power in the system. Even after considering the reactive power generation at
the TSO level wind power plants, the total reactive power availability still
could not reach the 2010 levels. This indicates the power system will have
less reactive power capability to manage voltage profile and system stability
in 2020, with high wind power penetration. Figure 3 shows the reactive
power duration curve created in this study to compare the reactive power
availability in the 2010 and 2020 scenarios.
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—2010Actual Data

=== 2020 Synchronous RP capability
—— 2020 with TSO Wind Farm capability
------ 2020 with enhanced TSOWind Farm capability
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Figure 3: Comparison of reactive power availability in Ireland’s power grid in
2010 and 2020 scenarios [32]

In summary, increasing penetration of variable renewable energy, shifting
towards a more decentralized power system, and extending transmission
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lines due to remote power generation locations will create a growing demand
for reactive power in future power systems. It will, therefore, be necessary to
adapt different reactive power compensation technologies, such as synchro-
nous condensers and FACTS devices, to manage voltage control and ensure
voltage stability rather than relying solely on synchronous or non-synchro-
nous generators. However, grid code will still require VRE systems to provide
low-voltage ride-through capability and participate in voltage control opera-
tions in steady-state conditions in transmission and distribution levels

[32][33].

2.4.3 Ancillary services for fast fault current injection

In power systems, fast fault current, also known as the short circuit current,
refers to the current injected by synchronous sources during a transient fault,
such as a short circuit fault, aiming to serve multiple critical functions. It en-
ables the network protection system to promptly identify the faults at the in-
itial stage, supports maintaining system voltage during the fault, and restores
the voltage after the fault has been cleared [34]. TSOs must ensure the power
system can supply a sufficiently large, short circuit current following a fault

[33].

The amount of fault current supplied during a fault mostly depends on the
reactance of the synchronous machine and the electrical distance to the fault.
The short circuit faults happening closer to a connection point (substation or
a busbar) could result in a significant voltage drop. In such a situation, the
typical fault current response from a synchronous machine occurs in three
stages. At the initial fault period, it injects a faster fault current (marked with
A in Figure 4), to identify, locate, and activate fast and selective fault clear-
ance by the system protection devices. In the later part of the fault, the ma-
chine injects a precise fault current (marked with B in Figure 4) for either
voltage retention or frequency stability depending on the size of the synchro-
nous area, where voltage retention is the priority for a wider synchronous
area. Once the fault is cleared, the current is injected to restore voltage
(marked with C in Figure 4), and active power, aiming to achieve the pre-
fault values. If the injected current is reactive, supporting voltage recovery, it
is considered a part of the fast fault current injection [35]. During the fault
clearance time, these machines may not cause instability or disconnect from
the system to ensure continuous support to the grid [33]. Figure 4 shows the
usual response of a synchronous machine to a short circuit fault during the
three fault periods. The x axis of figure 4 represents time in seconds while the
y axis represents the ratio between per unit instantaneous reactive current of
the synchronous machine (/, 5;) and per unit rated current of the synchro-

nous machine (I,,).
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Figure 4: Response of a synchronous machine throughout the fault periods
of a short circuit fault.

IBRs, on the other hand, may reduce the fault current contribution due to the
thermal limits of the power electronic components they are made of. Unless
oversized, IBRs are usually designed to handle a fault current of 1.2 P.U. to
1.5 P.U. (per unit on the plant's MVA base) during a fault condition [37]. Un-
like synchronous machines having a higher magnitude of fault current fol-
lowing a fault, the limited fault current contribution of IBR can cause chal-
lenges for traditional protection schemes, which largely rely on the high mag-
nitude and inductive nature of fault current and may not provide a reliable
operation with the current supplied by IBRs [36]. However, if the local loads
of the system do not cause delays or slow voltage recovery following a fault,
and the fault clearance does not weaken the local power system, IBRs can
effectively inject reactive current without facing stability or synchronization
problems [37].

Since the total connected capacity of synchronous generators in the power
system is decreasing due to the market-driven displacement, the short circuit
capacity provided by the conventional machines will reduce [33]. With the
rising levels of IBRs, the available short-circuit capacity in the system will
become volatile due to the intermittent nature of renewable sources and will
negatively influence the power system's stability and reliability. Therefore,
TSOs should carefully consider the IBR performance in the system and take
necessary measures, including static and dynamic compensation device inte-
gration into the system, to mitigate the potential impacts [37].
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2.4.4 Financial models for voltage control ancillary services

Even though reactive power is provided locally, it is TSO's responsibility to
procure and manage it within a power system. Apart from the mandatory
provision, there are a few other ways of procuring reactive power, which in-
clude tariff-based procurement, long-term bilateral contracts, procurement
through tenders, and market-based procurement [38]. Depending on the
TSO, the method and terms of procurement differ.

Apart from capital investment, operating and opportunity costs are two ma-
jor cost components related to reactive power supply. Operating costs include
the winding losses for generating and absorbing reactive power, and the op-
portunity cost reflects the lost reactive power generation due to the provision
of reactive power [21][30]. The Table 2 consists of procurement methods and
related pricing mechanisms of reactive power by TSOs of different countries

according to the literature [31],[39], and [29].

Table 2: Different procurement methods used by TSOs for reactive power

Country Procurement Method Pricing Mechanism
Great Britain l Mandatory prov.ision .
(NG) ii. Enhanced reactive power Regulated price
through Tender
Ireland Mandatory service Regulated price
Germany 11 ﬁ?;i?;?rgogﬁ?;lson Contracts: Regulated price
Denmark L g?;ii;?goﬁiﬁrcigon Contracts: Regulated price
Sweden L g?;ii;?goﬁiﬁrcigon Contracts: Regulated price
i. Mandatory provision for con-
ventional generation
Spain ii. Via tenders for generators not | -
participating in active power
market
USA (CAISO) | Mandatory provision Opportunity cost
USA (PJM, .. i. Capability payment
NyIso) | Mandatory provision i, Opportunity cost
Generation mode:
i. Availability cost
i. Generation mode though ten- | ii. Opportunity cost
Australia der iii. Cost for voltage support
ii. Synchronous condenser mode | Synchronous condenser
through tender mode:
i. Availability cost
ii. Cost for voltage support
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As of 2024, Reactive power and voltage control takes up to 25% of the global
ancillary services market at a market value of USD 2.17 billion and is esti-
mated to grow at an 8.6% CAGR [26]. However, there is no market structure
for fast reactive current at present. It is typically a mandatory requirement
imposed by grid codes [28]

2.4.4.1 Pay as Bid model for reactive power price settlements

Considering both technical and economic aspects, a discussion of a more
competitive reactive power market, especially in countries with deregulated
power systems, is proposed by several studies [39][40]. Currently, electricity
market prices are determined based on the ‘pay at Market Clearing Price
(MCP)’ framework, where the bids from both electricity sellers and buyers
are aggregated to create a demand and supply curve. The intersection point
will be the market price. A uniform payment will be made to the generators
in the day ahead market. However, when it comes to reactive power, the pay-
at-MCP model introduces several drawbacks [40]. Unlike active power, the
location of dispatch is important for reactive power. Therefore, if reactive
power were produced at a low cost, it would not be favourable if it is far from
the point of consumption. Conversely, a high-cost reactive power source
close to a heavily loaded bus may require producing reactive power to ensure
the system's reliability [40]. Hence, integrating a uniform price across the
reactive power market is not economically beneficial. It can further create
market power for some reactive power producers. It will eventually result in
other participants getting paid an extra fee regardless of the location and ef-
fectiveness of their reactive power supply to the system [40].

As a solution, a Pay-as-Bid (PAB) model is proposed, where the participants
are paid the price, they bid for the reactive power they provide. This way, only
the most expensive generator will be compensated at a higher price. To place
the bids under the PAB clearing mechanism, an Expected Payment Function
(EPF), has been introduced based on the capability curve of a synchronous
generator [40].

Figure 5 shows the capability curve of a synchronous generator. As generally
mandated by the most grid codes, the generator should maintain a reactive
power provision up to Qpase, and the reactive power provided between o0 and
Quase is not compensated by TSO. When the generator operates at the point
(Pa, Quase), it can increase the reactive power generation until it reaches the
thermal limits of the field winding without compromising active power. Fig-
ure 6 shows the operating point A, where the maximum reactive power (Qa)
that the generator can deliver without compromising active power Pa. There-
fore, for the increment of reactive power from Qpase to Qa a payment is made
based on the incurred winding losses. However, suppose the generator
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further requires increasing the reactive power production, for example, from
Qato Q. In that case, it has to compromise on the active power to avoid any
damage from overheating. Therefore, this situation will reduce the active
power from Pato Pg. This will create an additional opportunity cost for the
generators due to the loss of active power generation. Hence, the generators
should be paid not only for the winding losses but also for the opportunity
cost at this stage [39][40].

