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Abstract

The global shift from fossil fuel-based generation to renewable energy sources is
transforming the operation and stability of electrical grids. Offshore wind power
plants are central to this transition, but their integration through long high volt-
age alternating current transmission systems presents significant stability chal-
lenges. As conventional synchronous machines are phased out, new approaches
are required to provide essential services such as inertia, frequency regulation,
and reactive power support.

This thesis develops and evaluates a control and compensation framework
to address these challenges. Several transmission system topologies were stud-
ied, combining different shunt reactor placements with either grid-forming or
grid-following converter control. Steady-state, small-signal, and electromagnetic
transient analyses show that the best-performing configuration is the one using
grid-forming control with shunt reactors placed at both ends and at a mid-point
of the transmission cable. This arrangement achieves the highest stability, par-
ticularly for long cable lengths and weak grids, increases the maximum stable
transmission distance, and remains robust under variations in short-circuit ratio,
avoiding the instability observed with grid-following control in similar conditions.

The research also examines the ability of alternating current-connected off-
shore wind power plants to provide power system restoration. Results show that
a balanced mix of grid-forming and grid-following control can meet all technical

requirements for restoration. For top-up restoration scenarios, 40% to 60% grid-
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Chapter 0. Abstract

forming penetration delivers the highest stability, while for anchor restoration
scenarios, 20% to 40% is optimal. The addition of an external frequency super-
visory controller reduces frequency dips during restoration and enables recovery
without synchronous generation, allowing reliable self-start of the plant.
Through comprehensive simulations and analysis, this work demonstrates that
offshore wind power plants equipped with the proposed control and compensa-
tion framework can provide both enhanced steady-state stability and dependable
power system restoration capability, offering a practical pathway for replacing

conventional synchronous plants in future low-carbon grids.
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Chapter 1

Introduction

In recent years, the global energy landscape has undergone a profound transforma-
tion, driven by the dual imperatives of combating climate change and addressing
the depletion of fossil fuel reserves. As the effects of climate change become in-
creasingly evident, manifesting in more frequent and severe weather events, rising
sea levels, and shifting ecosystems [1,2], the urgency to reduce greenhouse gas
emissions has never been greater. This urgency has catalyzed a worldwide shift
towards renewable energy sources (RES), which are not only environmentally
sustainable but also becoming more economically viable [3].

Central to these efforts is the Paris Agreement [4], an international treaty
adopted in 2015. It has set the goal of limiting global temperature rise to well
below 2°C above pre-industrial levels, with aspirations to cap it at 1.5°C. A signif-
icant increase in the share of RES in the global energy mix is required to achieve
this target. Consequently, several countries worldwide are implementing policies
and initiatives to accelerate the adoption of renewable energy technologies [5,6].

The global capacity of RES has been growing steadily over the years, with
RES now accounting for 20.52% of primary energy consumption in the United
Kingdom (UK) and 17.93% across Europe (EU) [7]. In 2010, these figures stood
at just 3.67% for the UK and 10.06% for the EU, highlighting the significant
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growth over time [§].

Offshore wind power plants (OWPPs) play an increasingly important role in
this transition [9,10]. OWPPs are recognised as one of the most secure, clean, and
reliable forms of renewable energy [11]. As of 2023, global offshore wind capacity
reached 72.7 GW [12]. China leads the market with 31.5 GW in operation and 6.3
GW under construction, followed by the UK, which has 14.7 GW in operation and
approximately 4 GW under construction [13]. The UK is projected to surpass 40
GW by 2030 [14]. The Global Wind Energy Council (GWEC) Market Intelligence
forecasts that over 380 GW of new offshore wind capacity will be added between
2023 and 2032, bringing total capacity to 447 GW by the end of the decade [15].

While the global increase in the adoption of RES marks a significant achieve-
ment in the fight against climate change, it also introduces new challenges to the
stability and reliability of the power grid. One of the most pressing concerns is the
weakening of the grid network, primarily due to the decommissioning of conven-
tional fossil fuel-based power plants in favour of RES [16,17]. Traditional power
plants, particularly those using synchronous generators, have played a crucial role
in maintaining grid stability due to their inherent physical characteristics.

Synchronous generators, which are typically found in fossil fuel power plants,
possess a substantial amount of rotational inertia because of their large, heavy
spinning masses. This inertia acts as a buffer against sudden changes in power
demand or supply, helping to maintain a stable frequency within the electrical
grid. However, as these conventional generators are increasingly being replaced
by RES, such as wind and solar power, which do not rely on heavy rotating
machinery, the overall system inertia decreases. This reduction in inertia can
lead to a more fragile electrical system, making it more susceptible to frequency
fluctuations and, consequently, less resilient to disturbances [18,19].

In addition to this complex inertia challenge, the integration of RES introduces

other complexities related to the inherent characteristics of these energy sources.
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Unlike traditional power plants, RES are variable, unpredictable, and intermittent
by nature. Wind and solar power generation depend on weather conditions, which
can change rapidly and are often difficult to predict accurately. This variability
can lead to significant fluctuations in power output, complicating the task of
balancing supply and demand in real time. Furthermore, the intermittency of
RES, where power generation can start and stop unexpectedly, poses additional
challenges for grid operators who must ensure a continuous and reliable power
supply.

These factors combined, reduced inertia, variability, unpredictability, and in-
termittency, contribute to an increased vulnerability of the electrical grid, present-
ing new challenges for maintaining grid reliability. Addressing these challenges
requires a thorough understanding of grid dynamics and the development of ad-
vanced control strategies to ensure that the increasing penetration of RES does
not compromise the reliability of the power system.

In addition to the challenges previously mentioned, there are further com-
plexities specific to OWPPs. As OWPPs are being commissioned further from
shore to harness stronger wind resources and deploy larger turbines, new technical
hurdles emerge. One significant area of focus is the transmission of power from
OWPPs commissioned far from shore, using long HVAC export cables. Another
area of focus is the role of OWPPs in power system restoration (PSR), a service
traditionally provided by synchronous generators.

To fully exploit the potential of OWPPs; it is necessary to address these gaps
in academic research, particularly in making OWPPs more resilient and reliable
within the grid system. This includes treating OWPPs similarly to synchronous
machines, allowing them to provide inertia and support grid stability effectively.

Additionally, as offshore projects aim to export increasing amounts of power,
providing increased technology readiness and competitiveness is crucial. To achieve

this, OWPPs must be elevated to the same level as conventional power stations in
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terms of reliability and cost-effectiveness, ensuring their viability as a cornerstone

of future energy systems.

1.1 Objectives and Summary Of Work

This thesis focuses on two of these key challenges. The first challenge relates to
the stability of a power system connected to an OWPP via a long HVAC export
cable. This design introduces several complexities, primarily due to the length
of the cable. Long HVAC cables generate significant amounts of capacitive reac-
tive power, which must be managed using additional equipment, such as shunt
reactors and converter control strategies. This thesis investigates various sys-
tem configurations and compares two converter control strategies: grid-following
(GFL) and grid-forming (GFM).

The second challenge examines the ability of OWPPs to provide PSR. The
study analyses whether OWPPs can meet the technical requirements for PSR and
whether the system remains stable during block loading, especially for different
levels of GFM penetration.

The objectives of this thesis are as follows:

e Analyse the impact of HVAC cables and shunt reactors on the stable and

reliable transmission of power from an OWPP

e Evaluate the impact of converter control strategies (GFM and GFL) on
system stability and identify which provides enhanced stability

o Determine whether GFM controllers allow for an increase in HVAC cable

length while maintaining stable operation
e Study the technical requirements for PSR from an OWPP

e Assess whether an OWPP can provide PSR while meeting technical require-

ments
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e Investigate the optimal GFM penetration level for enhanced stability during
PSR

1.2 Thesis Outline

This thesis comprises seven additional chapters. Chapter 2 provides an overview
of technologies and challenges in renewable energy systems. It discusses the
grid-following and grid-forming converter controllers, including an introduction
to various grid-forming control strategies, their operating principles, and associ-
ated challenges. The concept of self-starting wind turbines is also introduced,
highlighting their capability to initiate operation and inject power into the elec-
trical grid without relying on an external power supply. Furthermore, the chapter
outlines the broader challenges associated with renewable energy integration, fo-
cusing specifically on the key topics addressed in this thesis: the operation and
stability of offshore wind power plants, the transmission challenges associated
with these systems, and the role of offshore wind power plants in power system
restoration.

In Chapter 3, the designed test systems connecting the OWPP to the onshore
grid or loads are introduced. The components used in the studies are presented,
including the OWPP aggregated model, the transmission system comprising the
HVAC cable and shunt reactors, the offshore transformer for PSR purposes, the
grid model (Thevenin equivalent), and the resistive-inductive (RL) loads. Ad-
ditionally, a steady-state analysis is conducted to evaluate the capabilities and
limitations of the OWPP in delivering active and reactive power to the grid. A
second steady-state study focuses on the voltage profile along the HVAC export
cable and the impact of the shunt reactors in maintaining the power factor and
voltage within acceptable limits of operation. This chapter also introduces the

linearised state-space matrices used for small-signal analysis.
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Chapter 4 introduces the converter controllers used in the studies, covering
both GFM and GFL approaches. The GFL controller is based on the standard
vector current controller, while the GFM controller is an adaptation of the vir-
tual synchronous machine. The chapter provides a detailed explanation of the
dynamic equations governing both controllers.

Additionally, this chapter outlines the linearisation approach employed for
the small signal stability studies and explains the methods used to assess sta-
bility, with a particular focus on disk margins. This discussion establishes the
foundation for the analysis presented in Chapter 5.

In Chapter 5 it is presented a study which aims to evaluate the ability of
the GFM and GFL controllers to maintain stability with longer HVAC cables
and various system configurations. Initially, a shorter cable with a standard
compensation approach was analysed. Then, the study was extended to include
multiple cable lengths and different system configurations. Additionally, besides
assessing the performance of both controllers across a range of cable lengths and
system arrangements, the controllers are further compared for scenarios with
lower short-circuit ratios (SCR) and X/R ratios as to test the capabilities of both
units in weaker grids.

Chapter 6 explores the topic of PSR from OWPPs. It presents a series of
scenarios based on the location of the auxiliary power supply for cranking the
OWPP, as well as the necessity of GFM wind turbines. GFM wind turbines
are required only in the case of self-start wind turbines; otherwise, standard
GFL wind turbines may be sufficient. A steady-state analysis is performed to
demonstrate that the OWPP can create a range of active and reactive power (P,
Q) operating points, capable of meeting the requirements of a network provider.
Furthermore, an availability study is performed in order to analyse the capabilities
of the OWPP to provide active power taking into consideration wind availability

of specific offshore wind farm sites.
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Chapter 7 presents an electromagnetic transient (EMT) and small-signal model
(SSM) stability analysis comparing the performance of the OWPP during PSR
for varying levels of GFM converter penetration. The EMT analysis assesses
whether several key requirements—such as voltage and frequency control, block
loading, and reactive power at zero crossing—are met for each level of GFM pene-
tration. Challenges related to the energization of the onshore transformer, HVAC
cables, and shunt reactors are also addressed. The small-signal stability analysis
investigates whether a certain percentage of GFM converters enhances stability
for different operating points, varying by active and reactive power at the load.

Finally, Chapter 8 presents the conclusions of this work and outlines future
research directions. Appendices are included to provide explanations of reference
frames, the parameters used throughout the studies, and the state-space matrices

for the small-signal model analysis.

1.3 Scientific Contributions

The following contributions are presented in this thesis:

e Comparative evaluation of grid-forming and grid-following converter con-
trol strategies for offshore wind power plants connected through long high

voltage alternating current cables.

e Investigation of the influence of shunt reactor placement on system stability

for extended submarine cable transmission.

e Analysis of control strategy performance under varying transmission dis-

tances, grid strengths, short-circuit ratios, and X/R ratios.

e Development of a control and compensation framework combining optimal

shunt reactor placement with advanced converter control.
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e Assessment of offshore wind power plants’ capability to provide power sys-

tem restoration using different control strategy mixes.

e Identification of optimal grid-forming penetration ranges for distinct restora-

tion scenarios.

e Design of an external frequency supervisory controller to enhance frequency

stability during restoration events.
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Chapter 2

Technologies and Challenges in

Renewable Energy Systems

This chapter provides an in-depth review of the primary topics relevant to this re-
search. It begins with the broader issues associated with the growing penetration
of RES into the electrical grid, identifying and analysing six principal challenges
associated with this shift:

e System strength and stability concerns

Inertia and frequency control

Fault ride-through response

Adverse system interactions and protection systems

OWPP and transmission challenges
e PSR from OWPP

For the first four challenges, a concise overview is provided to give context to
the issues faced by modern power systems as RES integration increases. However,
the final two challenges—Offshore Wind Power Plants and Transmission chal-

lenges, and Power System Restoration from Offshore Wind Power Plants—are
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particularly important to this thesis. Dedicated sections examine these topics
in greater depth, thoroughly discussing their impact on power system stability,
control, and restoration.

Then, an examination of power converter controllers used in RES, specifically
distinguishing between GFL and GFM configurations, is introduced. Tradition-
ally, GFL controllers have been the standard choice in RES applications. How-
ever, as the electrical power system transitions towards a more inverter-dominated
landscape, GFM controllers are increasingly regarded as a viable solution to ad-
dress emerging stability and operational challenges.

Subsequently, a section is devoted to introducing the concept of self-starting
wind turbines, a topic that will be examined further in the context of power
system restoration studies. These turbines have the unique capability to initi-
ate operation without reliance on external power sources, positioning them as a

promising solution for enabling power system restoration from OWPPs.

2.1 Renewable Energy Penetration Challenges

The global shift towards renewable energy, particularly the widespread integra-
tion of inverter-based power sources (IBPS) such as onshore and offshore wind,
as well as solar photovoltaic (PV) systems, introduces significant technical chal-
lenges to maintaining the stability and reliability of the electrical grid. As the
penetration of renewable energy increases, power systems are subjected to in-
creasingly complex dynamic behaviours, reduced system strength, diminishing
inertia, and difficulties in frequency regulation. Addressing these issues requires
the development of innovative strategies and technologies to ensure the grid re-
mains both secure and resilient. This section outlines some of the key challenges
from the perspective of system operators, challenges that are expected to intensify

as IBPS penetration levels continue to rise [20,21].
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Power system restoration and challenges from OWPP transmission systems

are addressed separately, as they are the main topics of this research.

2.1.1 System Strength and Stability Concerns

A primary issue arising from the increasing penetration of IBPS is the dete-
rioration of system strength, particularly in power systems where synchronous
generators (SGs) are progressively displaced.

According to [22], system strength can be defined in terms of impedance,
which includes contributions from generators, transformers, transmission lines,
and loads, or through the mechanical rotating inertia. High impedance corre-
sponds to weaker system strength, leading to undesirable effects such as voltage
variations. The mechanical rotating inertia, on the other hand, determines the
ability of a system to maintain frequency stability in the short term and also
influences its capacity to stabilise variations in voltage angle [23].

Traditionally, system strength is quantified by the short-circuit ratio (SCR)
at various nodes within the grid [24]. High SCR values typically denote a more
robust system, yet as IBPS replace SGs, system strength diminishes due to a
reduction in available fault current [25].