A
Q, MVAr Field current limit
Qs ———=
Q\———— Armature current limit

anse —————

Qup|[———— e

Under-excitation limit

Figure 5: Capability curve of a synchronous generator with different regions
of operation for reactive power compensation [39].

The Expected Payment Function (EPF), therefore, includes all the cost com-
ponents, including the availability of the generators, cost of losses, and op-
portunity costs, and can be illustrated as shown in Figure 6 as a function of
the amount of reactive power production from a generator. EPF can be de-
termined for any operating condition of a synchronous generator. It can also
be utilized for synchronous condensers as well. In synchronous condensers,
the cost component for opportunity cost would be zero [39]. EPF is mathe-
matically formulated as follows:

0 Q Q
EPFL = aoli + mein my;. dQl + le:lS@ my;. dQl + fo(m&-. QL) dQl ———————— (3}

Where ay;, my; , my;, msy; are availability cost, operation cost in reactive
power absorption mode, operation cost in reactive power generation mode,
and lost opportunity cost for the ith generator respectively [39]. Reactive
power settlement is then performed to minimize the EPF function, as the ob-
jective of the TSO is to minimize the total payment for the reactive power
generators [40].
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Figure 6: Graphical representation of Expected Payment Function

2.5 Grid connected devices to provide voltage control an-
cillary services

While the importance of ancillary services to maintain a flexible and reliable
power supply was discussed in previous Sections, the different technologies
used to provide these services play an important role in enhancing grid sta-
bility, improving power quality, and ensuring efficient energy management.
Even though this equipment presents in a broad spectrum offering both fre-
quency and non-frequency-based ancillary services, the focus of this chapter
will mostly be on a review of the working principles of the power system de-
vices that provide non-frequency-based ancillary services, including STAT-
COM, SVC, and Synchronous Condensers (SC).

2.5.1 Static Synchronous Compensator (STATCOM)

STATCOM is a shunt-connected compensation device in the Flexible AC
Transmission Systems (FACTS) family that utilizes Voltage Source Convert-
ers (VSC) for reactive power compensation, dynamic voltage control, and
power oscillation damping, ultimately improving the stability of the power
system [47][48]. VSC of the STATCOM consists of parallel reverse-blocking
diodes and Insulated Gate Bipolar Transistors (IGBTSs) in its core [49]. STAT-
COM is connected to the point of common coupling through a coupling trans-
former and a reactor, as shown in Figure 7. In Figure 7, V28 stands for the
AC system bus voltage, while V.20, stands for the STATCOM output voltage.
I, and Q. represents compensating current and reactive power injected by the
STATCOM respectively. jx; is the STATCOM coupling reactance. V,;. and C,,
represents DC link voltage and capacitance.
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Figure 7: Schematic diagram of a grid connected STATCOM

The STATCOM can be operated in inductive or capacitive modes based on
the voltage difference between the grid and the reference [48]. The leading
current injected at the PCC by STATCOM supplies reactive power to the grid
if a voltage sag is present. Consequently, STATCOM injects a lagging current
into the PCC while operating at the inductive state [49]. The advantage of the
STATCOM is that it can be fully controlled over its entire output current, even
when the system voltage is considerably low [48]. This way, it can provide
the maximum reactive power support. This characteristic allows STATCOMs
to support to ensure a better LVRT capability as they can still push out max-
imum reactive current even in low voltage conditions [49]. Further, reactive
power generation and absorption from STATCOM are directly proportional
to the bus voltage [48], allowing the device to continuously compensate the
power system with the right amount of reactive power.

2.5.2 Static Var Compensator (SVC)

The Static Var Compensator (SVC) is also a shunt-connected FACTS device
that consists of controllers, including a Thyristor Controlled Reactor (TCR),
thyristor-switched capacitor (TSC), and harmonic filters [50]. Even though
its response is relatively slower than the STATCOM [51], SVC is capable of
dynamic voltage regulation by injecting and absorbing reactive power at the
point of common coupling. It is also being used for power factor correction
[50]. A schematic diagram of an SVC is shown in Figure 8.
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Figure 8: Schematic diagram of a grid connected SVC.
2.5.3 Synchronous Condenser (SC)

A synchronous condenser (SC) is a machine synchronized with the power
system but operating idle without a prime mover and any load connected to
the drive end. Like a synchronous generator, the SC can supply or absorb re-
active power by changing the excitation state to over or under-excitation via
varying its field excitation current. Since the SC consists of a rotational mass,
and due to the electromagnetic coupling, it is inherently capable of providing
inertia to the power system [52]. During a fault condition such as a short cir-
cuit, SC acts as a voltage source, and its impedance varies with the time
throughout the characteristic periods of the fault: sub-transient, transient,
and steady state [53].

Due to these capabilities, SC has historically been adopted by the conven-

tional power system as a device that can provide inertia, dynamic regulation,
and enhanced system strength.
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2.5.3.1 Renewed Interest in Synchronous Condensers

As the future power system will rely more on non-dispatchable renewable
sources, it will be crucial to address the stability challenges arising as the grid
becoming weaker with the high penetration of IBRs and other dynamics.
Therefore, supporting mechanisms for frequency regulation, dynamic volt-
age support and short circuit power support will play a crucial role in ensur-
ing the flexibility, stability and reliability of the power system.

Although plenty of devices have been developed to provide these services, as
described in the previous section, SCs have gained significant attention from
TSOs in recent years due to several inherent characteristics that make SCs
superior to other devices such as STATCOMs and SVCs [54]. Unlike power
electronic-based devices, which are often designed to provide a single AS
(e.g., frequency regulation or reactive power support), SCs simultaneously
deliver multiple capabilities. Apart from reactive power compensation, iner-
tia support, and short circuit current contribution, synchronous condensers
bring several key advantages, including the fault ride-through capability,
which allows them to remain operational during short-term faults, support-
ing grid resilience, rapid overloading capability, which makes the SC reliable
during unexpected grid disturbances, ability to deliver controllable continu-
ous reactive power, and high short term overloading capability while having
a relatively low power consumption [4].

SCs can also be customized to meet specific requirements of power system
operators such as adding flywheels to the main shaft to increase rotational
inertia. These customizations enable operators to optimize the performance
of the synchronous condenser for specific grid conditions [4]. Furthermore,
one significant benefit is that existing synchronous generators can be con-
verted to SCs if the generator locations are suitable for effectively delivering
ancillary services [4]. Utilizing existing infrastructure creates a significant
cost benefit on capital investments for operators providing ancillary services.
It provides a medium-term solution for the longer delivery time of new SCs
due to rapidly increased demand [4][55]. The table 3 presents a performance
comparison of SC with STATCOM and SVC.
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Table 3: Performance comparison of SC, SVC, and Grid Following (GFL)
STATCOM [4]

VAR Dynamic Short Cir- .
. . Overload ca- . Inertia Sup-
Solution Provi- VAR Pro- o1 cuit sup-
. . . pability port
sion vision port
SVC Weak Yes Very Limited | Limited Very Limited
GFL Strong Yes Very Limited | Limited Very Limited
STATCOM
SC Strong Yes Very High Very High | Very High

Consequently, this versatility makes SCs a highly effective and reliable solu-
tion for modern power systems, especially for the widespread integration of
IBRs. As an example, the largest TSO in Australia, Transgrid, is planning to
add four synchronous condensers to improve the system strength by the end
of 2025. By 2032-33, a total of 29 synchronous condensers are planned to be
included in the grid operated by Transgrid to address the grid challenges aris-
ing with the IBR integration [55], making it a prime example of the im-
portance of SCs in the future power system.

2.5.3.2 Hybrid Compensation System with Synchronous Condenser

Hybrid compensation systems refer to configurations that combine different
technologies, typically synchronous condensers with power electronic-based
devices to enhance grid stability and flexibility [56]. A recent hype in hybrid
synchronous condensers involves generator models driven by gas turbines
that contain a clutch mechanism between the generator and the turbine. This
arrangement enables the system to transition between SC operation and
power generation mode [55]. When active power is not required from the
generator, the clutch allows it to decouple from the turbine, allowing the gen-
erator to function as a synchronous condenser to provide necessary ancillary
services. This way, the generator can be effectively utilized even when active
power is not required. Otherwise, the generator would be completely shut
down. The same clutch system allows the generator to reengage into genera-
tion mode when active power is required. The Figure 9 shows a block diagram
of how a gas turbine is connected with the synchronous generator through a
clutch system that allows the generator to seamlessly switch between the gen-
eration and synchronous condenser modes.

SYNCHRONOUS
GENERATOR

GAS TURBINE aLuTeH

37



Figure 9: Block diagram of a gas turbine and a synchronous generator con-
nected through a clutch system [55]

2.6 Operating Principles of the Synchronous Condenser

The following Section will focus on two key design and operational parame-
ters of the Synchronous Condensers. It will explain how they contribute to
dynamic voltage control by generating and absorbing reactive power and
contribute to the system's strength by providing short-circuit power. Being a
synchronous machine, the operating principle of a synchronous condenser is
similar to other synchronous machines, such as synchronous generators and
motors [45].