In regions with high IBPS penetration, such as Ireland, Great Britain, and
South Australia, system operators (SOs) have had to install synchronous con-
densers (SCs) to offset this loss in strength. However, while this approach pro-
vides some mitigation, it introduces new operational constraints and increased
costs [26].

Presently, GFL IBPS are designed to function stably down to a minimum sys-
tem strength. However, when system strength falls below this threshold—whether
due to disconnections of key network components or reduced SG capacity—GFL
inverters may lose stability, triggering their automatic disconnection or forcing a

significant power runback. In contrast, GFM IBPS can act as voltage sources,
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inherently contributing to system strength even in low SCR environments. This
makes GFM technology appealing for grids with a high proportion of IBPS, where
the ability to maintain voltage and frequency stability is vital to overall system

reliability [26,27].

2.1.2 Inertia and Frequency Control

In a power grid, inertia is provided by synchronised generators, which rotate in
unison at the same frequency. During normal operation, the system frequency
remains stable, as demand is balanced with generation. However, if a fault occurs
or generation is lost, an imbalance is created. In such cases, the stored energy
in large rotating synchronous generators is released to compensate for the loss,
providing the system with a few crucial seconds for the mechanical system to
respond to the imbalance. Inertia, traditionally supplied by synchronous gen-
erators, plays a vital role in damping the rate of change of frequency (RoCoF)
following significant disturbances [28].

However, as renewable energy penetration increases, the synchronous inertia
stored in the grid diminishes, creating challenges in maintaining frequency stabil-
ity [29]. This is particularly concerning in isolated systems or grids with limited
interconnections, such as those in Great Britain, Ireland, and Tasmania, where
a minimum level of synchronous inertia is critical to prevent cascading failures
after significant generation or load disconnections [26].

In low-inertia systems, fast frequency response (FFR) from GFL IBPS can
only partially substitute the missing inertia, and even then, precise coordination
with remaining SGs is required to maintain stability. The rapid dynamic response
of IBPS, while advantageous in some circumstances, can destabilise the system
if not correctly managed. Studies conducted by National Grid and EirGrid have
demonstrated that as IBPS penetration exceeds 65%, the system becomes in-

creasingly sensitive to frequency deviations, and traditional primary frequency
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response mechanisms fail to provide adequate control [30].

To address this, GFM power converters have been proposed as a source of
synthetic inertia [31-33]. Using advanced control strategies, these converters can
mimic the inertial response of traditional SGs, helping to slow the rate of fre-
quency change and stabilise the grid. Despite the promise of GFM technology,
it is still in its early stages, and its widespread deployment faces both techni-
cal and economic challenges, particularly in the context of large-scale renewable
integration [27].

An example of synthetic (or virtual) inertia is illustrated in Figure 2.1, case
studied for a full back-to-back (full-scale converter) Type 4 wind turbine genera-
tor. In the study conducted in [34], a multi-rotor wind turbine demonstrated the
capability to provide inertia emulation. In this particular scenario, the system
experiences a frequency drop from 50 Hz to 49 Hz. At this point, the kinetic
energy stored in the rotating mass of the wind turbine is used to emulate inertia
through the implemented controller. Specifically, as the frequency decreases, the
current reference is adjusted to increase power injection into the grid. This, in
turn, causes the rotational speed of the wind turbine to decrease as energy is
extracted from its stored inertia.

Subsequently, at ¢ = 10 s, the turbine returns to normal operation, which
is followed by a temporary power reduction due to the inertia of the wind tur-
bine and its associated rotational speed dynamics. This response is governed
by an inertia emulation controller, which continuously compares the system fre-
quency with its natural reference. Based on the detected frequency deviation, the
controller adjusts the active current injected into the converter, thereby helping

restore the system frequency to its nominal value.
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Figure 2.1: Synthetic inertia emulation after frequency drop

2.1.3 Fault Ride-Through Response

In IBPS, particularly for offshore wind power plants, maintaining connection to
the grid during voltage disturbances is essential. These systems must provide
active and reactive current injections to support system recovery [35]. While
fast active power recovery is less critical in well-connected grids, it becomes vital
in islanded or weakly interconnected networks. However, GFL IBPSs may face
limitations in simultaneously delivering high levels of active and reactive current,
especially without significant overcurrent capacity [20,36]. Additionally, in weak
grid conditions, GFL systems may need to slow down their current injection
to maintain stability, although modern GFL control strategies help address this
challenge. In contrast, GFM IBPSs are more resilient, providing stable responses
regardless of grid strength, and can inject current quickly without risking system
instability [26,27].

Another concern is the impact of sudden changes in the voltage phase an-
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gle, which can disrupt the control systems of GFL IBPSs [37]. The severity of
these disruptions depends not only on the depth of voltage dip but also on the
suddenness of the phase shift. Therefore, it is important to consider a variety of
fault scenarios rather than just focusing on severe, close-in faults. GFM IBPSs,
however, are better suited to handle such disturbances, as they can prevent rapid
angular changes and improve overall system stability during significant distur-

bances.

2.1.4 Adverse System Interactions and Protection Sys-

tems

The large-scale integration of IBPS also introduces risks of adverse system inter-
actions, including phenomena such as subsynchronous resonance and torsional in-
teractions, which were historically confined to systems dominated by synchronous
machines [20,38,39]. These interactions have become more difficult to predict and
manage with the introduction of numerous IBPS, particularly in weak grids where
oscillatory instabilities can occur across a broad frequency range [30].
Protection systems designed for grids dominated by SGs face challenges as
IBPS penetration increases. Fault current availability is diminished in IBPS-
dominated grids, as are the sequence components required by traditional protec-
tion schemes [40,41]. Consequently, protection systems may fail to accurately
detect and isolate faults, especially in cases where IBPS do not provide suffi-
cient negative-sequence current. In response, jurisdictions such as Germany have
updated grid codes to require negative-sequence current injection from IBPS to

address these concerns [30].
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2.2 Offshore Wind Power Plants and Transmis-
sion Challenges

OWPPs, increasingly located further from shore, hold the potential to provide
services to SOs. Through advanced GFM or GFL converter controls, OWPPs
can contribute significantly to critical grid functions, including inertia, frequency
regulation, grid stability during disturbances, and PSR. However, one of the main
challenge lies in maintaining the stability of the power system when OWPPs are
connected via long HVAC transmission cables.

While HVAC technology is typically preferred over HVDC due to its lower
cost and technological maturity, long HVAC cables introduce operational chal-
lenges that must be managed to ensure stable system operation. Over longer
distances, HVAC cables suffer from increased power losses caused by capacitive
effects, which lead to reactive power imbalances and variations in voltage levels
along the transmission line. To mitigate these reactive power issues, shunt re-
actors are often employed to provide compensation, ensuring that voltage levels
remain within acceptable limits [42-44]. Without such compensation, voltage
instability could jeopardise both the performance of the offshore wind farm and
the stability of the onshore grid. Although HVDC cables offer advantages such
as lower losses and the elimination of the need for reactive power compensation,
HVAC remains the preferred option for many OWPP projects due to its economic

benefits and the simplicity of the technology [45].

2.2.1 Cost Comparison and Maturity

Cost is a primary consideration when comparing HVAC and HVDC transmis-
sion systems. Research demonstrates that HVDC becomes more economical over
very long distances, typically beyond 600-800 km for overhead lines and approx-

imately 50 km for submarine cables, due to its lower transmission losses. How-
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ever, the high initial cost of HVDC converter stations makes it less attractive for
shorter distances [45,46]. HVAC, on the other hand, remains cost-effective for
distances typically encountered in offshore wind projects, as the lower upfront
infrastructure costs outweigh the potential savings from reduced line losses in
HVDC systems [45,47]. For many offshore wind farms located within 50-100 km
from shore, HVAC remains the most economically viable solution due to its lower

capital costs and the well-established nature of the technology [45,46].

2.2.2 System stability and Reactive Power Compensation

One of the most significant technical challenges associated with HVAC trans-
mission systems is the capacitive charging current generated over long distances,
which can result in small-signal voltage instability and reduction of power factor.
This is particularly problematic in OWPPs located far from shore, where the
longer transmission distances exacerbate reactive power imbalances [45,47]. To
address this issue, shunt reactors are employed to absorb excess reactive power,
maintain small-signal stability and keep the voltage level along the transmission
line within acceptable pre-determined transmission system operator voltage lev-
els. The placement of these reactors, both at the shore and mid-cable, is crucial
for ensuring the reliable operation of HVAC transmission systems [44,48]. Effec-
tive reactive power compensation not only ensures stable voltage levels but also
mitigates harmonic distortions and resonance, which can lead to system instabil-

ity [49].

2.2.3 The Role of GFM Controllers in HVAC Transmis-
sion

GFM controllers may play a critical role in managing the stability challenges

posed by long HVAC cables. In contrast to GFL converters, which as previously
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mentioned, rely on PLLs or FLLs to synchronise with the grid and require a strong
grid connection, GFM converters actively regulate both voltage and frequency.
This makes them well-suited for OWPPs connected via long HVAC cables, where
grid strength is reduced, and SCR are lower [20,22,50]. GFM controllers may
provide virtual inertia and enhance grid stability by mitigating voltage dips and
phase angle variations that occur as a result of reactive power generation from
long transmission lines [46,47].

The ability of GFM controllers to stabilise voltage and regulate frequency
across long HVAC cables significantly reduces the risk of system instability. By
providing GFM capabilities, these controllers ensure continuous power delivery
even in weaker grids, making them essential for the reliable operation of OWPPs.
Furthermore, GFM technology helps mitigate large disturbances, such as faults
or the loss of generation, by actively controlling the power flow and supporting

the grid during recovery [49,50].

2.2.4 Competitiveness of HVAC with GFM and Reactive

Power Compensation

When combined with advanced GFM controllers and effective reactive power
compensation techniques, HVAC transmission systems remain competitive with
HVDC, particularly for offshore wind farms within moderate distances. GFM
controllers enable stable voltage and phase angle regulation even under varying
power conditions, reducing the need for disconnections or significant power run-
backs [45,46]. The combination of GFM technology and optimally placed shunt
reactors extends the feasible range for HVAC transmission, allowing it to remain

a viable and cost-effective solution for many offshore wind projects [48].
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2.2.5 Addressing Gaps in Existing Research

This thesis focuses on the challenges associated with using GFM and GFL con-
verters in OWPPs connected via long HVAC cables, particularly under varying
active power operating points. The research explores how these converters per-
form under different wind conditions and in weaker network environments where
SCRs and X/R ratios are lower. These conditions increase the vulnerability of
offshore grids to stability issues, making the choice of converter and system con-
figuration critical to maintaining stable grid operation. Existing research often
overlooks the specific challenges posed by long HVAC cables, reactive power com-
pensation, and weaker grid conditions, leaving gaps in the literature.

By analysing the performance of GFM and GFL converters under these con-
ditions, this thesis aims to provide a detailed analysis into optimal converter
configurations and strategies for maintaining grid stability even in scenarios with
lower SCRs and higher reactive power demands.

With the intention of harnessing steadier and stronger winds, and due to
new technologies and improvements in offshore infrastructures, OWPP are being
commissioned further away from shore. This increase in distance leads to the need
for longer submarine export cables. These may be either High Voltage Alternate
Current (HVAC) or High Voltage Direct Current (HVDC).

HVAC connections are preferred due to their maturity and reliability. How-
ever, as the distance from OWPP to the onshore transmission system increases,
it is suggested that HVDC connections become cost competitive [51], with a
break-even-distance that is considered to be between 80-100 km [46,52,53].

Several considerations are being given to ways in which HVAC technology
can be used for longer, yet reliable and robust export cables [51,54-58]. XLPE
cables have a high inherent capacitance which is dependent on the cable length,
insulation and construction materials. This capacitance causes a leading power

factor, and therefore a leading reactive power. To maintain the power quality and
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the voltage stability of the system, reactive power needs to be balanced, which
is achieved with shunt reactive power compensation devices. With the addition
of lagging reactive power components in the system, the power factor can be
adjusted closer to unity, reducing losses and enhancing transmission efficiency
and stability [59, 60].

Several projects consisting of long HVAC export cables with shunt reactive
compensations have already been commissioned. An inter-connector was installed
between Malta and Sicily with a voltage of 245 kV, an overall cable length of
117.6 km and two asymmetrical shunt reactor compensations in both ends of the
cable [61,62]. East Anglia 1 OWF commissioned a 420 kV - 100 km HVAC export
cable which exports 714 MW [63]. West of Adlergrudnd involves a 90 km long
HVAC export cable with a nominal voltage of 245 kV, exporting 250 MW [64].

Shunt compensation close to the connection point between sea and land cables
were installed in the Horns Rev B OWPP, which exports 210 MW at a nominal
voltage of 150 kV. In [65] it was seen that the shunt compensation commissioned
led to a reduction of the cable loading, a reduction of yearly losses of 23 %.
Further, the voltage was kept between the acceptable limits established by the
Danish transmission system operator (T'SO). The overall cable length was slightly
over 100 km. However, the undersea export cable considered is only 42 km.

It is also analysed in several studies ways that the shunt reactors can be
optimized, as well as its location. A multi-objective optimization function was
utilized in [47] to determine the optimal location and value for shunt reactive
compensations. This was performed taking into account the reduction of power
losses, the minimization of the cost of such compensations and improvement in
the voltage profile. It was seen from the study that the employment of these com-
pensations depends on the voltage level of the overall system and the cable length
- for lower voltages and shorter distances two reactors would suffice; however, for

longer distances, the configuration with three reactors provides lower losses and
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cost.

Following the previous study, Dakic et al. developed a study comparing HVAC
transmission with shunt compensations, varying their location, and VSC-HVDC
technology [48]. It was concluded that the most cost-effective transmission system
is the HVAC topology with three shunt reactors, including one located offshore at
the mid-point of the cable. This solution is reported to be suitable for high OWPP
rated power and transmission distances between 70 km and 150 km. Among all
voltage levels analysed, 220 kV was identified as the most favourable. However,
while this configuration may appear cost-effective in a theoretical analysis, its
practical implementation could be questionable. In particular, installing a mid-
cable shunt reactor would likely require an offshore substation, which introduces
substantial logistical and economic challenges. From a practical engineering per-
spective, such a requirement could significantly affect the overall feasibility of the
solution due to the high costs and complexity associated with offshore substation
infrastructure.

The aim of this study was to analyse the stability of the proposed configuration
by comparing the performance of the OWPP when operating under two different
converter control modes, GFM and GFL, in order to assess whether the choice

of control strategy has a significant impact on system stability.

2.3 Power System Restoration from Offshore Wind
Power Plants

2.3.1 Overview of Power System Restoration from Off-

shore Wind Power Plants

Offshore wind power plants, like other renewable energy sources, are increasingly

recognised as key players in power system restoration, traditionally a role per-
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formed by synchronous generators. PSR, or black start, refers to re-energising the
grid after a full or partial blackout. Historically, this has been the responsibility
of synchronous machines, but as these generators are decommissioned in favour
of renewable sources, OWPPs are poised to take on this role.

OWPPs equipped with grid-forming control strategies have the potential to
autonomously establish grid voltage and frequency. This capability has been
explored in projects such as SIF Blade in the UK, which aims to demonstrate the
feasibility of OWPPs providing black start services. However, several technical
challenges remain, particularly around the ability to supply consistent active and
reactive power during restoration while maintaining grid stability [26,30].

One key challenge is that wind turbines, unlike conventional generators, can-
not self-start without external power. Auxiliary power, essential for starting the
turbines, can be provided by small diesel generator units, battery energy storage
systems, or self-starting turbines, though the latter are not yet commercially vi-
able. Ensuring reliable auxiliary power and managing it effectively during PSR
events is crucial for OWPPs to play a major role in system restoration.

The intermittent nature of wind energy introduces further complexities. Vari-
able wind speeds may limit the steady power output required for grid re-energisation
and block loading. To overcome these issues, reliable auxiliary power and suffi-
cient reactive power capability are essential for OWPPs to contribute to both the
anchor and top-up stages of PSR.

Despite the potential of OWPPs, several technical hurdles need to be ad-
dressed, including the development of self-starting turbines, optimisation of aux-
iliary power systems, and adapting black start standards and requirements to
reflect the capabilities of converter-based technologies. Future research and tech-
nological advancements will be vital to unlocking the full potential of OWPPs in

providing black start and other grid restoration services.
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2.3.2 Challenges and Requirements

The European Network of Transmission System Operators (ENTSO-E) includes
black start and island operation as optional requirements for AC and HVDC-
connected OWPPs. However, specific PSR requirements for OWPPs are not yet
in place [66]. Transmission system operators (TSOs) such as Elia in Belgium and
National Grid ESO (NGESO) in the UK have proposed various requirements for
OWPPs [67-69]. This section outlines the key requirements, which are further
explored in the EMT studies in Chapter 7. Some challenges specific to PSR
from OWPPs are also discussed. For further details on all requirements, consult

references [66-70].

Self-start capability

A black start unit (BSU) must be able to self-start without external power within
a specified time, as required by the TSO. Traditional wind turbines (WTs) cannot
self-start as they are grid-following (GFL) units, which depend on an external
voltage reference. However, GFM units, combined with an auxiliary power supply
(APS) such as a BESS or external APS, can establish a voltage reference, enabling

them to self-start.

Block loading capability

Block loading refers to a BSU’s ability to accept an instantaneous load. This
value is determined by the TSO, with typical ranges between 35 and 50 MW
for systems at 400/275 kV and 123 kV, while lower voltage systems may handle
smaller loads [68]. During block loading, the BSU must maintain voltage and

frequency within acceptable limits.
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Frequency and voltage control

Maintaining frequency and voltage within acceptable limits is critical during block
loading. According to NGESO, the frequency should remain between 47.5 Hz and
52 Hz, and voltage deviations should not exceed +£10% [66]. Elia specifies voltage

limits depending on block loading conditions.

Reactive power capability

NGESO requires wind farms to have a reactive power capability of at least 50
MVAr, while conventional generators are required to provide 100 MVAr. In Bel-
gium, Elia sets different reactive power requirements for various black start zones,
typically ranging from 30 to 50 MVAr [66,70]. Shunt reactors can assist in man-
aging reactive power needs, particularly to mitigate the capacitive reactive power
generated by long cables under low load conditions. OWPPs must also manage

magnetic inrush and transient voltages during network energisation.

2.3.3 PSR from OWPPs — Process Overview

PSR is a complex process, although it is a low-probability, high-impact event [71].
This section provides an overview of the PSR process and its challenges identified
by academia and industry. The general PSR process is typically divided into three
stages: black start, network reconfiguration, and load restoration [72-74].

The black start (BS) stage involves providing cranking power from a BSU
to non-black start units (NBSU), allowing the energisation of units that cannot
self-start [74]. This phase requires identifying critical system components, the
status of circuit breakers, and the availability of BSUs [75-77]. The TSO then
selects BSUs based on cost, restoration time, and system conditions. In the case
of OWPPs, if multiple units can serve as BSUs and wind forecasts are favourable,

the system can be divided into generating islands that are later synchronised [74,
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78,79].

Network reconfiguration follows once BSUs have supplied cranking power to
NBSUs, increasing generation capacity and energising additional generators and
key substations. This phase must follow an optimised restoration plan to minimise
system collapse risk. This stage also allows the restoration of critical loads. Load
restoration, the final phase, focuses on restoring the rest of the system loads as
quickly as possible [77,80].

Incorporating OWPPs into PSR follows the same basic principles but presents
unique challenges due to their inverter-based technology. OWPPs can facili-
tate PSR by using external auxiliary power sources to crank wind turbines or
through GFM wind turbines that can establish a power island independently of
the grid [81]. Once an initial power island is established, the OWPP can pro-
gressively energise larger sections of the grid through block loading. Throughout
this process, OWPPs must maintain voltage and frequency control to ensure sta-
bility [66,70]. Synchronisation of the OWPP with other energised sections of the
grid is crucial to prevent overloading and ensure seamless integration.

Figure 2.2 displays a possible timeline of PSR using an OWPP, utilising the
traditional system approach mentioned previously of black start, network recon-

figuration and load restoration.

Black start WF operational System returned
to normality
PS Blackout |
v
| WF start up | Network reconfiguration & load restoration
| |
Time

Figure 2.2: Possible power system restoration from OWPP

After a power system blackout, the restoration process begins with the start-
up of the OWPP. Once the wind farm is operational, the network is reconfigured,

and loads are gradually restored, ultimately returning the system to normal op-
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eration. Figure 2.3 highlights the distinction between the roles of top-up and
anchor generation, both of which the OWPP can fulfil.

In the event of a blackout, an OWPP can be utilised to provide either an
anchor or a top-up service, depending on whether the network is already partially
energised. If the network is de-energised, the OWPP may take on the role of re-
energising it, thereby establishing a skeletal network and delivering an anchor
service. Conversely, if a skeletal network is already in place, the OWPP provides

a top-up service by supplementing existing generation.

An OWPP is to provide a

power system restoration
service

Yes

Is the network energized?

OWPP to provide an anchor
service

OWPP to provide a top-up

service

Provide P and Q according to local network Build skeletal network (energize network
components) and then provide P and Q
according to local network

#1 Energize OWPP

The energization may be done from:
#1.1. Self-start wind turbines — GFM wind
turbines required
#1.2. Onshore ESS — works with both GFL
and GFM wind turbines

|

#2 Energize network

The energization may be done from:
#2.1. OWPP with GFM capability
#2.2. Onshore ESS

#3 Provide P and Q

OWPP is ready to provide P and Q and
provide a voltage reference

Figure 2.3: Power system restoration from OWPP-anchor vs. top-up solutions
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2.3.4 Conclusion

OWPPs have the potential to play a significant role in PSR, but several technical
and operational challenges must be addressed. These include developing self-
starting turbines, optimising auxiliary power systems, and adapting black start
standards to better align with renewable energy sources. OWPPs also need to
meet specific reactive power, block loading, and frequency control criteria. With
further research and development, OWPPs could become key contributors to

renewable-based grid restoration services.

2.4 Grid-Following Controllers

2.4.1 Operational Principles of the GFL Controller

This section provides a detailed overview of the operation of a standard GFL
converter control unit. It describes each control loop, including the inner, outer,
and synchronisation loops. However, the equations governing the behaviour of
this controller are presented later in Section 4.2, where the specific GFL controller
utilised throughout this thesis is thoroughly explained.

A GFL converter controller can be represented as a current source in parallel
with a high impedance, Z., as illustrated in Figure 2.4. This approximation is
based on the way the controller operates with respect to the electrical grid. Such
controllers regulate the output current to follow a reference, often synchronis-
ing with the grid voltage and frequency through a dedicated module within the
controller to inject the desired current based on the grid voltage. Consequently,
the controller does not impose a voltage; instead, it responds passively to the
grid voltage, thus behaving like a current source. The output impedance Z, is
intentionally kept high to prevent interference with the voltage waveform. This

high impedance enables the GFL inverter to adapt its current output according
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to fluctuations in the grid voltage without attempting to control or stabilise the

voltage directly, which would otherwise conflict with its grid-following function.

GFL converter

Figure 2.4: GFL converter controller working principle

The GFL controllers comprise three primary submodules: the network inner
loop, the outer loop controller, and the synchronisation loop. Figure 2.5 presents
a schematic diagram of this configuration, showing the network side of an inverter
connected to an LC filter with parameters R, L., and Cy. The current flowing
from the converter to the network, 7., and the voltage at the PCC terminal, Uy,
serve as inputs to the GFL controller. These parameters are modelled in the stan-
dard abc reference frame; however, as the controller operates in the qd0 reference
frame, a Park transformation is applied to convert the current and voltage from
the abc format to qd0, and subsequently back to abc to provide feedback to the
converter. Further details on the Park and inverse Park transforms can be found
in Appendix A.

Each of these modules performs a distinct function. The synchronisation
loop, labelled as PLL in the figure, is responsible for grid synchronisation. In
this case, the phase-locked loop (PLL) extracts the estimated voltage angle and
magnitude at the PCC, aligning the inverter-based resource with the electrical

grid. The outer loop generates reference values for the network inner loop in the
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Figure 2.5: GFL controller with power and voltage outer loops connected to a
one-line power system

qd0 frame, regulating active power on the g-axis and voltage on the d-axis. As
will be discussed in Section 5.5, the d-axis component may alternatively receive
reactive power as an input instead of the voltage signal at the PCC. The network
inner loop is tasked with fast regulation of the output current, providing the
converter with feedback on voltage signals in both the ¢ and d axes. The inverse

Park transformation is then used to feed back the voltage V. to the converter.
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2.4.2 Challenges and Limitations of the Grid-Following

Controller

GFL converter controllers are widely employed in RES due to their ability to
synchronise with the grid voltage. These controllers rely on a phase-locked loop
(PLL) or frequency-locked loop (FLL) to track and follow the grid voltage angle
and frequency, ensuring that the converter remains synchronised with the external
grid [82].

GFL converters provide several services, such as voltage and primary fre-
quency support based on droop, inertia response, and fault ride-through capa-
bilities. However, these controllers lose effectiveness in weak power grids. As
discussed in [83], GFL converters face several issues which can be categorised
into three groups: stability challenges related to voltage and frequency, PLL
and synchronisation difficulties, and limitations in providing grid support ser-
vices such as fault ride-through, transient stability, and frequency response. Re-
cent advancements in research have focused on enhancing GFL controllers to
enable more active participation in essential services such as primary frequency
and inertia response [84]. These enhancements are achieved through the imple-
mentation of external control loops, including PQ control, droop control, and
current-controlled virtual synchronous generators [85].

Frequency and inertia support, for example, are realised through inertia em-
ulation, where power output is determined based on the rate of change of fre-
quency, enabling the controller to deliver a rapid frequency response [86, 87].
However, there is a trade-off between the speed and the overall magnitude of
the response [32]. Other approaches, such as using energy stored from the DC
link capacitors of HVDC systems, have also been proposed to provide inertia,
although these methods are limited by the amount of energy available in the DC
link [88,89].
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Despite their role in maintaining frequency stability, GFL controllers en-
counter challenges related to voltage stability and system strength, particularly
in weak grids [90]. These issues stem from their current-source behaviour and
reliance on PLLs or FLLs for synchronisation [91]. While some studies suggest
that GFL controllers can be tuned to provide fast voltage control, the effective-
ness of this tuning is highly dependent on the overall system configuration [92,93].
In weaker grids, the PLL may fail to synchronise, preventing the realisation of
the potential benefits of rapid voltage control. In stronger grids, improper tun-
ing could lead to instabilities at non-fundamental frequencies, potentially causing

interactions with system capacitance [94].

2.5 Grid-Forming Control

The rapid growth of RES, particularly OWPPs, has introduced new challenges
for integrating these sources into the electrical grid. At the heart of this in-
tegration are power converters which use switches such as IGBTSs, that play a
fundamental role in the operation of wind turbines and other RES. As mentioned
in the previous section, currently, the standard approach for controlling wind
turbines, and thus, their converters, is through GFL controllers, which depend
on the electrical grid to set frequency and voltage reference points. While effec-
tive in modern power systems, as it will be seen in section 2.1, these controllers
face limitations as renewable energy penetration increases, especially in scenarios
where grid strength is compromised or more dynamic interactions are required.

An alternative to the GFL controller is the GFM unit, which aim to address
issues found in GFL units by autonomously regulating voltage and frequency.
However, while GFL controllers are standardised, GFM controllers are not, re-
sulting in the existence of various GFM units.

This section begins by explaining the operational principles of GFM con-
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trollers and examining their inherent limitations. Following this, various types
of GFM converter controllers are introduced. However, the primary focus of this
thesis is on the virtual synchronous machine (VSM), a GEM controller unit that
emulates the behaviour of traditional synchronous generators, offering potential
advantages for enhancing system stability and resilience.

As power systems increasingly shift from conventional synchronous machines
to converter-based renewable energy sources, GFM converters are critical for
maintaining stability. As it was previously stated, unlike GFL converter con-
trollers, which synchronise with existing grid voltage and frequency and regulate
injected current, GFM converters actively establish grid conditions. They func-
tion as voltage sources with a low series impedance, regulating both voltage and
frequency, which makes them particularly suitable for low-inertia power systems.
This section presents an overview of various GFM control methods and their oper-
ational principles. Then, it delves into the virtual synchronous machine controller

that was used throughout the different studies presented in this document.

2.5.1 Operational Principles Of The GFM Controller

As previously mentioned, GFL converters behave as controlled current sources
with high parallel impedance, regulating active and reactive power by adjusting
the injected current into the grid. The fundamental difference between GFL and
GFM control strategies lies in their response to grid disturbances and their per-
formance in terms of small-signal stability under varying grid conditions [95,96].
A GFM converter controller can be represented as a voltage source in series with
a low impedance, Z¢, as shown in Figure 2.6. This representation aligns with the
operational principles of GFM controllers, which actively establish and regulate
the voltage and frequency at their terminals. Unlike GFL controllers, GFM con-
trollers are not dependent on the grid voltage for synchronisation. Instead, they

provide the reference voltage waveform and adapt their current output to meet
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the power demands of the connected load or grid. The low output impedance en-
sures that the controller can effectively control the terminal voltage and respond
to variations in system conditions, such as changes in load or disturbances in the
grid. By doing so, the GFM controller enhances system stability and supports
functionalities such as power system restoration capability and the integration of

renewable energy sources in weak grids.

GFM converter

Figure 2.6: GFM converter controller working principle

Figure 2.7 displays the voltage source behaviour of a GFM converter con-
troller. By controlling the voltage E and angular frequency w, the active and
reactive power, P and Q, respectively, are exported to the electrical grid, by
means of the inductance Xy [97]. Assuming that the PCC has a phase displace-
ment of dg, such that the voltage at the PCC is represented by E/dg, and the
grid voltage is given by V /v, the control design complexity can be reduced by
decoupling the apparent power into its real and imaginary components. This
simplification leads to the fundamental equations governing the GFM converter,

which are as follows:

5, =05 — Oy (2.1)
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Figure 2.7: GFM converter acting as a voltage source

The concept of GFM converter controllers is not officially standardised, and
there is ongoing debate in both academia and industry regarding its precise def-
inition. Consequently, several GFM control structures have been proposed, each
tailored to different operational requirements [98,99]. GFM converters are par-
ticularly advantageous in systems with a high penetration of renewable energy,
where traditional sources of inertia are lacking, providing grid services such as
frequency regulation and voltage support, ensuring system stability even under
weak grid conditions [100,101]. The remainder of this section provides a brief
description of several GFM control structures. These include droop control in
Section 2.5.2, power synchronization control in Section 2.5.3, direct power con-
trol in Section 2.5.4, the virtual synchronous oscillator in 2.5.5, and finally, the
virtual synchronous machine, which is the method used in this thesis, in Section

2.5.6.
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2.5.2 Droop Control

Droop control is the most widely used GFM control strategy. Its principles are
based on the droop characteristics of rotational synchronous generators, and it is
designed to mimic their behaviour by adjusting the system frequency according to
active power deviations and the system voltage based on reactive power deviations
(98,102, 103].