A three-phase synchronous machine consists of two fundamental compo-
nents: the armature and the rotor. The rotor windings carry DC, producing a
rotating magnetic field inducing voltage in the armature windings. The fol-
lowing equation can determine the induced EMF (Electromotive Force) at
the stator winding.

E.M.F = 444 K. K;K;Nf¢e volts/phase -------- (1)

Where K, K;, Ky stand for coil span factor, distribution factor and form fac-
tor respectively. N represents the number of turns per phase, f represents
the frequency in Hz, and ¢ represents the air gap flux in Wb. According to
the above equation, for a particular synchronous machine operating in steady
state, the only variable impacts the EMF is the airgap flux, thus closely relates
to the reactive power generation. The airgap flux can be represented as a vec-
tor sum of the flux produced by the rotating field (¢ ;) and the armature flux
(¢ 5) where the rotating field’s flux is imposed by the DC excitation current
and load angle. In contrast the armature flux is created by the AC current
flowing through stator winding and system power factor [4].

2.6.1 Reactive power generation and absorption by synchronous
condenser

In a synchronous machine, control of airgap flux is directly related to its abil-
ity to generate and absorb reactive power. The interaction between rotating
field flux and armature flux governs this phenomenon. When the synchro-
nous machine is connected to a system with inductive loads, the stator wind-
ing current lags the voltage waveform. The lagging current causes the
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armature flux ¢ to oppose the rotating field flux ¢ ;" and weakens the air
gap flux in the machine ¢, leading to a decrease in the induced EMF and
terminal voltage. To boost the airgap flux and maintain the terminal voltage,
the DC excitation current supplied to the rotor is increased. The increased
excitation current enhances ¢ ;’, compensating for the demagnetizing effect
from armature reaction. As a result of this over excitation state, the machine
operates with a leading power factor, generating reactive power and supply-
ing it to the power system, thereby maintaining the grid voltage levels and
compensating the voltage drops caused by inductive loads [4].

In contrast, when the synchronous machine is connected to an electrical sys-
tem with capacitive loads, the stator winding current leads the voltage wave-
form. The leading current causes the armature flux ¢ to align the rotating
field flux @/ and further strengthen the air gap flux ¢, in the machine,
leading to an increase in the induced EMF and terminal voltage. To prevent
the terminal voltage from rising too high, the DC excitation current supplied
to the rotor is reduced. The reduced excitation current lowers the rotating
field flux, thereby reducing the airgap flux and the terminal voltage. As a re-
sult of this under excitation state, the machine operates with a lagging power
factor, absorbing reactive power from the power system. This function helps
maintain the grid voltage levels and manage the excessive voltage rises [4].

The amount of reactive power the synchronous machine can provide is typi-
cally determined by the thermal limits of the excitation system [4] and re-
flected by the capability curve. Reactive power control can be achieved
through Automatic Voltage Regulators (AVRs) which act on field current of
the rotor [55].

2.6.2 Short circuit power support by synchronous condenser

Reducing overall Thevenin equivalent impedance is crucial to enhance the
short circuit level of a power system. In practice, the equivalent source im-
pedance decreases when multiple synchronous machines operate in parallel,
since their internal reactance combine. Besides the steady-state equivalent
circuit, synchronous machines introduce additional reactance (if minor re-
sistance is ignored) during sub-transient and transient levels of the short cir-
cuit fault timeline. This additional reactance are parallel and reduce the ma-
chine's overall reactance during the transient and sub-transient levels [4].
Figure 10 shows the reactance arrangement of a synchronous machine dur-
ing steady state, transient, and sub-transient states, respectively. X,, X; ,X4,,

,X; Represents armature reactance, field winding reactance, damper winding
reactance and leakage flux reactance, respectively.
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Figure 10: Circuit model for synchronous machines during different fault pe-
riods [4]

For instance, the specific reactance X, introduced at the sub transient stage
is due to the damper winding leakage inductance on the d-axis. Within the
first few hundred milliseconds following a short circuit fault, this reactance
significantly reduces the overall impedance, resulting in a sub-transient fault
current typically 5-8 times greater than the machine's rated current [4]. This
mechanism is a key contributing factor that enables synchronous condensers
to achieve Fault Ride Through (FRT), enhancing short circuit level and main-
taining system voltage during disturbances, thereby supporting the ongoing
power system dynamics.
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3 Research materials and methods

The primary objective of this research is to quantify the synchronous con-
denser capability of Wartsila generator sets in providing reactive power and
short-circuit power support when operating as grid-supporting devices un-
der different renewable energy penetration levels and disturbance events.
For the simulation purposes Wartsild 20V31SG gas engine generator set was
chosen.

The simulation is analysed from the power system’s perspective and is con-
ducted in two main stages. Initially, a base model is developed based on the
IEEE 14 bus system to establish a benchmark for system behaviour. A series
of scenario- based simulations was then conducted to evaluate the perfor-
mance of the generator set operating in synchronous condenser mode under
varying levels of IBR penetration, ranging from 30% to 96%. The scenarios
were defined specifically to examine how the unit supports grid stability in
critical conditions particularly in terms of reactive power injection, absorp-
tion and short circuit power support. The following sections outline the re-
search materials, simulation tools and methodologies employed throughout
in this study.

3.1 DIgSILENT PowerFactory Simulations

As the simulation involved a complex and dynamic power system, a compre-
hensive software platform was necessary to ensure the accuracy of modelling
and analysis. For this purpose, DIgSILENT PowerFactory was selected. Pow-
erFactory is a computer-aided design and simulation tool, specifically used
in the field of electrical engineering for analysing power transmission, distri-
bution an industrial power systems. The acronym ‘DIgSILENT’ stands for
‘DIgital SImuLation and Electrical NeTwork calculation program’. The soft-
ware combines analytical tools in electrical domain visualization enabling in-
depth analysis of power systems and its controls.

DIgSILENT PowerFactory includes a range of functionalities, including load
flow analysis, contingency analysis, short-circuit calculations, transient sta-
bility analysis, protection coordination, and RMS/EMT analysis. It further
consists of inbuilt electrical component models. Within this study, base
model of the IEEE 14 bus system, key power system components such as syn-
chronous generators, renewable energy sources, system loads, busbars and
transmission lines were obtained from these inbuilt models. The model for
Wartsila 20V31SG gas engine generator set was custom built in DIgSILENT
PowerFactory environment and was available for direct application for the
simulation purposes. All the simulations were carried out in RMS mode.
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3.2 Configuration of IEEE 14 Bus system Model

The general model of the IEEE 14 bus system represents the simplified ver-
sion of American power grid as of 1962, consisting of 14 buses, 5 generators
and 11 loads [61]. Figure 11 shows the general version of an IEEE 14 bus sys-
tem. However, necessary modifications were made to the IEEE 14 bus system
model which was configured in this thesis.

THREE WINDING
TRANSFORMER FQUIVAL ENT
3

(G) ceNERATORS

@ SYNCHRONOUS
CONDENSERS

3 —

C

REF 14 BUS TEST SYSTEM BUS CODE DIAGRAM

Figure 11: Single line diagram of IEEE 14 Bus system [61]

The simulated power system represents a 10 GW scale power grid operating
at 50Hz frequency. The generation mix consists of four types of generators:
47MVA gas turbines, 2MVA WECC Generation 4 wind turbines, Wartsila
20V31SG balancers, and 110MVA WECC large-scale solar PV models. Out of
these, the Wartsila 20V31SG plant was explicitly modelled, and the other
models were prebuilt components of the simulation software. The Gas tur-
bine and Wartsilda 20V31SG plant operated at a power factor 0.8, while the
IBR models were configured to operate at a power factor of 0.95. To repre-
sent the system loads, a general load model was utilized with a lagging power
factor of 0.95. Overall load demand of the system was set to 9.6 GW. The
Table 4 describes the distribution of system load demand.
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Table 4: Load characteristics of the power system model

Load
Bus Number Real Power Reactive
(MW) Power (Mvar)
2 740 243.2
3 800 262.9
4 850 279.4
5 730 2399
6 740 243.2
7 900 205.8
9 850 2794
10 820 269.5
11 780 256.4
12 850 279.4
13 840 276.1
14 730 2399

The default voltage of busbar terminals was set to 220kV to accommodate
the higher capacity of individual power plants. Since the system represents a
transmission network, the default two-winding transformers connecting
buses 5-6 and 4-9, as well as the three-winding transformer connecting buses
7, 8, and 9, were removed from IEEE 14 bus model. Instead, the buses were
connected with transmission lines to maintain a uniform 220KV voltage
across the system. For each busbar, a steady state voltage limit of +10% was
assigned. Out of the 14 buses, bus 5, 7, 10, 11, and 13 were PQ buses (Active
and Reactive power magnitudes are specified) while the rest of the buses
were PV buses (Active power and voltage magnitudes are specified).