In this method, and assuming an inductive grid [104], where the inductive
component of the transmission line is typically much greater than the resistive
component, an increase in active power output is achieved by decreasing the inter-
nal frequency reference of the GFM unit, following a predefined droop character-
istic. Similarly, an increase in reactive power consumption results in a reduction
in the internal voltage reference. This local response mimics the behaviour of

synchronous machines and is illustrated in Figure 2.8.
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Figure 2.8: Droop characteristics for P/f and Q/V

From the figure, the droop characteristic expressions for the active power/frequency

(P/f) loop and reactive power/voltage (Q/V') loop can be defined as follows:

Af = —k,AP (2.4)
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AV = —k,AQ (2.5)

In these equations, Af represents the frequency variation, defined as f; — fo,
corresponding to an active power deviation of P, — F,. Similarly, AV denotes
the voltage variation V; — Vj for a reactive power change of ()1 — QQg. The slopes
of the characteristic curves shown in the figure represent the gains, denoted as k,
and k,. It is evident that the controller adjusts its injection of active and reactive
power depending on the grid frequency and voltage.

As can be observed, the operation of the droop controller is quite straightfor-
ward. However, while it is simple and robust under steady-state conditions, it is
noted in [105,106] that it may struggle with dynamic responses, particularly dur-
ing large disturbances, as well as with voltage regulation and transient response
times, which may be slower compared to that of more advanced controllers.

Various improvements to droop control have been proposed, such as the inclu-
sion of AC voltage and reactive power control loops with a cascaded inner-outer
loop design [107].

Based on the discussion of droop characteristics in this section, Figure 2.9
presents a possible implementation of a droop controller incorporating the de-
scribed characteristics. The controller consists of three main components: the
droop control, the voltage control loop, and the current control loop, each work-
ing in a cascaded structure to ensure stable operation of the grid-forming inverter.

The droop control block establishes the reference signals for the system fre-
quency and voltage magnitude based on the active and reactive power deviations,
respectively. The frequency reference is derived from the active power deviation
using a proportional droop coefficient, while the voltage reference is adjusted ac-
cording to the reactive power deviation. These references determine the output
voltage and frequency of the inverter, mimicking the behavior of a synchronous

generator.
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Figure 2.9: Droop control diagram with droop loop, voltage outer loop and cur-
rent inner loop

The voltage control loop, shown within the yellow-dashed region, regulates the
inverter’s terminal voltage by generating the reference current components 2%, and
is,- The voltage controller K, (s) processes the voltage deviation and produces
the required current references. Additionally, capacitor current feedforward terms
wC'tV,q and wC'tV,, are incorporated to improve the dynamic response.

The inner current control loop, outlined in red, ensures accurate tracking
of the reference currents i}, and 7;,. The current controllers Kj(s) process the
current errors and generate the appropriate voltage commands V,4 and V,,. In-
ductor voltage feedforward terms wl i,q and —wL.i,, are used to enhance system
stability and response speed.

This cascaded control structure allows the inverter to dynamically adjust its
output in response to grid variations, ensuring proper voltage and frequency reg-

ulation while maintaining power-sharing capability. The combination of droop

control with inner voltage and current loops provides a robust and effective ap-
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proach for GFM inverters in modern power systems.

2.5.3 Power Synchronization Control

The power synchronization control (PSC) loop is inspired by the synchronization
process between two synchronous machines in an AC system, and its primary
objective is to eliminate the need for a phase-locked loop (PLL). Unlike other
controllers, the PSC does not require a vector-current controller, as the current
reference is not predetermined.

The active power output of the PSC is determined directly by the power syn-
chronization loop, making it similar to the previously introduced droop controller.
However, an additional damping coefficient allows the converter to contribute to
inertia support for the electrical grid [106]. Reactive power is regulated by ad-
justing the voltage magnitude using a proportional voltage controller, with the
option to include an outer reactive power controller [103].

According to [108], a current controller is only required during system faults,
where it serves to prevent potential over-currents. In [106] it is further high-
lighted several advancements and characteristics of the PSC controller, including
its robust small-signal performance in weak networks. Additionally, the integra-
tion of virtual impedance with the PSC was also tested, and it was seen that it
reduces circulating currents between parallel converters, thus improving power

quality [109].

2.5.4 Direct Power Control

Direct power control is characterised by its ability to regulate active and reactive
power output directly without the need for traditional current control loops. It is
derived from AC motor direct torque control [106], where the active and reactive

power are managed by tracking the error between the actual power and their
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respective reference values.

A look-up switching table is employed to select between switching signals.
The hysteresis regulator is used, and the output is generated by selecting the
optimal voltage vector. This vector is chosen based on the instantaneous errors
in active and reactive power, along with the phase angle of the converter terminal

voltage [110,111].

2.5.5 Virtual Oscillator Control

The virtual oscillator control (VOC) differs from the other strategies presented,
as it does not rely on phasor representations of the inverter voltages. Instead, this
controller operates in the time domain and emulates the behaviour of a nonlinear
oscillator circuit. It was initially proposed using the Van der Pol oscillator [112],
where the voltage at the terminals of the oscillator and the current are generated
by the circuit [113,114].

This method creates a voltage signal by emulating the dynamics of a nonlinear
oscillator and does not require additional control loops for its operation [115]. Fur-
thermore, the VOC does not rely on voltage or frequency measurements, which,
according to [101], makes it faster for synchronization and power sharing.

However, the original structure of the VOC does not regulate output power,
requiring the integration of additional control loops to achieve this. In [116],
the VOC was compared to the droop controller, and it was observed that both

strategies exhibit similar characteristics.

2.5.6 Virtual Synchronous Machine

Virtual Synchronous Machine (VSM) control represents a significant advancement
over traditional droop control by emulating the inertia and damping characteris-

tics of conventional synchronous machines. VSM controllers implement the swing
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equation, which describes the dynamics of synchronous machine rotors, thereby
providing synthetic inertia to the grid. This capability allows the converter to
respond dynamically to frequency changes in a manner similar to a physical syn-
chronous generator, significantly improving grid frequency stability, particularly
during disturbances or sudden load changes [95]. The provision of both inertia
and damping by VSM control enhances the stability of the power system and
supports grid frequency regulation during grid events [96, 100].

The first VSM algorithm referred to as VISMA, was introduced in [99,117].
This controller captures both the static and dynamic characteristics of a syn-
chronous generator, enabling bidirectional control of active and reactive power.
This makes it particularly suitable for energy storage applications [118]. How-
ever, several challenges have been identified with VISMA, including a lack of
voltage quality during no-load operation in islanded mode and an absence of
reactive power control. Additionally, the synchronous generator behaviour may
not be replicated if the current tracking error of the hysteresis controller be-
comes too large. Instability has also been reported due to the numerical data
involved. VISMA can be computationally intensive, requiring real-time solutions
to the swing equation. Increased control loop delays can also impact transient
performance [118,119].

A new VSM algorithm, known as the synchroconverter, was introduced in
[98,120]. Simplified implementations, such as the synchronverter, have been de-
veloped to reduce the computational burden while retaining the essential grid-
support functions of synchronous machines. The synchronverter offers the same
dynamics as a synchronous generator from a grid perspective. It balances compu-
tational efficiency with the ability to provide inertia and reactive power support,
making it a practical solution for many applications. The synchroconverter is
modelled as a round rotor machine, but certain generator effects, such as dampers,

eddy currents, and iron core losses, are neglected to simplify the model [118].
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Due to its droop controllers, which include frequency and voltage control
loops, the synchroconverter enables the parallel operation of multiple units. It
is also noted that, unlike VISMA, the synchroconverter includes a dedicated
controller for reactive power.

There are other models based on the virtual synchronous machine, such as
the ISE Lab VSM [121] and the synchronous voltage controller [122]. The ISE
Lab VSM is a simplified version of the virtual synchronous machine, considering
only the swing equation that characterises the VSM. It employs a voltage-mode
control where the angle and magnitude of the converter are modulated to regulate
the active and reactive power outputs.

The synchronous voltage controller differs from other virtual synchronous ma-
chine controllers as it synchronises with the grid through the voltage loop rather
than the power loop. This approach uses an outer current loop and an inner
voltage loop, reversing the conventional order of control loops.

In [123], a VSM is introduced, which serves as the model used in this work. It
emulates a synchronous generator by utilising a variation of the swing equation
to form the active power loop and employs an automatic voltage regulator for the
voltage controller. This system is illustrated in Figure 4.2, where a converter is
connected to the power transmission system and grid through an LC filter. Two
key quantities are utilised in the converter: the current flowing from the converter
and the voltage at the point of common coupling (PCC).

The controller consists of two loops, as previously mentioned: the power loop
and the voltage loop. The power loop is based on the following swing equation:

d*0 de

o5+ D2 = APy = P) (2.6)

where P,, represents the mechanical power, P, the electrical power of the
synchronous machine, J the moment of inertia, D the damping factor, and 6 the

output angle. The power loop PI controller, shown in Figure 4.2, is inspired by
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Figure 2.10: GFM controller connected to one-line system

Equation 2.6; the proportional term, k,, accounts for the damping, D, while the
integral term, k;, represents the inertia, J.

The voltage loop, which determines the voltage at the converter terminals, is
modelled after the voltage regulator of a synchronous machine.

The tuning of the power controller was carried out by considering the natural

frequency, apparent power, and inertia of the synchronous machine, as outlined

in [94]:

h:2H&
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ky = — (2.8)

where H represents the inertia constant, S, is the rated apparent power, and
kn, is a constant dependent on the natural frequency and the integral gain given

by
b = — (2.9)

2.5.7 Conclusion

GFM converter controllers are essential for ensuring the stability of future power
systems dominated by renewable energy. Each of the control methods discussed—droop
control, VSM control, PSC, DPC, and VOC—offers distinct advantages depend-
ing on the specific application and grid conditions. While droop control remains
the most widely used method due to its simplicity, more advanced strategies such
as VSM and PSC provide enhanced stability and dynamic performance, particu-
larly in weak grid scenarios. As renewable energy penetration continues to grow,
the development and refinement of these control strategies will be critical for

ensuring the stable operation of power systems in the future.

2.6 Self-Start Wind Turbine Generators

The global transition to renewable energy has brought significant advancements in
wind power technologies, particularly in the development of wind turbines. One
critical challenge in this domain is the ability of wind turbines to autonomously
start under varying wind conditions, especially in remote or low-wind environ-
ments.

Self-starting capabilities are essential for ensuring the efficiency and reliability

of wind turbine operations, reducing the need for external intervention or auxil-
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iary systems. This capability becomes even more critical in the context of power
system restoration, where wind turbines must play a role by energising the grid
without relying on an external power supply.

Despite the growing importance of self-starting capabilities for wind turbines,
especially in the context of OWPPs, there has been relatively limited attention
given to this topic in academic research. Addressing this challenge has predom-
inantly been the focus of patented innovations, which propose mechanisms and
designs to enhance self-starting performance. These include advanced blade pro-
files, aerodynamic enhancements, and integrated starting systems. In contrast,
academic studies on self-starting wind turbines remain sparse, with only a few
experimental investigations, computational simulations, and field tests exploring
their behaviour and performance under various conditions.

The advancements made through these efforts are particularly relevant for
OWPPs, which are increasingly expected to provide grid services traditionally
delivered by synchronous generators, such as frequency regulation and support
during power system restoration. This highlights the need for further academic
exploration and innovation to close existing knowledge gaps and fully realise the
potential of self-starting wind turbines in modern power systems.

This section provides a comprehensive overview of the existing patents and
academic studies dedicated to self-starting wind turbines. Each patent and paper
is described in detail, highlighting its contributions to the field. Finally, an anal-
ysis summarises the key features of these innovations, offering valuable insights
into their practical applications and limitations, particularly in the context of

black start and power system restoration.

2.6.1 Patents On Self-Starting Wind Turbines

Several innovative approaches to self-starting wind turbines have been patented,

addressing the challenges associated with initiating turbine operation during grid
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outages or in remote locations. One invention, as described in [124], leverages
internal energy storage systems within the wind turbine, such as capacitors or
batteries, to provide the necessary initial power for starting. This design focuses
on operational independence by enabling turbines to re-synchronise with the grid
autonomously after a failure. Stored energy is strategically directed to essential
subsystems, including the pitch system for blade angle adjustments, auxiliary
components such as controllers and sensors, and communication modules. Safety
mechanisms are integrated into the system to prevent overloading and ensure
efficient use of stored energy during the startup process, making it particularly
useful in blackout scenarios where external power sources are unavailable.

Another innovative method for self-starting wind turbines, as outlined in [125],
involves utilising the pitch system battery to transition the turbine into a self-
sustaining operational mode with minimal external input. This method adjusts
blade angles to optimise torque generation under low wind conditions, enabling
the rotor to achieve sufficient rotational speed. Once operational, the generator
engages to produce power, which is then redirected to sustain the subsystems
of the wind turbine, creating a self-sustaining loop. Enhancements to the pitch
control system enable prioritisation of energy use and extended battery life, par-
ticularly during prolonged grid outages. This approach is particularly advanta-
geous for remote and offshore wind turbines, where grid access can be unreliable,
ensuring continued operation with minimal external support.

A more advanced self-starting mechanism tailored for offshore wind turbines,
as discussed in [126], combines hybrid energy storage systems with predictive con-
trol algorithms to optimise startup performance. The hybrid system integrates
batteries, which provide sustained power for auxiliary systems, and supercapac-
itors, which address high-power, short-duration requirements, such as initiating
rotor movement. A predictive control algorithm dynamically manages energy

flow based on wind speed and turbine operating conditions, ensuring an efficient
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and adaptable startup process. This design also incorporates fault detection and
recovery mechanisms to enhance system robustness during startup, minimising
downtime and reducing maintenance requirements. The combination of hybrid
energy storage and intelligent control not only ensures reliable operation but also
improves the operational autonomy of offshore wind turbines, addressing the lo-
gistical and financial challenges of maintenance in offshore environments.

Additionally, [127] presents a system integrating energy storage devices, such
as batteries, supercapacitors, or flywheels, into wind turbines to enhance their
operational flexibility and grid services. While this patent is not explicitly de-
signed for self-starting, its features can be adapted to this context. The energy
storage system provides auxiliary power to critical components, including yaw
drives, pitch systems, and control electronics, enabling independent operation
during grid outages. A bidirectional UPS system facilitates energy flow between
the storage, auxiliary loads, and the grid, making it particularly advantageous
for restarting operations post-blackout. The system also supports functionali-
ties such as low-voltage ride-through, power smoothing, and inertial response,
essential for maintaining operational stability during power system restoration.
These features highlight its potential applicability to self-starting wind turbines,
especially in offshore environments where maintenance and grid access are chal-
lenging.

A comparison of these four patents is summarised in Table 2.1, which high-
lights the key features, energy storage mechanisms, and targeted applications of

each innovation.