All 14 busbars were connected to overhead transmission lines with a rated
voltage of 220kV and a rated current of 2kA. As the system represents a large
power system at the scale of a country, the line distances were selected ac-
cordingly. The Table 5 shows the selected line distances along with the posi-
tive sequence resistance, positive sequence reactance and positive sequence
capacitive susceptance for each transmission line segment.

Table 5: Line characteristics of the power system model

Line Line Length R X B
From bus | To bus (km) (Ohm/km) | (Ohm/km) | (uS/km)
1 2 100 0.030 0.31 4.0
1 5 125 0.022 0.30 4.2
2 3 150 0.024 0.33 3.9
2 4 75 0.018 0.26 3.2
2 5 75 0.025 0.34 35
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Line Line Length R X B
From bus | To bus (km) (Ohm/km) | (Ohm/km) | (uS/km)
3 4 50 0.030 0.31 4.0
4 5 50 0.024 0.33 3.9
4 7 75 0.018 0.26 3.2
4 9 150 0.022 0.30 4.2
5 6 75 0.025 0.34 3-5
6 11 60 0.020 0.28 3.8
6 12 60 0.024 0.33 3.9
6 13 150 0.030 0.31 4.0
7 8 75 0.022 0.30 4.2
7 9 100 0.018 0.26 3.2
9 10 8o 0.025 0.34 3.5
9 14 140 0.020 0.28 3.8
10 11 75 0.024 0.33 3.9
12 13 90 0.030 0.31 4.0
13 14 110 0.025 0.34 3.5

The nominal terminal voltage of all conventional generators in the model is
11kV. Renewable generators have a nominal terminal voltage of 690V. The
generators connect to the transmission network through two winding, OLTC
(On Load Tap Changer) step up transformers with YNd1 vector groups. Con-
sidering 80% loading for a transformer, different transformer capacities were
defined where gas turbines use 62MVA transformers, renewable generators
use 400MVA transformers, while Wartsila plants use 21MVA transformers.
Tap setting of all transformers range from -8 to +8 steps with 1.25% change
in the voltage between two steps.

3.3 Control of reactive power in a Synchronous Generator

The control of reactive power of a Synchronous Generator is explained in this
section, referring to the control system of Wartsila 20V31SG gas turbine gen-
erator set. The machine controls the reactive power generation and absorp-
tion through a sophisticated control system consisting of ABB UNITROL
1000 Automatic Voltage Regulator (AVR) system. Figure 13 demonstrates
the complete surface control diagram for the generator set.

UNITROL 1000 AVR is the primary component responsible for directly ad-
justing the reactive power of the generator by controlling the excitation cur-
rent supplied to the field winding of the synchronous generator, which is rep-
resented as GEN W2 in the diagram in Figure 13. When the excitation is in-
creased, the generator operates in an overexcited mode, injecting reactive
power into the Point of Common Coupling (PCC). On the contrary, reducing
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excitation brings the machine into an under excited state, enabling it to ab-
sorb reactive power from the power system.

According to the block diagram in Figure 13, the UNITROL 1000 excitation
system receives several real-time measurement data from GEN W2, such as
per unit terminal voltage of the generator (U_gen_ pu), field current (Ifd_pu)
, and reference signals such as reference voltage (U_ref) and reactive power
setpoint (Qsetpoint) through the PPC (Power Plant Controller) interface.
UNITROL then compares the reference values to the actual measured values
to calculate an error. This error is then processed through a set of internal
control algorithms involving PID controllers to determine the appropriate
value for the field voltage Esq to apply to the generator’s rotor. Depending on
the UNITROL output Eq, the rotor’s magnetic field is changed, thereby influ-
encing the generator terminal voltage and reactive power flow.

3.3.1 Converting Wartsila 20V31SG gas turbine generator into a Syn-
chronous Condenser

The simulation stage will assess the non-frequency ancillary service contri-
bution in three distinct operational stages of Wartsila 20V31SG generator set.
One of the operational cases is majority of the Wartsila plant models are act-
ing fully in synchronous condenser mode. In normal operating conditions,
the plants are operating in synchronous generator mode while partially con-
tributing to reactive power compensation. Therefore, for the machine to en-
ter fully into synchronous condenser mode, it has to be decoupled from its
prime mover via a clutch system implemented between the synchronous gen-
erator and the gas turbine.

In PowerFactory simulation environment, this conversion was achieved by
modifying specific control parameters in the generator model block. In the
configuration window, the generator type was changed to synchronous con-
denser. In generator control system, UNIC, Fuel Control, Engine and Cou-
pling blocks were set as ‘Out of Service’ to ensure that the generator is no
longer connected to mechanical power input. Additionally, the generators in-
tended to operate as synchronous condensers, were removed from the Power
Frequency Controller as the machines aren’t supposed to inject active power
to the power system. Once these modifications were implemented, the Wart-
sild 20V31SG plants were fully transitioned into synchronous condenser
mode, entirely providing reactive power compensation to the system. Figure
12 illustrates Wartsila 20V31SG plants operating as synchronous generators
compared to their operation as synchronous condensers.
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Figure 12: Synchronous generator operation vs Synchronous Condenser op-
eration of Wartsila plants

3.4 Configuration of Simulation Base Model

The base system is configured with the load and line characteristics described
in Section 3.2 and considering a 30% share of IBR resources in the generation
mix. The total installed capacity for the base system was 15.5 GVA comprising
228 units of 47 MVA gas turbines, 20 units of Wartsila 20V31SG plants, 1000
units of 2 MVA type 4 wind turbine units and 24: 110 MVA solar PV plants.
The base system was intended to showcase present-day power system taking
30% renewable penetration level as a norm.

Considering the scale of the system and the number of generation units in-
cluded, it was difficult to connect all the generators as single units to the net-
work model. Therefore, to reduce the system complexity, ‘parallel machines’
function was used. Parallel machines function is a feature in PowerFactory
that allows the simulation of two or more identical machines operating in
parallel, using a single power plant model. When parallel machines are as-
signed to a power plant model, the software internally scales the total imped-
ance, MVA rating, and inertia constants accordingly. However, controllers of
the customized model of Wartsila 20V31SG plant did not support the parallel
machine’s function and had to be connected to the generator terminal as sep-
arate machines. Figure 14 illustrates the constructed IEEE 14 bus base sys-
tem.

46



nd usb d

wdi pejes u
usod AW patei g
VAW uS widi Bua u

0dTI0sEDUONIBIBS BN
he ajolSiho alogino AN

5
8
L
CH 8
¥ € ——— L jonuog eng b — z aNn S
oM L L sulbu z ©41 no |sn4g lonuog lend Q47 1IN0 ACH ., OINN
N3I9 | 3 - - p—— ¥
(1d) nd"jdo " buop Buydnony . euibu3 95 1IN0 |8nd 957 IN0 A0D . .
() Gl— L L L - A 2 _._M\E_\n_ .
B 0 0 — — 0 pai bio] , n w\ml_ u .
spel Bua m o apoul DINN
m WN [do bl
o —
e Qnjsip pug
\% 1§ op oeHaI Ddd
& : _ i
? | ] . 5@ i ddp nd a1 o
Juodisst
B odies Sepaiu) oy — i
P 8 LAPEieeid Y e
18! 8| —
s — o [ WO
0001 TOHLINN i n _
000} 104dLINT * L anp
b o — a
nd jai n

47

3
auluo
’ smels 909

() nd"py

o InigTIiniy Nt anig Iniyan

(i)} nd usb

m

Control diagram of Wartsila 20V31SG Balancer.

Figure 13




Figure 14: Configured base system for simulations
3.4.1 Control of frequency and reactive power in the system

In PowerFactory, two types of controllers are employed to dynamically adjust
the active power output, frequency, and reactive power. They are Power Fre-
quency controller and Station Controller. Power Frequency controllers are
designed to maintain the stability of the simulated power grid by regulating
the electrical power and frequency. Since the frequency is a global parameter
throughout the power grid, only one controller is required to achieve the
power-frequency regulation in the system. In contrast, more than one station
controller is required to achieve the voltage control throughout the system
due to the location sensitivity of reactive power.

3.4.1.1 Configuration of Power Frequency Controller

Once the generators are connected to their respective busbars, the power fre-
quency controller was implemented using the graphical tools available within
PowerFactory’s project interface. All the generators, including the renewable
sources, were then linked to the controller. Several parameters including
control mode, busbar for frequency measurement, and active power distri-
bution modes needed to be considered during the configuration phase of the
Power Frequency Controller. For this study, the control mode was selected
as Frequency Control, which directly responds to frequency deviations in the
system by adjusting the active power output of the generators. Busbar 2 was

48



set as the measurement bus bar, while the Individual Active Power option
was selected for active power distribution. The reason for selecting the Indi-
vidual Active Power option is to ensure that intended percentage power out-
put criteria are met for IBR sources in different stages of the simulation.

3.4.1.2 Configuration of Station Controller

Considering the longer distance between busbars in the system, and the lo-
cation sensitivity of reactive power distribution, it was decided to implement
a dedicated station controller for each generation busbar to regulate the volt-
age locally. Once the generators were assigned to the station controller, key
parameters were adjusted in the load flow section, of the station controller
configuration menu. Specifically, the controlled node was set as the local bus-
bar for each controller, as the goal was to regulate the voltage at the PCC.

When there is more than one power plant connected to the busbar, each ca-
pable of controlling busbar voltage, it becomes essential to coordinate their
reactive power contributions to avoid undesirable interactions. To achieve
this, droop control was enabled in each station control. This ensures coordi-
nated reactive power sharing among the generators. If all voltage regulating
units attempt to control busbar voltage independently without a presence of
droop control, they may act against each other. This may potentially result in
oscillatory or conflicting reactive power injections. Consequently, droop con-
trol introduces a linear voltage-reactive power characteristic, ensuring each
unit adjusts their reactive power contribution proportionally to the reference
voltage deviation.

3.5 Configuration of Power System Models with Varying
IBR Shares

Several changes have been made to the base model to derive the systems hav-
ing IBR penetration of 50%, 75%, and 96%. Total number of grid-connected
46 MVA gas turbines in the base case were 228 units. It was reduced by 30%
in the 50% IBR share model and completely retired in the 96% IBR share
model. The number of Wartsila gas turbine plants was increased as the IBR
share increased, to ensure impactful and measurable grid support is pro-
vided. In the 96% IBR share scenario, the only grid connected conventional
generator was the Wartsila 20V31SG gas turbine generator. However, in this
scenario, the same number of 46 MVA gas turbines used in the 75% scenario
were kept as backup, as battery energy supply systems were not considered
in these simulations. Furthermore, to ensure sufficient reactive power is
available throughout the system, few Static Var Systems, each with 100 MVAr
capacity were implemented on busbars 4, 7, 8, and 10. The Annexure 1 pro-
vides a comprehensive description of the generation mix in each power
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system model variant constructed with 30% IBR penetration to 96% IBR
penetration. Images of the constructed power system models are demon-
strated in Annexure 2.

3.6 Disturbance types and methods

To evaluate the dynamic behaviour of the constructed power systems with
the reactive power and short-circuit power support from the Wartsila
20V31SG machines, several disturbance events were introduced. These dis-
turbance scenarios included a three-phase-to-earth fault, switching incident
involving a large load and switching event involving a large renewable source.
All events were applied at busbar 3; a generation node hosting a large solar
PV plant, a significantly large load, and a gas turbine plant.

The disturbance events were configured using Power Factory’s time domain
simulation event setup environment, which provides dedicated event objects
for modelling system perturbations. As an example, the switching event for
the large load was modelled using the ‘Switch Event’ object in the simulation
event setup, which enabled precise opening and closing of the load’s breaker
switch during time domain simulation. Execution time field was used to de-
fine the moment at which the switching event triggers once the RMS simula-
tion starts running.

3.7 Structure of the Simulation

The simulation was structured to have three main stages. Initially, a load flow
analysis was conducted for the base system as well as for the systems with
different levels of IBR penetration. Following this step, an N-1 contingency
analysis was performed to assess the system’s resilience against single ele-
ment outages.

Once the systems are satisfied with contingency and power flow analysis for
a stable system, a dV/dQ sensitivity analysis was conducted on the selected
bus to assess the impact of the Wartsila 20V31SG plant for local voltage con-
trol. The motivation behind the sensitivity analysis was the practical model-
ling constraint explained in Section 3.4. Since the Wartsila 20V31SG plant
model did not support parallel machine function, the plants had to be con-
nected to the grid as individual machines. This creates a significant complex-
ity to the simulation configurations if higher plant capacities are considered.
Therefore, the overall capacity of Wartsila plants had to be kept relatively
smaller compared to the rest of the energy sources and loads in the system.
Therefore, it was crucial to conduct a dV/dQ sensitivity analysis to evaluate
whether the reactive power contribution from Wartsila 20V31SG plants were
sufficiently impactful at the considered busbar.
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If the sensitivity analysis confirms that Wartsilda 20V31SG plants demon-
strate a significant sensitivity to the deviations in busbar voltage, then the
study proceeds into the scenario based dynamic analysis. The scenario anal-
ysis was structured into three distinct operational cases. First, the generators
operate under normal conditions in active power generation mode, allowing
their natural reactive power contribution to be evaluated during disturb-
ances. The second operational scenario considers the partial curtailment of
Wirtsila 20V31SG plants following merit-order dispatch due to high IBR
penetration. The final operational scenario considers a grid support focused
operation of Wirtsild plants during high IBR penetration. Instead of curtail-
ing the plants as in the previous scenario, the units here are not shut down
entirely; Instead, they are switched fully into synchronous condenser mode
using the clutch system. Once switched, the units disengage with the active
power path while retaining reactive power capabilities. This scenario enables
the evaluation of the potential benefit of repurposing the conventional gen-
erators (In this case, the Wartsila 20V31SG plants) as grid supporting units
in non-frequency ancillary markets instead of idling them in high IBR pene-
trating situations in the power system.

The Annexure 3 lists down the set of simulations performed according to the

operational and disturbance scenarios described above. All the simulations
were performed in RMS Mode in PowerFactory.
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4 Results and Analysis

The results were generated following the simulation structure mentioned in
Section 3.9 through DIgSILENT PowerFactory software.

4.1 Load flow and N-1 Contingency analysis under different
renewable energy shares

Load flow calculation was executed starting from the base case and extending
through the power system models with different IBR share. The method used
for load flow calculation was the Newton-Raphson method. The primary pur-
pose of this analysis was to verify that the system remains within it’s opera-
tional limits under steady state conditions. Parameters such as busbar volt-
age profiles, generator loading, and reactive power compensation were eval-
uated during the analysis.

As the IBR share increased in the system and conventional generators, typi-
cally responsible for providing local reactive power were displaced, addi-
tional compensation modes were introduced for the busbars that are further
away from the generator buses. System loads were unchanged in all grid var-
iants. Table 6 presents a summary of the load flow analysis across all power
system models variants.

Table 6: Load Flow Analysis Results for the created power system models.

Minimum Maximum Total Reactive Additional Maximum
Scenario | Bus Voltage | Bus Voltage | Power Compen- | Compensa- Loading
(P.U) (P.U) sation (MVATr) tion (MVAr) (%)
Base case 0,981 1,017 3008,1 517,2 77,8
IBR 50% 0,985 1,015 2726 515,6 77
IBR 75% 0,985 1,015 2983 515,1 78
IBR 96% 0,980 1,02 2584 996 78,7

According to the results summary in Table 6, all four power system variants
satisfy the set voltage limits of 0.9 P. U. — 1.10 P. U. The total reactive power
compensation is supplied collectively by conventional generators with a
power factor of 0.8, IBRs with a power factor of 0.95, and on load tap chang-
ing transformers as well. As the share of IBRs increases in the power system,
the total reactive power availability in the system decreases, even though the
active power levels remain unchanged. When the system moves from 75% to
96% IBR penetration, capacity of the Static Var Systems (SVS) deployed to
counteract the deficit in reactive power, had to be nearly doubled. Due to the
sufficient reactive power compensation from primary and secondary sources,
the system loading remains well below 80% during the steady-state
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operation despite shifts in the IBR share. Figure 15 shows the visual evidence
of thermal loading of the IBR 75% system during the load flow analysis. The
colour green indicates the system is well within the thermal loading limits. If
the system is getting overloaded, the colour deviates towards red.

Figure 15: Heat map indicating thermal loading of 75% IBR share power sys-
tem during the load flow calculation.

4.1.1 n-1 contingency analysis

The N-1 contingency analysis was conducted across all four system variants
to assess the operational security under realistic stress conditions. Every pos-
sible contingent scenario, including loss of a generator, transmission line,
and busbar was considered for the analysis. The voltage profiles of the bus-
bars and the thermal loading of the system components, including power
transformers and generators were also measured. Table 7 summarises the
results obtained during the contingency analysis.

Table 7: N-1 Contingency Analysis Results

Maximum Post contin- | Number of Buses <0,9 | Maximum
Scenario gency voltage drops P.U post contingency Generator
(P.U) voltage Loading (%)
Base case 0,0540 o 01,2
IBR 50% 0,0369 o 94
IBR 75% 0,0700 1 112,4
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The results highlight a significant impact on voltage stability and generator
loading as the IBR share increases in the system. In both 30% and 50% IBR
share scenarios, there was no significant voltage drop following a contin-
gency, and no buses fell below 0.9 P. U. for post-contingency voltage. Gener-
ator loading was also below 95% in these two scenarios. However, as the IBR
share rises to 96%, the maximum post contingency voltage drops in the sys-
tem increases by 67%, and 6 buses are violating 0.9 P. U. margin. Maximum
generator loading after a contingency also increases up to 115.9%. These re-
sults suggest that the power system becomes increasingly sensitive to single
element outages due to the depletion of dynamic reactive power support from
conventional resources as the IBR share increases.