2.6.2 Academic Research On Self-Starting Wind Turbines

Self-starting wind turbines represent a promising avenue for addressing the chal-
lenges of power system restoration and autonomous operation in remote or off-

shore locations. Academic research in this area has explored several approaches,
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Table 2.1: Comparison of Patents on Self-Starting Wind Turbines

Patent | Innovation Energy Storage Advantages

[124] Internal energy storage for self- | Batteries or capaci- | Provides independence
starting using integrated control | tors. from external power;
strategies. Powers pitch sys- facilitates safe, efficient
tems and auxiliary components startup.
autonomously, ensuring grid re-
synchronisation during blackouts.

[125] Utilisation of pitch system bat- | Pitch system bat- | Ensures continued opera-
tery for startup. Adjusts blade | tery. tion during outages; pri-
angles for optimal torque, cre- oritises energy use to ex-
ating a self-sustaining loop that tend battery life.
powers turbine subsystems.

[126] Hybrid energy storage with pre- | Batteries and su- | Ideal for offshore appli-
dictive control algorithms. Inte- | percapacitors. cations; robust startup
grates batteries and supercapaci- under varying wind con-
tors to optimise energy flow and ditions; reduces mainte-
fault detection during startup. nance costs.

[127] Integration of energy storage sys- | Batteries,  super- | Supports low-voltage
tems with wind turbines to pro- | capacitors, or | ride-through and in-
vide auxiliary power and enhance | flywheels. dependent operation
grid services. While not explic- during outages; facil-
itly for self-starting, its features itates post-blackout
can be adapted for this purpose. restarts.

often leveraging advanced control strategies and energy storage systems to en-
able turbines to start and operate independently of external power sources. This
section provides an overview of five key studies, discussing their methodologies,
innovations, and implications for the future of self-starting wind turbines.

In [128], it is proposed a coordinated control strategy for Doubly Fed Induction
Generator (DFIG)-based wind turbines integrated with a BESS. This approach
addresses microgrid frequency regulation while maintaining the Maximum Power
Point Tracking (MPPT) operation of the WT.

The study utilises a droop controller in the grid-side converter of the DFIG,
with the BESS connected to the DC link via a bidirectional buck-boost converter.
This setup allows the BESS to provide active power support during frequency dis-
turbances while ensuring the DC link voltage remains stable. Simulation results

demonstrate improved frequency regulation, reduced nadirs, and faster recovery
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times under varying wind conditions.

Though primarily focused on frequency regulation, the system architecture
has potential applications in self-starting wind turbines. The BESS provides
an energy reserve that can power essential subsystems, such as pitch and yaw
mechanisms, during startup. This design enables autonomous turbine operation
without external grid power, making it valuable for offshore wind turbines and
black start scenarios. This work underscores the versatility of integrated BESS
systems in enhancing wind turbine independence and operational stability.

The study presented in [129] discusses the use of permanent-magnet syn-
chronous generator (PMSG)-based wind power generation in black start proce-
dures. It outlines how wind turbines can contribute to power system restoration,
a traditionally challenging role for renewable energy sources. By employing vir-
tual inertia control strategies, the research proposes enhanced frequency stability
during the initial stages of a black start.

While the paper is primarily about black start strategies, its concepts are ap-
plicable to self-starting wind turbines. The integration of energy storage systems
and advanced control algorithms, such as the virtual inertia approach, aligns with
mechanisms that could enable self-starting capabilities. For instance, using stored
kinetic energy or additional storage components could initiate turbine operation
in the absence of external grid power, similar to self-starting requirements.

In [130] it is proposed the integration of a BESS with a DFIG based WT using
a modified Triple Star Bridge Cell (TSBC) converter. This approach is modular,
facilitates large-scale energy storage integration, and offers several advantages
such as power fluctuation mitigation, fault tolerance, and improved low-voltage
ride-through capabilities.

The TSBC converter structure supports multiple battery banks, dividing the
energy storage across smaller units and enabling efficient control of power flow

between the grid and rotor. A control strategy is presented to partially absorb
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or supply power fluctuations due to wind speed variations.

This technology could potentially support self-starting mechanisms for wind
turbines by using the energy from the BESS to provide the required power for
auxiliary systems and rotor movement during startup, especially in grid-absent
scenarios. The modular design and fault tolerance make it suitable for remote or
offshore wind applications.

Another contribution is the work in [131], which introduces an optimised
control strategy for a grid-connected DFIG-based WT, integrating a BESS unit
at the DC link through a bidirectional DC-DC converter. This approach addresses
challenges of wind variability and power quality. A higher-order adaptive control
method manages the grid-side converter, ensuring smooth power output, minimal
harmonic distortion, and efficient energy transfer.

In the context of self-starting wind turbines, and similar to the work in [128],
the integration of a BESS system could provide the energy required during startup
by enabling autonomous power delivery to key turbine subsystems. This setup is
useful during grid outages or in weak grid conditions, ensuring the turbine can
achieve operational speed and synchronise with the grid effectively.

Finally, [132] explores an innovative approach to managing energy storage
in wind power systems using a dual-battery energy storage system (DBESS). Tt
focuses on stabilising intermittent wind power while reducing operational costs.

The system alternates between two batteries—one charging when wind power
exceeds demand and the other discharging when demand exceeds wind power.
This dynamic role-switching maximises the lifespan of the batteries. The pro-
posed DBESS uses predictive control to ensure consistent power dispatch, opti-
mise battery usage, and handle wind power forecast errors.

Although the paper does not directly address self-starting wind turbines, the
underlying concepts of energy storage and power management could be applied

to self-starting mechanisms. Specifically, the DBESS could provide the required
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initial power for self-starting wind turbines, enhancing their ability to operate
autonomously and reconnect to the grid after outages, which align with the prin-
ciples of reliable and resilient wind energy systems.

These studies collectively highlight the potential of advanced energy storage
systems and control strategies to enable self-starting wind turbines. Table 2.2
summarises the key findings, methodologies and technologies proposed, and the
relevance to self-starting wind turbines, offering a comparative perspective on

their contributions to this evolving field.
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Table 2.2: Comparison of Self-Starting Wind Turbine Papers

DFIG-based wind

efficiency and reliabil-

Paper | Key Focus Methodology Relevance

[128] | Proposes a control | Combines  real-time | Facilitates energy
strategy inte- | battery management | availability dur-
grating BESS | with  wind turbine | ing grid outages,
and MPPT for | controllers to enhance | enabling wind tur-

bines to self-start

wind power appli-
cations.

acteristics to handle
varying energy de-
mands and improve
system resilience.

turbines. ity. and support grid
restoration.

[129] | Examines the fea- | Utilises an optimised | Demonstrates
sibility of wusing | DC-link structure | potential for sup-
a  DC-link-based | with energy storage | porting initial
BESS for DFIG | for smoother grid | power needs during
systems. integration and fault | self-start scenarios.

handling.

[130] | Introduces a TSBC | Employs a modular | The modular struc-
topology with in- | converter design to | ture and BESS
tegrated BESS for | improve stability and | integration  make
DFIG wind energy | dynamic performance | it suitable for self-
systems. during grid distur- | start applications

bances. by ensuring auxil-
iary power.

[131] | Focuses on optimal | Combines advanced | Enhances the capa-
MPPT and BES | MPPT algorithms | bility of wind tur-
coordination in | with BESS control to | bines to operate in-
grid-tied DFIG | maximise energy yield | dependently during
systems. and maintain grid | grid outages, aiding

stability. in self-start mecha-
nisms.

[132] | Proposes a dual- | Uses two batteries | Provides a robust
battery system for | with distinct char- | framework for sup-

plying startup en-
ergy to wind tur-
bines in low wind
or grid-failure con-
ditions.
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Chapter 3

Novel Modelling and Analysis
Framework for an Offshore Wind

Power Plant

3.1 Introduction

This chapter presents the system models developed for electromagnetic transient
(EMT) analysis and small signal stability studies within the scope of this thesis.
These models form the foundation for investigating the dynamic behaviour and
steady-state performance of an OWPP connected to an onshore electrical grid or
onshore loads via a HVAC transmission system.

The models include an aggregated OWPP based on voltage source converter
(VSC) technology, designed to represent the overall behaviour of the OWPP. The
transmission system is modelled using an HVAC export cable, with shunt reactors
included to compensate for the capacitive reactive power generated by the long-
distance cable. The electrical grid is represented by a Thevenin equivalent voltage
source. Additionally, RL loads are modelled for PSR studies, while an offshore

transformer is employed to study transient phenomena, such as inrush currents
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during energisation. Therefore, the following components are modelled in this

Chapter:

Aggregated OWPP

HVAC submarine export cable

Shunt reactors

Grid Thevenin equivalent

Local network loads

This chapter also introduces the mathematical equations describing the full
system model, which lay the groundwork for the subsequent formulation of the
state-space matrices. These state-space matrices, presented in the reference syn-
chronous frame, are later used for small-signal stability analysis.

In addition, steady-state studies are conducted to examine the capabilities and
limitations of the OWPP in providing active and reactive power to the electrical
grid and onshore loads. The performance of the transmission system in maintain-
ing voltage profiles along the HVAC transmission cable and power factor within
acceptable limits is also evaluated. Special attention is given to the configura-
tion of the HVAC cable and shunt reactors, assessing how different arrangements
affect voltage stability and overall system performance.

Figure 3.1 presents the overall system considered in this thesis. While the
system undergoes slight modifications from section to section, these changes will
be explained in detail within each Chapter. The breakers included in the figure
are used for the PSR studies discussed in Chapters 6 and 7.

The figure illustrates an OWPP connected to an offshore transformer, which
steps up the voltage for transmission. Although the OWPP is shown with multiple

individual turbines, transformers, and array cables, for the purposes of the studies

o4



Chapter 3. Novel Modelling and Analysis Framework for an Offshore Wind
Power Plant

in this thesis, an aggregated model is used. A static shunt compensator is located
between the offshore transformer and the export cable, while a variable shunt
compensator is positioned onshore, allowing for reactive power compensation to
be adjusted as required. The diagram also includes onshore network loads and a

local onshore network.

Offshore wind power plant

Offshore <4———» Onshore

66 kV/230 kV

+—— Local
BRK1 BRK2 HVAC BRK3 | BRK4 network
export
: cable
Static shunt BRK7 BRKS

compensation
= Network

loads

Variable shunt
compensation

Figure 3.1: Scheme of the OWPP connected to a power system

3.2 Design Of Offshore Wind Power Plant - Grid

3.2.1 Aggregated Offshore Wind Power Plant

RES are interfaced with the grid via inverters. Following industry and academic
trends, the inverter used in this study is a three-phase, two-level VSC, which uses
insulated-gate bipolar transistor (IGBT) switches. The VSC exchanges power be-
tween the generation (DC side, via Up¢) with the AC side. The latter exchanges

power to the power transmission (PT) system and grid.
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An average model of the VSC converter may be used [133], which consists
of three controlled voltage sources, one for each phase, where the output of the
inverter is the voltage, which is calculated as

Upc

‘/a,b,c = Tma,b,c(t> (31)

where mg.(t) are the modulation functions responsible for modulating the
PWM signal used in the converter [134,135]. The VSC average model is connected
to an LC filter consisting of a coupling inductor and a PWM filter.

If it is considered that every wind turbine of the OWPP is injecting, on
average, the same current to the power system, it is possible to aggregate the
OWPP by multiplying the number of wind turbines, N, by the different quantities
that characterise the system. Thus, the equivalent impedances of the coupling
reactor, Z., PWM filter, Z;, and park transformer, Z;, which is also factored
in this impedance equivalent, are obtained by dividing the impedance for one
turbine over the total number of turbines in the OWPP [136], as shown in the

next equations:

ZC’U
Zo=Zi+ (3.2)
Zcfv
Ly = —— 3.3
=N (3.3)

Figure 3.2 illustrates the process of simplifying an OWPP into a one-line dia-
gram that represents the aggregated system. The impedances of the aggregated
model are first calculated, as outlined earlier. It should be noted that, although
turbine transformers are represented in the figure, they were not modelled in the
studies presented here. Including them would have added unnecessary complex-
ity to the small-signal models. Furthermore, the objective of the analysis was to

investigate the dynamics of the overall wind farm and transmission system, rather
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than the interactions between individual wind turbines. However, future studies
should consider including turbine transformers to capture their potential impact
on local dynamics and interaction effects within the wind farm. The LC filter
and offshore transformer are modelled as their equivalent components, leading to
the final representation shown in the figure. In this diagram, the voltage V' cor-
responds to the AC-side output of the converter, while the current i, represents
the power injected into the transmission system by the aggregated OWPP. The
impedance Z., composed of R. and L., represents the coupling filter, while Z,

consisting of C, represents the PWM modulation filter.

3.2.2 Export cable

OWPP are connected to the onshore grid via a transmission system, which con-
sists of submarine high-voltage cables. These cables may be either high-voltage
alternating current (HVAC) or high-voltage direct current (HVDC). For the pur-
poses of this study, HVAC cables were utilized. Due to the high capacitance
of HVAC cables, they generate excess capacitive reactive power, as previously
explained in Section 2.2. To compensate for this and maintain voltage within
acceptable limits, shunt reactors are employed to regulate the power factor. This
section outlines the modeling approach used for the HVAC submarine cable and
the associated shunt reactors.

For the steady-state and small signal analysis conducted in this study, a dis-
tributed parameter model was employed to characterize the HVAC cable. This
approach allows for the calculation of voltages and currents along the entire length
of the transmission line.

The transmission line is defined by four parameters, which are distributed
continuously along its length. These parameters include the series resistance,
Ry,,, which accounts for both the stranding and skin effects; the inductance, Ly,

representing the flux linkages both within the conductor cross section and the
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Offshore wind power plant + park transformer

66 kV/230 kV

BRK1

....................................................................

Figure 3.2: Equivalent electrical diagram of a VSC converter connected to a
three-phase power transmission system and grid
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external flux linkages; the conductance, GG, which models losses due to leakage
currents along the insulator strings and corona effects; and the capacitance, Cj,,
which describes the difference of potential between conductors [137].

These distributed parameters are represented as shown in Figure 3.3, where
the series impedance, zp,, and shunt admittance, y;,, per unit length are consid-

ered for the line model.

Zhy = th + jWth
(3.4)

Yho = Ghv + ijhv
The relationship between the sending end and receiving end currents and
voltages may be computed according to the characteristic impedance, Zo and
propagation constant, vy, as:
Vs cosh(yl) Zeosinh(yl)| | Ve

- (3.5)

Is %CW) cosh(vl) Ir

th + jWth
Jo = \ | A 3.6
¢ Gh'u + jwchv ( )

and the propagation constant, v is defined as

where

¥ =V (Biy + jwLi) (Gho + jwChy) (3.7)

However, in power system studies, usually the conductance, Gy, is practically
zero, and therefore, the shunt admittance contains only the capacitive component

Chy- Therefore the characteristic impedance and propagation constant are as

7 / ]Zhv j‘*’th
= — 3-8
¢ jWCh’U ( )
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Cw| G Chy
Ve "__”§ i

Vg

Figure 3.3: One-line m-model representation of an HVAC cable section

and the propagation constant, v is defined as

Y= \/(th + jWth)(jWChv)

And for this particular case, which is the one used in this study, Figure 3.4

displays a section of the final equivalent m-cable representation used throughout

this study.