4.2 Evaluation of reactive power potential by dV/dQ Analy-
sis

Prior to conducting the scenario-based simulation, it was crucial to deter-
mine the effectiveness of the Wartsila 20V31SG generator sets connected to
the busbar selected for the study. For this purpose, busbar 3 was selected. As
discussed in Chapter 3.7, a voltage sensitivity analysis was performed using
the dV/dQ approach to quantify the localized influence of reactive power in-
jection on voltage magnitude. The dV/dQ calculation provides a linearized
matrix of how responsive the voltage at a particular bus is to the incremental
reactive power injection.

The figure 16 shows the results of the dV/dQ sensitivity analysis, plotted
against the four IBR share variants considered in the study. The values indi-
cate the sensitivity to 1 Mvar reactive power injection from the three genera-
tors connected to the busbar 3: the Wartsila 20V31SG unit, the gas turbine
unit and the solar PV unit. As the IBR penetration increases, it can be seen
that the sensitivity of the Wartsila plant becomes more effective as the IBR
share rises from 30% to 96%. However, the PV plant consistently shows the
highest sensitivity, peaking at —5.33E—05 P.U./Mvar in the 96% case, sug-
gesting high voltage vulnerability in inverter-dominated systems.
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Figure 16: dV/dQ Sensitivity at Busbar 3 vs IBR share in the power system

It can also be seen that the absolute values of the sensitivities are relatively
small. This may have been caused due to closer electrical distance of busbar
3 to the large generators and low network impedance around busbar 3. Over-
all, the sensitivity analysis considers a linear approach in the system. How-
ever, to evaluate the power system’s behaviour in nonlinear interactions and
to better quantify the reactive power compensation from Wartsila plants un-
der varying operating conditions, conducting a dynamic analysis would be
essential.

4.3 Overview of Simulation Scenarios

Busbar 3 of all the constructed models were tested against the pre-defined
scenarios, including three-phase-to-earth short-circuit fault, a sudden load
switching event and a renewable energy plant switching event. Time duration
for each simulation scenario was 30 seconds. In the load switching scenario,
the breakers of the load were tripped at the 34 second and closed again at the
12th second. Three-phase-to-earth short circuit scenario lasted for 150ms,
starting from the 3 second. Meanwhile, the PV plant connected to busbar 3
was tripped at the 34 second and switched back at the 10t second of the sim-
ulation. Graphs related to the voltage behaviour of bus bar 3 and reactive
power compensation of Wirtsila 20V31SG gas turbine generators were ob-
tained as results of the simulation.

55



Table 8: Simulation summary

© Simulation Status
& IBR 30% IBR 50% IBR 75% IBR 96%
[«h)
= = | 3 = | 3 = | 3 = | 2
8 = |28 | & |=8|gs| & |=E|zs| & |=&8 |28 | ¢
= E R 8 = = Ew 8= = E® 8= = E g S = )
5 | SE|5E| S |BL|5F| & |S2|5E| 8 [22)5F) ¢
L O 3 O =5 O 5 O 5
Three
Phase to Stable | Stable | Stable | Stable | Stable | Stable | Stable | Stable | Stable
Earth Fault

PV. Pla.nt Stable | Stable | Stable | Stable Stable | Stable | Stable
Switching
Lar.ge L.oad Stable | Stable | Stable | Stable | Stable | Stable | Stable | Stable | Stable
switching

As shown in Table 8 above, the system can maintain stability during the dis-
turbances up to 75% of IBR presence in the power system in majority of the
scenarios. Beyond this point, the system tends to collapse immediately after
the disturbance is triggered. The primary reason for this is that, due to the
reduced share of conventional operation, the power system fails to maintain
sufficient voltage support at busbar 3. This initiates a cascading effect
throughout the power system resulting in subsequent generators to trip and
ultimately leading to systemwide instability. Furthermore, the reactive power
compensation from Wartsila plants becomes negligible under high IBR pen-
etration, primarily due to their relatively smaller capacity compared to over-
all loads and IBR capacity. Although the SVSs are deployed to support voltage
regulation in the system, they also appear to be inadequate in resisting rapid
voltage fluctuations.

4.4 Scenario 1: Load Switching
4.4.1 Voltage response during load disconnection and reconnection

Figure 24 demonstrates the busbar 3 voltage profile during the load switch-
ing event of the base model. Once the load is disconnected from the busbar,
a sudden voltage spike can be observed, reaching up to approximately 225.8
kV. This voltage transient appears due to the sudden reduction in reactive
power demand in the busbar following the load disconnection. The spike is
then followed by a high-frequency damped oscillation until the voltage is par-
tially stabilized around 222 kV, until the load is reconnected at the 12t sec-
ond. A sudden voltage dip occurs as the load reconnects, dropping the busbar
voltage below 218 kV. However, due to the adequate reactive power support
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and damping capability of the system, the voltage recovers and converges
smoothly towards pre fault voltage levels.

As the IBR penetration increases in the system, busbar 3 voltage profile ex-
hibits deeper voltage spikes, dips and slow recovery due to the reduced avail-
ability of synchronous inertia and short-circuit strength. In Figure 17, the
voltages show a slight overshoot above 220 kV level after the load is recon-
nected, which then followed by damping oscillations. In contrast, at 50% and
75% IBR cases, the voltage remains below the nominal voltage levels con-
verging slowly and without an overshoot.
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Figure 17: Busbar 3 voltage profile during the load switch event
4.4.2 Reactive Power behaviour of Wartsila Power plant units

Even though the reactive power support in busbar 3 is mainly provided by a
larger conventional and IBR plant, Wartsila power plants play an important
role in voltage stabilization, especially under increased penetration of IBRs.
Across all the study scenarios analysed, Wartsila power plants dynamically
adapt the reactive power compensation depending on its operational mode
and the IBR share of the power system. This behaviour is illustrated in Figure
18.
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Figure 18: Dynamic reactive power compensation behaviour of Wartsila
Plants during load switch event under different IBR levels and operation
cases.

In base case, where system inertia and fault levels are relatively high, Wart-
sila plants do not make a significant contribution for the voltage regulation.
As the IBR share rises to 50% and 75%, the size of Wartsila Plants is doubled,
in order to enhance the reactive power support amidst the declining presence
of synchronous machines in the system. In these scenarios, the plant’s role
becomes more visible, especially when the plants are fully operating in syn-
chronous condenser mode. This reactive power behaviour is summarized in
Figure 19, considering the peak reactive power injection from Wartsila plants
across three IBR shares under all operation modes.

58



Peak Reactive Power Injection of Wartsila Plants during Load Switch Event
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Figure 19: Change in Peak reactive power injection of Wartsila plants under
different IBR shares and operation cases.

As shown in Figure 19, a clear reduction in reactive power contribution can
be observed in the scenarios where the Wartsila plants are curtailed due to
high IBR penetration. In 50% and 75% cases, there’s an increase in the peak
reactive power injection when a set of plants is operating fully as synchronous
condensers compared to the normal operation. However, this improvement
remains modest as the reactive power is distributed through a station con-
troller in both cases. Regardless of whether the machines are operating as a
generator or a synchronous condenser, the station controller dynamically
distributes the reactive power requirement across all the available machines,
without maximizing the reactive power support from individual machines.

In 96% IBR case, the system fails to remain stability following the disturb-
ance, and the busbar voltage collapses rapidly, triggering a cascading effect
in the system. As the only available conventional reactive power source,
Wartsila power plant units inject a large reactive power transient up to 480
MVAr soon after the disturbance. However, the rate of voltage change ex-
ceeds the reactive power capability of the power plants, and the amount of
reactive power is further limited due to the relatively smaller size of the power
plant.
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4.5 Scenario 2: Three Phase to Earth Fault
4.5.1 Voltage response during load Three Phase to Earth fault

The three-phase-to-earth fault is the most severe disturbance type simulated
in this analysis. As illustrated in Figure 20, when the fault is triggered at t =
3s, the busbar 3 voltage experiences a drastic collapse to nearly o kV from its
nominal state of 220 kV. The voltage remains close to zero during the entire
fault period and once the fault is cleared after 150ms, it recovers sharply and
exhibits a slight overshoot (in base case) and settles close to the pre-fault
voltage level within a few seconds.

However, as the IBR share rises, the post-fault voltage recovery becomes rel-
atively unstable. At 75% IBR share the post fault voltage overshoot becomes
more visible, and more pronounced transient can be observed. In 96% IBR
scenario, the system fails to maintain voltage stability following the short cir-
cuit failure. As illustrated in Figure 23, the voltage at busbar 3 recovers only
partially and remains significantly depressed, indicating the weakened
damping and LVRT capability of the high IBR systems.