Using the m-equivalent displayed in Figure 3.4, a distributed model is obtained

by cascading several sections, each one of one kilometer, obtaining thus, the

(3.9)

equivalent distributed m-equivalent which may be seen in Figure 3.5.

Vs —_

7

Figure 3.4: Final equivalent one-line m-model representation of an HVAC cable

section
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A Ry Loy v, Rw Ly v, V, R Lhy v, Rnw Lpy Ir
Vs | =—Cpv 2Cy —— 2Ch, oo 2Chy 2C—— Cow —— | V&

Figure 3.5: Distributed model of the one-line m-model representation

3.2.3 Shunt reactors

The shunt compensations were used to compensate for the reactive power excess
due to the high capacitance of the HVAC submarine cable, both onshore, mid-
cable, and offshore. After determining exactly how much reactive power needed

to be compensated, the inductance per phase was computed as follows.

U2
- 21fQpco
where U, is the voltage at the terminals of the offshore (L;), mid-cable (L;)

Li,j k (3.10)

or onshore (L) shunt compensations, and ) pcc is the reactive power measured
at the offshore PCC.

The reactive power to be compensated was chosen to enable a power factor
close to unity, within TSO standards, between -0.95 and 0.95 at the offshore
PCC and to maintain a voltage level within the 0.9 pu and 1.1 pu range. Table
B.4 displays 60% of the reactive power measured at the PCC, which was the
amount chosen to be compensated via shunt reactors, and the values of the shunt
reactors chosen were computed as shown in Equation 3.10. If the power factor,
presented in Table 3.4, did not fall within the specified range, the shunt reactors
were manually adjusted to achieve the desired power factor and voltage levels.

The resistor shown in Figure 3.6 is a damping resistor added owing the inter-
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actions between the parallel of shunt reactors and the capacitance of the cable.

The damper was computed as follows:

R, ;= — — 3.11
sJs Chv ( )
Is Ir
o n
sections iy¢ sections
R;
L
Smid

Figure 3.6: Distributed model of the one-line m-model representation

3.2.4 The Electrical Grid

The electrical grid is modeled as an RL Thevenin equivalent [138], characterized
by a grid voltage V,, resistance IR,, and inductance L,. This system is depicted
in Figure 3.7. The frequency is assumed to be 50 Hz, leading to an angular

frequency of:

wo = 2150 (3.12)

The nominal voltage is 230 kV. The three-phase grid voltages are described

by the following equations:

62



Chapter 3. Novel Modelling and Analysis Framework for an Offshore Wind
Power Plant

Vg.a(t) = Vj cos(wot)
2
Vo(t) = Vg cos (wot - g) (3.13)

2
Vye(t) =V, cos (wgt + %)

Figure 3.7: One-line diagram of the Thevenin equivalent grid

While the grid is represented here using a simple RL Thevenin equivalent
model [138], this is a simplification that does not capture the full complexity of
modern power systems with high inverter penetration. In contemporary networks,
the dynamic behaviour is increasingly shaped by the presence of power electronic
converters, reduced system inertia, and control-driven interactions. However, for
the purpose of this analysis, particularly in the context of small-signal modelling,
this representation is considered appropriate and provides a tractable framework
for assessing system dynamics. Future work should aim to include more detailed
grid representations to account for the evolving characteristics of modern power
systems and to better reflect their dynamic response under high inverter-based

generation scenarios.
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3.2.5 Offshore Transformer

An offshore transformer was considered between the OWPP and the offshore
shunt reactor, stepping up the voltage from 66 kV to 230 kV. Two offshore trans-
formers were modelled for the studies. One transformer was specifically designed
for the PSR studies in Chapters 6 and 7, and was modelled for EMT simula-
tions. The modelling of transformer magnetisation and related characteristics is
discussed later in the respective chapters. Furthermore, no top change range was
modelled for these studies.

Additionally, a transformer based on an equivalent impedance model was de-
veloped, using a resistor and inductor as described in [135], for small signal model
analysis. This version was applied in all studies that involved small signal analy-
sis, and the impedance value was factored into the aggregated OWPP impedance,

as mentioned in section 3.2.1.

3.2.6 Onshore Loads

For some of the steady-state and PSR studies, resistive-inductive (RL) loads were
considered. A scheme of such loads may be seen in figure 3.8. In the figure, it
can be seen that four loads are connected. This is for the PSR studies, where the
interest was to study energization steps for different active and reactive power
injections. Thus, the breakers (BRK1 to BRK4) would be closed at specific time
instants.

Considering the the active and reactive power operating points are given, and
considering a three-phase balanced system, the resistive and inductive compo-

nents, R;p and L p, are computed as follows:

Ryp = L2 (3.14)

Where Vi p is the voltage at the load terminals and Prp is the active power
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demanded by the load.

Vi
2 fQLp

Where Qpp is the inductive reactive power consumed by the load.

Lip (3.15)
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Figure 3.8: Scheme of the one-line onshore RL loads

|

|

3.2.7 Final Designs

Figure 3.9 presents three configurations of an OWPP connected to an onshore
grid via a transmission system. These configurations, depicted in Figures 3.9a,
3.9b, and 3.9¢, represent an aggregated OWPP, modelled as a voltage source with
a coupling filter, a PWM filter.

Depending on the configuration, these systems include shunt reactor compen-
sators, labelled as s,¢f, Smid, and s,,, depending on the location of the shunt
reactor. Additionally, these systems feature an HVAC export cable. It is impor-
tant to note that, for simplicity, the system is represented by a single m-equivalent

model, although, as stated in Section 3.2.2, each cable is modelled as a distributed
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line with cascaded sections, each 1 km in length. These diagrams also include a
Thevenin equivalent representation of the grid.

The three configurations illustrated in Figure 3.9 are described as follows:

e Al — The OWPP is connected to the electrical grid via an HVAC transmis-
sion system with two shunt reactors: one located at the offshore PCC and

one onshore.

e A2 — Similar to A1, but with an additional shunt reactor placed at the mid-
point of the cable, resulting in three shunt compensation points (offshore,

mid-cable, and onshore).

e A3 - A simplified configuration with a single shunt reactor installed onshore.
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(c) One-line diagram of configuration A3

Figure 3.9: System configurations (A1, A2, and A3) of shunt reactors distribution
for the transmission system

All these configurations were used for small signal stability studies and were

thus linearised and transformed into a state-space representation. The state-space
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model of configuration A1l can be found in Appendix C, where all state-space
models are explained in detail. The equations describing the system presented
here are given from (3.16) to (3.22). The parameters used in these studies vary,

and as such, they are presented in each chapter.

die _ _Licuf - %z + Licv (3.16)
% = —Cif(ic +ia) (3.17)
‘Z_'; _ Li - %‘ia (3.18)
- Ltwvl - i:: b LlhvVQ (319)
% - —f—:z;; - Likvz (3.20)
- Oifp B Otw” B Olfwig (3:21)
% - _Livg - %ig + Li% (3.22)

g g g

In equations (3.16) to (3.22), i. is the current flowing to the PCC from the
converter, with V' representing the converter voltage; u; is the voltage at the
shunt capacitor C'y; R, and L. are the resistance and inductance of the filter,
respectively; 4, is the current flowing through the HVAC export cable; Ry, Lpy,
and CY, are the resistor, inductor, and capacitor components of the export cable;
Vi and V5 are the voltages across the export cable capacitors; R, and L, represent
the resistor and inductor of the grid, combined with the voltage source V, to form
the Thevenin equivalent; L; and L, are passive reactors used for compensating
reactive power in the system, and the resistors R; and Ry its dampers.

Figure 3.10 provides a simplified one-line diagram of an OWPP connected to

an onshore load. This configuration is identical to that shown in Figure 3.9a,
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with the exception that the voltage source representing the grid is replaced by a

load, Z;p, with a voltage Vp.

R,

Figure 3.10: One-line diagram of an OWPP connected to a load

3.2.8 Cost Comparison of the Final Designs

This section compares the indicative capital cost of the three compensation ar-
rangements for the export cable: Al (two shunt reactors at the offshore and
onshore substations), A2 (Al plus a mid-cable shunt reactor on its own offshore
site), and A3 (a single onshore shunt reactor). The comparison is illustrative and
is intended to establish the order of magnitude of costs rather than provide a
project-specific estimate.

For consistency, each reactor is modelled as a 200 MVAr unit. A unit cost of
£28,900/MVAr is adopted from the Electricity Transmission Costing Study, which
implies £5.786 million per 200 MVAr reactor [139]. This aligns with a National
Grid submission that reports about £5.7 million for a 200 MVAr shunt reactor at
400 kV, providing a United Kingdom benchmark for hardware cost [140]. As an
international cross-check, a 100 MVAr turnkey variable shunt reactor is publicly
reported at $3.7 million, which supports the same order of magnitude [141].

Integration and installation allowances are applied to reflect site conditions.

For an onshore substation bay and associated works, an allowance of £0.5 million
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is used, with £0.2 million for installation and commissioning. For integration
at an existing offshore substation, an allowance of £2.0 million for bay modifi-
cations and £1.0 million for offshore installation is used to reflect marine access
and integration complexity. The defining cost driver for the mid-cable option
is the need for a new offshore site. To represent a minimal reactor-only plat-
form, a conservative fraction of an assessed offshore substation platform value is
used: 25% of £158 million (that is, £39.5 million), derived from a recent cost
assessment, to capture fixed marine, structural, switchgear, termination, access,
and commissioning costs even for a reduced scope [142]. Broader guide values
for offshore substation scope and installation (for example, £240,000/MW and
£43,400/MW) corroborate that even stripped-down platforms fall in the tens of
millions due to fixed costs [143].

Under these assumptions, the cost comparison is summarised in Table 3.1.
The corresponding bar chart in Figure 3.11 visualises the relative magnitude of

each arrangement.

Table 3.1: Illustrative capital cost comparison

Al A2 A3

Number of reactors (200 MVAr each) 2 3 1

Reactor hardware (£m) 11.56 17.34 5.78
Onshore bay + installation (£m) 0.70  0.70 0.70
Offshore bay + installation (£m) 3.00 3.00 0.00
Mid-cable platform (£m) 0.00 39.50 0.00

[llustrative capital expenditure total (£m) 15.26 60.54 6.48

On a cost basis alone, the arrangement requiring a new mid-cable offshore
site (A2) is materially higher due to the additional platform. The two-ended
arrangement using existing offshore and onshore substations (A1) is typically
mid-cost. A single onshore reactor (A3) is usually lowest cost, provided it satisfies

technical limits for voltage and reactive control.
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Figure 3.11: Tllustrative capital cost comparison of A1, A2, and A3

3.3 Steady-State Analysis

Two steady-state analysis were conducted throughout this study. The first one
concerns the capabilities and limitations of the OWPP in injecting active and
reactive power into the electrical grid (or onshore loads). The second study was
about the voltage profile—the impact of shunt compensation and cable length on

the voltage.

3.3.1 Offshore Wind Power Plant Capabilities And Limi-

tations

The model used for this study was that of Figure 3.10. In the figure, an aggregated
offshore wind farm is represented with a voltage source £ and its LC filter via R,
and L.. The model also includes offshore shunt compensation with L; and R;, and
onshore shunt compensation with L; and R;. As previously detailed, the export

cable is modelled as a m cable with parameters CY,,, Ry, and Ly,. Additionally,
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the grid line is represented with parameters R, and L, and is connected to a load,
Zip.

The system represented in Figure 3.10 was further simplified in impedance as
seen in Figure 3.12. This way, the entire system was encapsulated, only consid-
ering a voltage source with varying magnitude, E, and angle, «, an equivalent
impedance, representing all the system components and the load. This way, it
was possible to vary the impedance depending on the system parameters such as
OWPP nominal power output, local network demand and wind speed and anal-
yse the impacts on the load, which here represents the local network demand, as

will be explained in the next section.

Zc Z» Zs
E=E/a_ ‘ \ZL zﬁ‘ \ VV&I] Zip

Figure 3.12: OWPP and network one-line impedance base model

From Figure 3.12, all impedances are combined, and the final Thevenin voltage

and impedance are given by

Zo - (Zr+ Zp + Zg)
Zy - (Zp+ Zr)+2Z¢ - (Zp + Zp + ZR)

Vih=F - (3.23)

B ZoZLZp+ ZpZy
ZoZy+ Zp(Zo+ Z1) + Zr

Zin + Z, (3.24)

Where V;, is the Thévenin voltage and Z;, the Thévenin impedance. Such
impedance will be later used having its real part, R, and imaginary one, X,

separated.
Considering the Thevenin equivalent described by equations 3.23 and 3.24,

the current flowing through the converter is
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 F-Ta
T = 3.25
Zan (32
The apparent power, S, at the converter terminals, is
e (E,=Va\
S. =Vl =V, (—”‘) (3.26)
Zh,

By developing this equation and separating the real and imaginary parts, the

active and reactive power flow equations for the power converter are achieved.

_ RVEcos(a) — EVXsin(a) — V2R

P
‘ R? + X?

(3.27)

_ XVEcos(a) — EV Rsin(a) — V2X

Qe R? + X?

(3.28)

Following [144], by removing the resistive component—and consequently the
transmission resistance—from Equations 3.27 and 3.28, the following expressions

are derived:

_ EVsin(a)
Po= - (3.29)
0, = VE cos(a) — V2 (3.30)

X

From the previous equations, 3.27, 3.28, and 3.29, 3.30, it is evident that the
active and reactive power are calculated based on the voltage magnitude and
phase angle. These values represent the operating points of active and reactive
power for the converter in this specific system. By eliminating the phase angle
dependency through mathematical transformations and assuming a lossless sys-
tem under a given power factor, the voltage limit of the system for maximum

power points is expressed as:
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yop yo _
V= TS—QXj: IS—XQPQ—XESQQ (3.31)
For a given P., the reactive power that forces the system to operate under

these conditions is:

P2X  E2

To study the hardware limitations in terms of export cable length and the use
of shunt compensation, the voltage stability limits were plotted in the PQ plane,
taking into account Equations 3.31 and 3.32. For this purpose, the active power
at the converter terminals, P,, was varied between —1.5 and 1.5 pu, and the
corresponding reactive power, ()., was computed. The negative values of active
power are included for illustrative purposes only, as in this case the OWPP is
assumed to be operating as a generator and therefore only supplies active power.

Figure 3.13 defines a three-dimensional plane which is the solution to Equation
3.31. In this plot, the variation of active and reactive power for different power
factor angles and their impact on voltage can be observed.

The PV plane in the figure provides the curves of load voltage as a function
of active power for various power factors, as shown in Figure 3.14.

The projection onto the PQ plane is used to understand the system’s limita-
tions in terms of active and reactive power. This type of plot was utilised in this
study and in the power system restoration study detailed in Chapter 6, Section

6.2.

Impact of HVAC export cable length

This study aimed to analyse the impact of cable length on voltage stability and its
operational region, focusing on the overall voltage stability of the system and its

active and reactive power capabilities. As shown in Section 3.2.7, Figure 3.10, the
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Voltage with varying P and Q as a function of cos{#)

Figure 3.13: Voltage magnitude when varying P and Q as function of the power
factor, cos(¢)

P-V curves for varying power factor angle ¢
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Figure 3.14: PV curves for different power factors
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transmission system includes a long HVAC export cable and two shunt reactive
power compensations. Three export cable lengths were compared: 50, 100, and
150 km.

Using the PQ plane as previously described, along with the equations for
voltage limits and active and reactive power, Figure 3.15 displays the voltage
stability limits as a function of the P(Q characteristics for the three different
export cable lengths. The unity circle of operation, as seen by the electrical grid,

is also plotted.

Figure 3.15: Voltage stability limits for different HVAC export cable lengths

The reduction in voltage stability in the PQ plane with increasing transmis-
sion system length is associated with a decrease in the permissible operational
region. As cable length increases, the impedance and capacitive reactance of
the transmission line also increase. Consequently, the electrical network’s ability
to maintain voltage within acceptable limits under varying load conditions di-
minishes. Therefore, voltage control and compensation mechanisms are needed
to expand the operational envelope and maintain grid reliability over extended

transmission distances.
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Moreover, it can be observed from Figure 3.15 that unitary active power can
only be injected for the shortest cable (black line). For the 100 km and 150
km cases, the maximum power transferable to the grid is significantly lower than
desired. As such, it is necessary to oversize the power converter or include reactive
power compensation to address this issue and enable the provision of more active

power, which will be discussed in Section 3.3.2.

3.3.2 Impact of reactive power shunt compensation

In Section 3.3.1, it was demonstrated how the length of the HVAC export ca-
ble limits the voltage operational stability region. However, this region can be
expanded by employing reactive power shunt compensation within the power sys-
tem. To analyse this scenario, reactive power was fully compensated (1 pu) in
the 150 km export cable. One shunt reactor was deployed at the offshore PCC,
compensating for 40% of @, while the second shunt reactor, compensating for the
remaining 60%, was installed onshore.

The reactors were sized based on the reactive power compensation percentage,
as detailed in Section 3.2.3. The inductance values are shown in Table 3.2 for the

three different cable lengths.

Table 3.2: Shunt compensation for different cable lengths

Length (km) Ly (H) Ly (H)

50 0.3368  0.5052
100 0.1347  0.2021
150 0.0842  0.1263

Using Equations 3.31 and 3.32, the voltage stability region for a 150 km HVAC
cable, both with and without shunt compensation, is plotted in Figure 3.16.
The stable voltage region significantly increases with shunt compensation

(black line) compared to the original uncompensated 150 km line (red line). This
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PX/E?

Figure 3.16: Voltage stability curve on the PQ plane for transmission line with
and without shunt compensation

increase enables more active power to be delivered from the offshore wind farm to
the electrical power system. Additionally, with shunt compensation, the system
benefits from improved voltage regulation and enhanced reactive power manage-
ment, as the flow of reactive power is actively controlled. This allows the system
voltage to be maintained within the acceptable limits specified by transmission
system operators, significantly expanding the stable operational voltage region.
Moreover, deploying shunt compensation improves the power factor, bringing it

closer to unity, as will be discussed in Section 3.3.3.

Power converter limitations

In this section, the impact of power system voltage stability on the operation of
the power converter was analysed. The power converter output in terms of active
and reactive power was previously described using Equations 3.27 and 3.28. From
these equations, it is evident that voltage and power factor play a critical role
in determining the magnitude of these quantities. Therefore, in this study, the

converter voltage was varied between 0.8 pu and 1.2 pu, while the power factor
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angles were varied between -45and 45. Furthermore, this analysis was conducted
for the power system both with and without reactive power shunt compensation,
for an export cable of 150 km in length.

Figures 3.17a and 3.17b present the results of this analysis. The voltage
stability curve in the PQ plane is plotted for the electrical grid with an export
cable of 150 km and shunt compensation applied at the PCC. Below this area, the
active and reactive power operating points for the specified voltage magnitude
and power factor are displayed. Examining Figure 3.17a first, it can be observed
that the maximum active power achievable is approximately 0.6 pu, whereas if
the system is fully compensated, as shown in Figure 3.17b, the maximum active

power exceeds 1 pu.
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(a) Full shunt compensation (b) No shunt compensation

Figure 3.17: Converter operation area in the PQ plane

The operational area in the power system, particularly in the PQ plane, influ-
ences the feasibility of providing a stable power flow in steady-state conditions,
as well as for black start services. For such capabilities, the ability to re-energise
the grid during a blackout or complete shutdown is crucial. It requires genera-
tors to start and synchronise with the grid without any external power supply.
The operational area shown in the PQ plane directly relates to the capabilities
of power converters and their potential to provide essential grid support services.

For offshore wind power plants (OWPP) to contribute effectively to black start
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operations, their converters must be able to swiftly and reliably re-energise the
grid without external support.

Expanding the operational area in the PQ plane by employing reactive power
compensation and enhancing the capability of power converters may increase the
potential for these renewable sources to participate in power system restoration
(PSR) services. A broader operational region signifies greater flexibility and ca-
pacity for these sources to manage reactive power, maintain stability, and provide

the necessary grid support during critical system restoration.

3.3.3 Voltage Profile

As presented in Section 3.2.7, several system configurtions for export cables with
shunt compensation were examined, focusing on the different numbers and loca-
tions of the shunt reactors. This section describes how these setups affect the
voltage profiles for various cable lengths, of 80, 120 and 150 km, as well as the
power factor. The shunt compensation can be placed in three locations: at the
sending end of the cable immediate after the OWPP (s,s), in the middle of the
cable (siq), or at the receiving end, onshore (s,,).

The three different arrangements identified are listed in Table 3.3. In arrange-
ment A1, shunt compensations are placed at both the offshore PCC and onshore
PCC. Arrangement A2 involved shunt reactors located offshore, mid-cable, and
onshore. In arrangement A3, a single shunt reactor was positioned onshore. The
final values for the different arrangements, A1, A2 and A3, and for the different
cable lengths (80, 120 and 150 km) are shown in Table B.4.

Arrangement Location reactors

Al Soff+Son
A2 80ff+5mid+son
A3 Son

Table 3.3: Arrangements of shunt compensation analysed
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Shunt reactors were installed to comply with the standard requirements set
by most TSO. The main objective was to maintain the voltage within acceptable
limits, specifically between 0.9 pu and 1.1 pu, and to ensure that the power factor
remained within the range of 0.95 leading to 0.95 lagging at the PCC. The voltage
profile results for an 80 km export cable, considering the various compensation
arrangements, are shown in Figure 3.18. In this Figure, A0 represents a scenario
without shunt compensation. Voltage measurements were taken at the sending
and receiving ends of the cable, as well as at 10 km intervals along its length.
The results indicate that, without appropriate reactive power compensation, the
voltage exceeds the specified TSO limits. By contrast, the three compensated
arrangements, A1, A2, and A3, successfully maintained the voltage within the

required limits.

Voltage [pu]

O

0 10 20 30 40 50 60 70 80
cable [km]

Figure 3.18: Voltage profile for an 80 km HVAC export cable for A0 (no com-
pensation), Al, A2 and A3

The analysis of shunt reactor placement and sizing revealed that both the lo-
cation and degree of compensation (as distributed among the reactors) influenced
the voltage profile. The corresponding power factor results are presented in Table

3.4, demonstrating that the implemented shunt compensations maintained both
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the voltage and power factors within the specified ranges. This analysis was con-
ducted under a SCR of 3, which, while indicating a weak grid, is not excessively
SO.

The power factor and voltage profile were also heavily influenced by the
strength of the electrical grid, as illustrated in Figure 3.19. This Figure shows an
80 km cable with no shunt compensation under two SCR conditions (1.5 and 3)

and for X/R ratios of 1.5, 5, and 10.
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Figure 3.19: Impact of varying SCR and X/R in the voltage profile for an 80 km
HVAC export cable

The results demonstrate that the ability to transfer power and maintain volt-
age within specified limits is directly related to both SCR and X/R ratios. Con-
sequently, the control and tuning of shunt reactors must be adjusted based on the
grid strength. This interdependence means that the overall stability of the power
system is closely tied to the strength of the grid: the weaker the grid (indicated
by lower SCR and lower X/R ratios), the more shunt compensation is required,
which, as will be further discussed in Chapter 5, will impact system stability.

Changing both X/R and SCR will change the impedance of the overall system,

which aligned with the shunt compensations, and the cable length will cause
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the impedance to vary significantly depending on the arrangement, X/R, SCR
and cable length. This impedance will influence the power factor and voltage
profile; hence, shunt reactor compensation will need to be computed accordingly

to maintain the PF above 0.95 and a voltage between 0.9 and 1.1 pu.

Cable length (km)
Power factor 80 120 150

A0 0.7748 0.7071 0.6637
Al 0.9814 0.9752 0.9928
A2 0.9882 0.9973 0.9992
A3 0.9912 0.9873 0.9830

Table 3.4: Power factor for three cable lengths, and for the case of no compensa-
tion (A0) and for the three different arrangements
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Chapter 4

Modified Converter Control
Approach to Improve System
Stability

4.1 Introduction

The chapter begins by explaining the standard GFL controller in Section 4.2.
Section 4.3 introduces the GFM controller that is used throughout these studies,
which is the VSM. In Section 4.4, the process of assessing small signal stability is
discussed, focusing on how both GFM and GFL units are modelled and linearised
for small signal stability analysis. Additionally, the chapter details the method
used to study the stability of multi-input, multi-output (MIMO) systems through
disk margins, a technique that measures robust stability.

Both the GFL and GFM controllers are mathematically modelled using dy-
namic equations, which are linearised to facilitate small signal stability analysis.
The chapter explains the development of the small signal models and state-space
representations for both control strategies, enabling a deeper understanding of

how these controllers respond to system disturbances. Stability is evaluated using
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disk margins, a robust measure that indicates how close a system is to instability,

providing valuable insights into controller performance under varying conditions.

4.2 Grid Following Converter Control

A common implementation of GFL control is the standard vector current con-
troller (SVCC). This controller regulates active and reactive power in the syn-
chronous reference frame by decoupling the ¢ and d components of the converter
current. In this scheme, the g-axis controls active power, while the d-axis manages
reactive power.

Most GFL controllers include an inner current control loop and an outer
power control loop, in addition to the synchronisation loop. The inner loop
is responsible for fast current regulation, whereas the outer loop ensures stable
power flow control. In this section, these control loops, along with their respective
equations, will be described in detail.

The GFL converter utilised in this work is shown in Figure 2.5. A second
configuration, with a modified outer loop controller, is illustrated in Figure 4.1.
Both configurations are based on the standard vector current controller (SVCC)
described in [145]. In the first configuration, the outer loop controls active power
and voltage magnitude, while in the second configuration, the outer loop regulates
active power and reactive power instead of voltage. While these solutions are
standardised, as previously mentioned, additional external control loops may be

incorporated to enable frequency and inertia support.

4.2.1 Phase Locked Loop

The PLL is the submodule of the GFL controller responsible for synchronising the
plant with the electrical grid, and consists of a feedback loop having as an input

the synchronous reference frame d component of the voltage, uy, measured at
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the PCC, filtered by a PI controller. The output of this controller is the angular
velocity which, integrating, results in the electrical grid angle, as expressed in

Equation 4.1.

1
0= _guf,dKPLL (41)

where 6 is the determined grid angle, uyq is the d component of the voltage

at the PCC and Kpy is a PI controller defined as

ki
Kprr = kpprr + —’I;LL (4.2)

with proportional gain k, pr;, and the integral gain k; prz,, which were tuned
following the method outlined in [145]. This approach primarily considers the

damping ratio and electrical angular frequency of the system [146].

4.2.2 Inner Loop Current Controller

The inner loop is the lower-level control of the SVCC. It regulates the current
through the inductance of the inductive filter between the VSC and the network.
It also allows the independent control of both ¢ and d components due to its
decoupling terms. The output of this controller is the voltage which is fed back

to the converter as shown in equations (4.3)-(4.4).

Uq = Uﬁq — ichcw — Kil (qu — icq) (43)

Vd = ichCw - Kzl(lzd - ch) (44)

Where v, and v, are the output voltages for the VSC, uy , is the ¢ component
of the voltage at the PCC; i,y and i., are the currents at the PCC which are

previously regulated via outer loop; Kj; represents the PI controller with gains
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k;q and k,; as shown in equation (4.5)

Ki
S

Kip = kpa + (4.5)

The PI controller K;; was tuned via internal model control, with the tuning
constant «, which is the desired loop time constant [145,147]. The constant
« is chosen to be five to ten times slower than the power converter switching
frequency.

L.

kp,il - — (46)

R,

= (4.7)

4.2.3 QOwuter Loop Controller

As previously mentioned, two distinct outer loops modules were designed and were
tuned following [145]. The first one considers that the external reference inputs
are the desired active power and the voltage magnitude. The second case con-
siders that the input references are the active and reactive power. Nevertheless,
the goal of this module is the same for both cases, and that is the computation
of the current references in the synchronous frame, 7, and i,

Figure 2.5, previously introduced in Section 2.4, illustrates the first approach,
which considers the active power reference and voltage magnitude as reference
signals. In this approach, the output of the module is determined as shown in

Equations (4.8)—(4.9), providing the current references in the synchronous refer-

ence frame.

i, = Kp(P* - P) (4.8)
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ity = Ky(U" = U) (4.9)

Here, 47, and i}, represent the current references , P* denotes the active power
reference, and P is the active power measured at the PCC. Similarly, U* is the
voltage reference, while U is the voltage computed in the synchronous reference
frame. Finally, Kp and Ky are the PI controllers responsible for regulating the

power and voltage loops, as shown in Equations 4.10 and 4.11.

ki pc

Kp = k?p’p() + (410)

k;
Ky =kyve + Ve

(4.11)

Figure 4.1 displays a diagram of the second outer loop option considered. In
this case, the input reference signals are the active and reactive power references.

In this scenario, the current references 7, and i;; are computed as follows:

it = Kp(P* — P) (4.12)

i = Kq(Q" = Q) (4.13)

where K¢ is the PI controller refereeing to the reactive power loop and is

defined as:

ki
Ko = kyoc + ’SQC (4.14)

The active power (P), reactive power (@), and voltage magnitude (U) utilised
in the equations for the outer loop controllers are calculated in the synchronous
reference frame. These quantities are determined using the current, ¢. 44, at the

converter terminals and the voltage, w44, at the PCC. The detailed calculations
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Figure 4.1: GFL controller with active and reactive power as inputs of the outer
loop

can be found in Appendix E.1.2.

4.3 Grid Forming Converter Control

4.3.1 VSM

As previously mentioned, the GFM controller used in this study is based on a
virtual synchronous machine. This section outlines the controller and the equa-
tions that define its behaviour. Two controllers were designed. The first consists
of two main loops: a power loop and a voltage loop. The second controller is
identical to the first but further includes an additional virtual impedance.
Figure 4.2 illustrates the first design, which includes the power and voltage
loops. The power loop calculates the angle at the PCC, while the voltage loop
computes the g-axis component of the voltage to be modulated, with the d-axis
component set to zero. From the figure, it can be seen that the controller utilises

the current from the converter, 4., and the voltage at the PCC, u;. These values
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Figure 4.2: GFM controller connected to one-line system

are transformed from the ABC frame to the a0 frame. No Park transformation
is required, as the d-axis voltage component is zero.

However, for the second GFM design, shown in Figure 4.3, which includes
the virtual synchronous machine, the controller requires the synchronous trans-
formation, as both the ¢ and d components are modulated and fed back into the
converter.