Bus T Line-L ine Valtsge, Magnitude:

2 25 3 35 4 45 5 55 8 85 7 75 s 8

Busbar 3 Voltage profile during short circuit fault in base case

kv \/\_/\_/
200

25 3 35 4 45 5 55 s

—— Bus 3: Line-Line Voltage, Magnitude

Busbar 3 Voltage profile during short circuit fault in 75% IBR case

Figure 20: Voltage profiles of the base and IBR 75% systems during short
circuit fault.
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4.5.2 Reactive Power behaviour of Wartsila Power plant units

In the base case scenario, it can be noticed that the system strength is suffi-
cient to withstand the fault. The system exhibits well-damped, prompt post-
fault voltage recovery across all operating modes of Wirtsila plants. As illus-
trated in the Figure 21, the voltage at busbar 3 returns to its nominal pre-
fault limit within 2 to 3 seconds after the fault is cleared. The Wirtsila plants
contribute to this voltage recovery by a rapid reactive power injection during
the fault, which is close to 160 MVAr in either synchronous generator or syn-
chronous condenser operating modes. Even though the reactive power injec-
tion during fault drops close to 63 MVAr when set of generators are curtailed
in Wiartsila plant, the power system strength and the reactive power contri-
bution from other connected power plants remain adequate to support volt-
age recovery. The reactive power absorption during the fault clearing re-
mains around 60 MVAr in all the operating modes.

0 5 10 15 20 25 30 35 40 45 s 50

——— Bus 3: Line-Line Voltage, Magnitude

100
50

0 5 10 15 20 25 30 35 40 45 B 50

Figure 21: Reactive power compensation of Wartsila plants during short cir-
cuit fault at base case.

As the IBR share rises in the system, few notable changes can be observed.
At 50% IBR penetration level, the reactive power injection from Wartsila
power plant at synchronous generator mode outperforms the reactive power
injection at synchronous condenser mode. Consequently, the trend reverses
at the 75% IBR penetration level, where the synchronous condenser mode
contributes to slightly higher reactive power injection than the synchronous
generator mode. The potential reason for this difference is due to the excita-
tion dynamics and the station controller behaviour during each scenario.
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Unlike the base system, which has a higher short-circuit strength, the 50%
IBR model experiences reduced strength, resulting in a sharper voltage dip
during the fault, that demands a rapid surge of reactive power. This triggers
a more aggressive response from the excitation system. In this instance, the
synchronous generator has an advantage, as the mechanical torque and ac-
tive power output helps to maintain a certain level of terminal voltage. Thus,
it allows the Automatic Voltage Regulator (AVR) to increase the excitation
current without immediately reaching the field current limit. In contrast, ma-
chines operating in synchronous condenser mode lacks the mechanical
torque and active power generation, leading to a more significant drop in ter-
minal voltage during the fault, which limits the amount of reactive power in-
jected before reaching the field current limit.

The system becomes increasingly weaker as it reaches 75% IBR penetration
level, due to the reduced short-circuit capacity resulting from greater IBR
dominance. When a short-circuit fault occurs in such system, a significant
stress is imposed on the synchronous machines when they are operating in
synchronous generator mode, as the system simultaneously demands for
larger amount of reactive power and active power. This compound electrical
loading drags the machine closer to its thermal and field current limits,
thereby limiting the reactive power injection capability. However, when the
machine is functioning as a synchronous condenser, it operates without ac-
tive power constraints, allowing the AVR to fully utilize the machine’s capa-
bility to inject reactive power to the system. Figure 22 illustrates the peak
reactive power compensation of Wartsila power plants in each operating
mode as the IBR level increases in the system.
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Figure 22: Peak reactive power injection of Wartsila plants during short circuit
fault across different IBR share systems

At 96% IBR scenario, as demonstrated in Figure 23, the system fails to with-
stand the severe impact from the three-phase to earth fault, despite the reac-
tive power contribution from Wairtsila plants across all operational modes.
The Main reason for this behaviour could be the relatively smaller size of the
Wirtsila plants, which are the only conventional energy source in this sce-
nario. The lack of other forms of grid-supporting mechanisms such as STAT-
COMs, SVCs, and Capacitor Banks, may have further enhanced the system’s
vulnerability to extreme fault conditions.
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Figure 23: Reactive power compensation of Wartsila plants during short cir-
cuit fault at 96% IBR case.

4.6 Scenario 3: IBR plant switching

4.6.1 Voltage response during load disconnection and reconnection

The switching event of the large-scale solar PV plant connected to busbar 3
occurred, starting at t= 3 s, where the plant was disconnected, and at t=10 s
the plant was connected back to the system. The disconnection and recon-
nection happened automatically via breaker operations in the simulation.
Even though the voltage dip during disconnection was negligible in most
cases, the reconnection of the plant resulted in a huge voltage spike, which
exceeded 2000 kV margin. In over 50% of the analysed scenarios, the voltage
returns to its nominal levels after few high-frequency oscillations. However,
considering the Basic Insulation Level (BIL) for lightning impulse withstand
capability of a 220 kV system which is around 1050 kV [62], this voltage
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behaviour is unrealistic across all the scenarios examined. In an actual sys-
tem, such a large voltage spike would result in protective tripping as the volt-
age exceeds the safety margins. The likely cause for these excessive spikes is
the sudden reconnection of the PV plant in full scale in the simulation. Figure
24 shows the above explained voltage profile of busbar 3 in 75% IBR scenario.
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Figure 24: Busbar 3 voltage profile during large PV plant switch at 75% IBR
case.

4.6.2 Reactive Power behaviour of Wartsila Power plant units

In response to the extreme voltage transient resulting from the PV plant
switching, particularly during the reconnection of the PV plant, Wartsila ma-
chines absorbs a large amount of reactive power from the system to stabilize
the voltage. However, the reactive power response way exceeds the physical
limits of Wartsila plants, with one instance absorbing over -100,000 MVAr,
whereas the typical response limits should be around -300 MVAr according
to the plant’s properties. The reason for the Wartsila plants to exhibit such
extreme values is likely that the simulation model lacks the required protec-
tion, thermal limits, field and stator winding current limitations, which al-
lows the AVR to demand ultimate reactive power compensation from the ma-
chines during extremely large voltage excursions.
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5 Conclusion

The primary objective of this thesis was to quantify the synchronous conden-
ser capability of Wartsila generator sets for reactive power and short circuit
power support when operating under different renewable energy penetration
levels and disturbance events. Evaluation of potential benefit of repurposing
the conventional generators (In this case the Wartsila 20V31SG plants) as
grid-supporting units, particularly synchronous condensers, in non-fre-
quency ancillary markets, instead of idling them in high IBR penetrating sit-
uations in the power system, was also an objective.

To meet these thesis objectives, a comprehensive literature study was con-
ducted, followed by a scenario-based analysis. The scenario analysis was con-
ducted based on an IEEE 14 bus system, which was customized to represent
a large-scale power system. Three disturbance situations were analysed
across different power system configurations with increasing IBR shares, up
to 96%. Reactive power compensation in Wartsila plants were evaluated con-
sidering three operational modes: Synchronous generator, synchronous con-
denser and partially curtailed.

In both the load switching and three-phase fault scenarios, the system's abil-
ity to maintain stable voltage declined as the IBR share increased, particu-
larly beyond 75%. Under these conditions, the reactive power response of the
Wartsila plant helped to mitigate voltage instability. Among the three oper-
ating modes, the synchronous condenser mode generally provided the most
favourable dynamic response. However, the overall difference in perfor-
mance between SC mode and the other modes was moderate rather than sig-
nificant in most scenarios. This can be attributed to the relatively small size
of the Wartsila plant in proportion to the total system capacity, which limited
its ability to influence bulk system voltage regardless of operating mode.
Moreover, during normal generator operation, active power output provided
additional voltage support via internal torque and terminal voltage regula-
tion, which in some cases reduced the distinction between operating modes.

In contrast, the PV plant switching scenario produced responses that were
deviated from realistic figures. While the disconnection of the PV plant gen-
erally caused negligible voltage deviation, the reconnection at t =10 s resulted
in extreme voltage spikes, in some cases exceeding 2000 kV, and highly ab-
normal reactive power absorption, reaching values above 100,000 MVAR.
These outputs are far beyond the physical operating thresholds of a 220 kV
system and a 300 - 400 MVA synchronous machine and therefore do not
represent feasible system behaviour. The results highlight the importance of
implementing control boundaries and realistic switching strategies when as-
sessing synchronous generator performance under high-IBR conditions.
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5.1 Limitations of the simulation model

Several limitations were identified during the modelling phase of the thesis,
which affected the simulation model and significantly impacted the results.
Since the Wirtsila plant model’s control system did not support parallel ma-
chine function, the Wartsila plant’s size had to be reduced compared to the
overall power system. This limitation was identified midway through the sim-
ulation process, at which point it was not feasible to redesign the entire model
or scale the system accordingly. As a result, the simulations were carried out
at the best possible plant scale, which may have underrepresented the poten-
tial influence of synchronous support from Wartsild plants under realistic
multi-unit configurations.

It was further observed that the simulation model did not include critical
control constraints such as field current limiters, overexcitation limiters, or
stator current protection. This allowed the AVR to command unrealistic lev-
els of reactive power under high voltage transients. Therefore, the simulated
values exceeded technical and thermal limits that would normally trigger
protective actions or restrict generator response in an actual system.

5.2 Further Research

To improve the overall simulations accuracy and to better evaluate the im-
pact of Wartsila plants, further work should be carried out by addressing the
limitations in the simulation model mentioned in Section 5.1. To address the
mismatch in the scale between the power system and Wartsila plants, two
approached can be suggested: Further developments of the Wartsila
20V31SG gas turbine generator model enabling a single simulation block to
support parallel machine integration or downscaling the entire model to
match the existing integrated capacity of Wartsila plant models. Enabling
protection schemes would further enhance the accurate representation of
real-world scenarios.

In addition, incorporating other forms of grid supporting technologies to sys-
tem, especially at high IBR levels would be essential to establish adequate
reactive power supply during critical disturbance situations. Devices such as
STATCOMs, SVCs, and battery energy storage systems can provide fast dy-
namic reactive power and inertia, working along with Wartsila plants to sup-
port local voltage regulation in low inertia systems. Integrating such devices
in the model would offer a more comprehensive view of system wide voltage
stability and allow for a realistic evaluation in high IBR grid environments.
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6 Annexures

Annexure 1: Generation Mix in constructed power systems with different IBR

shares
g ég § } Number of parallel units
g 35 é;ag IBR 30% IBR 50% IBR 75%
S |EE & [u]ls[rfoluls[e2p[aoluls T r]o
G1 46 | 0,8 | 20 | 931 | 745 | 559 | 12 | 559 | 447 | 335 | 2 | 93,1 | 74,5 | 55,9
G2 46 | 0,8 | 20 | 931 | 745 | 559 | 12 | 559 | 447 | 335 | 12 | 559 | 447 | 335
G3 46 | 0,8 | 20 | 931 | 745 | 559 | 14 | 652 [ 521 | 391 | 14 [ 652 | 521 | 391
G4 46 | 0,8 | 18 | 838 | 670 | 503 | 12 | 559 | 447 | 335 | 12 | 559 | 447 | 335
G5 46 | 0,8 | 18 | 838 | 670 | 503 | 12 | 559 | 447 | 335 | 10 [ 466 | 372 | 279
G6 46 0,8 18 838 | 670 | 503 12 559 | 447 | 335 | 10 466 372 | 279
G7 46 0,8 18 838 | 670 | 503 12 559 | 447 | 335 7 326 261 | 196
G8 46 0,8 18 838 | 670 | 503 12 559 | 447 | 335 4 186 149 112
G9 46 0,8 18 838 | 670 | 503 12 559 | 447 | 335 4 186 149 112
G1o | 46 | 08 | 15 | 698 [ 559 | 419 | 12 | 559 | 447 [ 335 | 4 [ 186 | 149 | 112
Gi1 | 46 | 08 | 15 [ 698 | 559 | 419 | 12 [ 559 [ 447 | 335 | 4 | 186 | 149 [ 12
Gi12 [ 46 | 08 | 15 | 698 | 559 | 419 | 12 | 559 | 447 [ 335 | 4 [ 186 | 149 | 112
G13 46 0,8 15 698 | 559 | 419 14 652 | 521 | 301 4 186 149 112
W1 14,7 | 0,8 10 147 118 | 88,2 | 10 147 118 [ 88,2 | 10 147 118 | 88,2 | 10 147 118 | 88,2
W2 14,7 | 0,8 10 147 118 | 88,2 | 10 147 118 [ 88,2 | 10 147 118 | 88,2 | 10 147 118 | 88,2
W3 14,7 | 0,8 147 118 147 118 10 147 118 | 88,2
W4 14,7 | 0,8 10 147 118 | 88,2
WTG1 2 0,95 832 | 1664 | 1581 | 520
WTG2 | 2 0,95 832 | 1664 | 1581 | 520
WIG3 | 2 | 0,95 693 | 1386 | 1317 | 433
WTG4 2 0,95 570 | 1140 | 1083 | 356
PV1 110 | 0,95 19 | 2090 | 1986 | 653
PV 2 110 | 0,95 19 | 2090 | 1986 | 653
PV3 | 110 | 0,95 17 | 1870 | 1777 | 584
PV4 110 | 0,95 15 | 1650 | 1568 | 515
PVs5 110 | 0,95 15 | 1650 | 1568 | 515
U - Number of units
S - Apparent Power
P - Active Power
Q - Reactive Power
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Annexure 2: Figures illustrating the constructed power systems from IBR
50% t0 96%

Simulation model arrangement in 50% and 75% IBR scenarios.

Simulation model arrangement in 96% IBR scenarios.
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Annexure 3: List of simulations performed at busbar 3 across all the con-
structed power system models.

Total Wartsila Analvzed
Case | IBR | Genset oper- Disturbance type ] Y: Analyzed Parameters
; ocation
share | ation mode
e  Voltage Profile of the
Busbar (kV)
1.Three-phase to earth e  Reactive power injec-
Synchronous . .
fault tion from Wartsila
Generator . Busbar 3
Mode 2.Load sw1tch1.ng . plants
3.PV Plant Switching e Reactive power injec-
tion from individual
Wiartsila Plants
e  Voltage Profile of the
Busbar (kV)
1.Three-phase to earth e Reactive power injec-
Capacity fault tion from Wirtsila
o,
! 30% Curtailment | 2.Load switching Busbar 3 plants
3.PV Plant Switching e Reactive power injec-
tion from individual
Wartsila Plants
e Voltage Profile of the
Busbar (kV)
1.Three-phase to earth e Reactive power injec-
Synchronous . . o
fault tion from Wirtsila
Condenser o . Busbar 3
Mode 2.Load sw1tch1_ng _ plants
3.PV Plant Switching e  Reactive power injec-
tion from individual
Wiartsila Plants
e  Voltage Profile of the
Busbar (kV)
1.Three-phase to earth e Reactive power injec-
Synchronous . . o
fault tion from Wirtsila
Generator o . Busbar 3
Mode 2.Load sw1tch1.ng . plants
3.PV Plant Switching e  Reactive power injec-
tion from individual
Wirtsila Plants
e  Voltage Profile of the
Busbar (kV)
1.Three-phase to earth e Reactive power injec-
Capacity fault tion from Wartsila
0,
2 50 % Curtailment | 2.Load switching Busbar 3 plants
3.PV Plant Switching e Reactive power injec-
tion from individual
Wirtsila Plants
e Voltage Profile of the
Busbar (kV)
1.Three-phase to earth e Reactive power injec-
Synchronous . el
fault tion from Wartsila
Condenser oo Busbar 3
Mode 2.Load sw1tch1'ng . plants
3.PV Plant Switching e Reactive power injec-
tion from individual
Wiartsila Plants
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1.Three-phase to earth

Voltage Profile of the
Busbar (kV)

Reactive power injec-

Synchronous fault tion from Wirtsila
Generator itchi Busbar 3
Mode 2.Load switc ing plants
3.PV Plant Switching Reactive power injec-
tion from individual
Wairtsild Plants
Voltage Profile of the
Busbar (kV)
1.Three-phase to earth Reactive power injec-
Capacity fault tion from Wartsila
o . I Busbar 3
75 % | Curtailment | 2.Load switching plants
3.PV Plant Switching Reactive power injec-
tion from individual
Wiartsila Plants
Voltage Profile of the
B K
1.Three-phase to earth usba'r (kv) ..
Synchronous Reactive power injec-
fault . v
Condenser o1 tion from Wirtsila
2.Load switching Busbar 3
Mode Lo plants
3.PV Plant Switching . ..
Reactive power injec-
tion from individual
Wiartsila Plants
Voltage Profile of the
Busbar (kV)
1.Three-phase to earth Reactive power injec-
Synchronous . o
fault tion from Wirtsila
Generator o . Busbar 3
Mode 2.Load sw1tch1_ng . plants
3.PV Plant Switching Reactive power injec-
tion from individual
Wiartsila Plants
Voltage Profile of the
Busbar (kV)
1.Three-phase to earth Reactive power injec-
Capacity fault tion from Wirtsila
(o)
96 % Curtailment | 2.Load switching Busbar 3 plants
3.PV Plant Switching Reactive power injec-
tion from individual
Wirtsila Plants
Voltage Profile of the
Busbar (kV)
1.Three-phase to earth Reactive power injec-
Synchronous . e
fault tion from Wartsila
Condenser oo Busbar 3
Mode 2.Load switching plants

3.PV Plant Switching

Reactive power injec-
tion from individual
Wairtsila Plants
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