The power and voltage loops mentioned, which computed the angle and volt-
age expressions for this controller may be seen in Equations (4.15)-(4.17).

o % ((P* _ giqvqmpm + f) (4.15)

90



Chapter 4. Modified Converter Control Approach to Improve System Stability

v, = (v* — w2+ Ud?)) Kum (4.16)
va =0 (4.17)

In equation (4.15), P* is the active power reference, i, is the ¢ component of
the current at the PCC, v, is the ¢ component of the voltage at the PCC, f is
the reference frequency and Kp,, is the PI controller related to the power loop

defined as

Kpm = my + — (4.18)
S

In equation (4.16), v, is the desired voltage to feed the converter, V* is the
voltage reference, v, and vy are the ¢ and d components of the voltage at the

point of common coupling; finally, Ky, is the PI controller of the voltage loop

defined as

kiveco

Kum = kpyvee + (4.19)

4.3.2 VSM With Virtual Impedance

This controller may be seen in Figure 4.3. The virtual impedance was added
to this controller for the power system restoration studies. Several studies were
analyzed with regards to virtual impedance implementation [97,148-152] and
eventually the approach described by Rodriguez-Cabero et. all described in [151]
was followed, as well as the tuning strategy. The virtual impedance is located
after the PI voltage controller. Thus, the ¢ component of the voltage which is

fed back to the converter, vy, is given by

kivece

Vg = (VZ* — Ufl,q) <k‘p,vcc + ) — icl,qu — icl,dLvW (4.20)

Where V7 is the voltage reference of the controller, uy; 4 is the ¢ component
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of the voltage at the PCC of the grid forming converter and i.; 4 and ¢ 4 are the
synchronous reference frame components of the current measured at the converter
terminals. For the d component of the voltage at the converter terminals, v,y is

given by

Vg = —i617de + z‘cl,quw (4.21)

In both equations 4.20 and 4.21, R, and L, are the virtual resistance and

inductance and w is the frequency measured at the PCC.

.........................................................................
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Figure 4.3: GFM controller connected to one-line system, with virtual impedance

4.4 Stability Assessment and Comparison Be-

tween Controllers

Throughout this study, system stability is analysed using small-signal models
(SSM). The SSM encapsulates the dynamics of the various control loops, which
are connected through their inputs and outputs, from the OWPP, through the
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transmission network, to the electrical grid. This model is formulated as a state-

space representation, as shown in Equations 4.22 and 4.23.

Az = AAz + BAu (4.22)
Ay = CAx + DAu (4.23)

In these equations, x represents the state variables, y denotes the system
outputs, and u corresponds to the inputs. The matrices A, B, C, and D are the
system, input, output, and feedthrough matrices, respectively. By applying this
SSM, the non-linear electromagnetic transient (EMT) model is linearised around
specific operating points. These operating points, derived from the time-domain
EMT simulations, are subsequently used to populate the state-space, linear time-
invariant (LTT) matrices, enabling stability analysis of the system.

Once the controllers are linearised, the first step is to integrate them with
the state-space matrices defined in Chapter 3, Section 3.2.7, which represent the
power system, electrical grid, and loads. This ensures that the entire model is
linearised and prepared for small signal stability analysis.

Following the development of the state-space models, the next step involves
validating their accuracy by comparing them with the electromagnetic transient
(EMT) model. For this validation, a power step of 0.01 pu was applied to both
the EMT and SSM simulations, for both GFM and GFL controllers. Stability
is then assessed using disk margins, which is the technique employed through-
out this study. The linearisation of the GFL unit is explained in Section 4.4.1,
the linearisation of the GFM unit in Section 4.4.2, and the stability assessment

method used to evaluate stability and robustness is described in Section 4.4.3.
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Table 4.1: State-space, LTI, matrices for filters and transformations used

Loop State-space
LPF E.1.1
T(6) E.1.2

) E.1.3

4.4.1 GFL Small Signal Model

Figure 4.4 presents a schematic of the GFL linearised control system. As shown,
all control loops are interconnected through their respective inputs and outputs.

In the figure:

e OL - Outer Loop

e LPF - Low Pass Filter

T(0) - Park Transformation

e T(0)~! - Inverse Park Transformation

PLL - Phase Locked Loop

IL - Inner Loop

The system has two primary inputs: the active and reactive power references,
or alternatively, the active power and voltage magnitude references. In the figure,
only the former is depicted, as it is used in the power system restoration studies
discussed in Chapters 6 and 7. However, the latter reference is employed in the
studies presented in Chapter 5.

To derive the small signal model, all the equations outlined in Section 4.2
have been linearised and expressed in state-space form within the synchronous
reference frame. The full set of equations and state-space models are available in

Appendix E.2 and Table 4.2 displays where the different control loops (referring
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also to both outer loop controllers described in 4.2.3) may be found within the
appendix.
However, as an example, the reader may find below the linearisation process,

and state-space model, of the inner loop current controller.

N sica[ o e}

LPF(s) ol
il 7 NS
| |Par R 1R

) — 1 18u|  GFL e}

h 4
-
C

’ IL
i “IT‘S?‘)M 3 converter |—/| LPF(s)

20 | p| At

Figure 4.4: Scheme of linearised system (SSM) for the GFL converter controller

Table 4.2: State-space, LTI, matrices for the GFL controller

Loop State-space

PLL E.2.1
OL, case 1 E.2.2
OL, case 2 E.2.2

Inner Loop Current Controller State-Space

The equations that describe the inner loop controller may be seen in section 4.2.2.
Following these equations and Figure 4.4, the state-space model that characterises

this controller is the following.
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Tee = Aeeec + Beelee (4.24)
yCC = OCC'TCC _I_ DCCuCC (425)

Where the state-space matrices are defined as:

Bcc:
0 -1 01 00
ki,cc 0
Occ:
0 ki,cc
D — —Fkpce 0 kpee —wL. 1 0

0 —kpee whe kpee 0 0

The inputs, u.. and outputs, y.. of the inner loop current controller are the

following;:

Uee = [ic,qr ledr legp ledp Ufg uf,d} (4.26)

Yee = |:’qu Udp] (427)

4.4.2 GFM Small Signal Model

A sketch of the linear time-invariant (LTT) system for the GFM unit is shown in
Figure 4.5. It illustrates two external inputs: the active power, Pj,,, and the

voltage magnitude, Vip,,. In the figure:

e PL - Power Loop
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e VL - Voltage Loop
e VI - Virtual Impedance

e P&V calc - Power and Voltage calculations

The power loop (from the power reference to the measured power) and the
voltage loop (from the voltage reference to the voltage magnitude) are used to
evaluate stability using the disk margin method, which is explained in the next
section. Therefore, the MIMO system considered here is a two-input, two-output
system. Figure 4.5 shows how all the loops are interconnected through their
inputs and outputs. The final state-space LTI matrices are provided in Appendix
E.3, and Table 4.3 specifies the corresponding sections within the appendix that
detail each loop.

'GEM Sssm . ——— pr 5
: 48 o ;
: PL AP ;
N / Vigd VL 44— 1
- - h < Veer H
HTO) 1 VI, :
i3l < E
oS! . '
P S GFM LPF(S jldqd P&V calc:
! > Us1qd :
5 converter — LPF(s) f——2¢ :
Lecececmcccccccccccccccecccecccccccceccceeeeeeeeennmoeo

Figure 4.5: Scheme of linearized system (SSM) for the GFM converter controller
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Table 4.3: State-space, LTI, matrices for the GFM controller

Loop State-space
PL E.3.1
VL4VI E.3.2
P & V calc. E.3.3

4.4.3 Stability Assessment Methods

Small signal stability was evaluated using disk margins (DM). Although this
section provides a brief overview of disk margins, they have been employed in
numerous studies [153-157]. DMs quantify the stability and robustness of a
closed-loop system by multiplying the open-loop system ”L” by a factor ” f7”,
yielding a perturbed loop Ly = fL. ”f” is a multiplicative, complex, factor
which accounts for both gain and phase simultaneously. This factor is nominally
1 and its maximum deviation from f = 1 quantifies the amount of gain and phase
variation.

There are two types of DM analysis: the ”loop-at-a-time” approach, which

7

introduces a perturbation ” f” in a single channel (input or output) while keeping
the other channels fixed, and the multi-loop DM analysis. The former, though
useful, can be overly optimistic as it may not account for the effects of simul-
taneous perturbations. Therefore, this study focused on the more comprehen-

sive multi-loop DM analysis, which applies different perturbations across various

channels, represented by a matrix of perturbations "F”, defined as:

fir O 0
0 0
F= ! -2 (4.28)
0 0 - fan

Each element f; ; represents the multiplicative factor applied to the open-loop
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system L in the channel (7, j). The perturbation factor f;; is given by:

1+a<%>(5
1—04((1;—0))5

where 9 is the normalised uncertainty, an arbitrary complex value constrained

fij = (4.29)

within the unit disk (]6] < 1).

The parameter o determines the extent of gain and phase variation modelled
by F. For a fixed o, a controls the size of the disk of uncertainty. When o =
0, the perturbation factor f;; = 1, meaning the perturbed system is identical
to the nominal open-loop system (Ls = L). In this case, the Nyquist plot of
L(s) intersects the critical point —1, and the system operates at the boundary
of stability, with no tolerance for uncertainty. This condition is referred to as
marginal stability.

Conversely, larger values of o increase the size of the uncertainty disk, al-
lowing for greater gain and phase variations while maintaining stability. This
corresponds to a larger disk margin and enhanced robustness. Thus, for a > 0,
the Nyquist plot of the perturbed system f; ;L(s) remains clear of the —1 point,
ensuring stability, while for & = 0, the Nyquist plot intersects —1, resulting in
marginal stability, where the system cannot accommodate any perturbations.

In this analysis, the multi-loop input/output disk margin is quantified by
a single parameter, «, representing the largest disk of perturbations for which
the closed-loop system remains stable [156]. Applying factors across all chan-
nels simultaneously provides a worst-case scenario for achieving system stability.
Therefore, the parameter o was used to assess the stability and robustness of the
studied systems. An « value of 0 indicates no tolerance for uncertainty, while
values further from 0 indicate greater system stability.

Throughout this thesis, the MIMO DM analysis was employed. The results

highlighted the worst-case stability scenarios across the various studies. In Chap-
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ter 5, this analysis is conducted for different system configurations, varying cable
lengths, and both GFM and GFL controllers. In Chapter 7, the DM analysis is
used to assess the stability of the power system during block loading following a
PSR event.

The small-signal stability analysis throughout this thesis was conducted by
evaluating the disk margin across a range of active power operating points, from
P =0 puto P =1 pu. This approach allowed a clear understanding of how
active power injection influences system stability under different conditions. By
systematically varying the operating point and computing the disk margin, it
was possible to identify stability trends and critical points in the system response.
This method was applied to all controller types (GFM and GFL) and system con-
figurations investigated in the thesis. In the power system restoration study in
Chapter 7, the same approach was used to assess how block loading impacts sys-
tem stability at different levels of active power injection. Presenting the results in
this way provided a clear and intuitive visual representation of stability margins,
which is especially useful for power system engineers when comparing controller

behaviours and identifying secure operating ranges under varying conditions.
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Chapter 5

Going Further Offshore With

Grid Forming Converters

5.1 Introduction

It was seen in Section 2.2 how important it is to improve system stability and
reliability, especially for OWPP connected via long HVAC cables. This may be
achieved via system modifications, such as adding shunt reactor equipment to
compensate for capacitive reactive power, or by using advanced converter con-
trol strategies. The objectives are to improve the power factor, maintain voltage
within acceptable limits across the transmission system, and ensure system sta-
bility.

Various considerations have been given to how HVAC technology can be em-
ployed for longer, yet reliable and robust, export cables. XLPE cables possess
a high inherent capacitance, which is influenced by cable length, insulation, and
construction materials. This capacitance results in a leading power factor, conse-
quently producing leading reactive power. To maintain power quality and voltage
stability within the system, reactive power must be balanced, which is accom-

plished through the use of shunt reactive power compensation devices. By intro-
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ducing lagging reactive power components into the system, the power factor can
be adjusted closer to unity, thereby reducing losses and enhancing transmission
efficiency and stability.

At present, most grid-connected inverters operate using GFL converter con-
trollers, which manage the injected current by displacing the phase from the
grid voltage at the PCC. GFM control, however, does not require prior knowl-
edge of system frequency, as both the magnitude and phase of voltage are con-
trolled [91, 158]. GFM controllers also increase grid resilience and enable the
wind farm to operate autonomously, either in island mode or by supplying power
to local loads in the absence of a stable onshore electrical grid. This can be
advantageous during grid disturbances or in a black start scenario [159].

From an academic perspective, research indicates that GFM controllers are
preferred for voltage-source converter (VSC) HVDC solutions due to their en-
hanced stability, improved resilience, and better integration with RES [103, 158,
160-162]. However, a gap remains in the literature regarding the stability of
OWPPs employing GFM control when connected to long HVAC transmission
systems.

Building on the findings of studies [47] and [48], which demonstrated that
HVAC export cables combined with distributed shunt compensation reduce power
system losses, minimize costs, and improve the voltage profile, this research in-
vestigates the benefits of shunt compensation applied at various locations within
HVAC transmission system in terms of small-signal stability. Additionally, it ex-
amines the application of two distinct converter control methods—grid-forming
and grid-following controllers—across different cable lengths. This research aims

to address the following questions:

e Can the length of an HVAC export cable be extended when employing a
GFM controller?

e [s the stability and robustness of the overall system enhanced with a GFM
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controller?

e What system configuration (i.e., location of shunt compensations) better

enhances stability?

To investigate these questions, an initial study was conducted for a shorter
cable of 50 km, using a conventional approach for shunt reactor placement: one
reactor onshore and the other at the offshore PCC. This study serves as an intro-
duction to examine the impact of GFM and GFL controllers with shorter cables.
Additionally, it is employed to explain the method used to analyse stability in
subsequent studies.

Subsequently, a comparative analysis of three different system arrangements
was performed, each varying the location of shunt compensation. Moreover, three
cable lengths—80 km, 120 km, and 150 km—were evaluated. GFM and GFL
controllers were compared using a small signal model, with active power injections
ranging from 0 pu to 1 pu. A further study was conducted for varying SCR and
X/R ratios to assess stability under weaker grid conditions. Stability was assessed
using disk margins to determine the robustness of each configuration.

The remainder of this chapter is structured as follows: Section 5.2 outlines
the system configurations defined for the study. Section 5.4 presents the stability
analysis for different active power operating points, ranging from 0 pu to 1 pu,
at a nominal system voltage of 230 kV. Section 5.5 conducts a similar analysis
to Section 5.4, but focuses on a parameter sweep of the short circuit ratio and
X/R ratio to assess the impact of control strategies and system arrangements on

weaker grids. Then finally, Section 5.7 presents the chapter conclusions.

5.2 System Under Study And Small Signal Model

The system under consideration is illustrated in Figure 5.1. It consists of an

OWPP connected to a transformer that steps up the voltage to 230 kV. The
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transmission system includes an HVAC submarine cable and shunt reactive power
compensation components distributed along the line. These shunt components
are varied across the different configurations studied in this work. The system
is then connected to an onshore local network. For this specific study, an aggre-
gated wind farm model is used, encapsulating both the OWPP and the offshore

transformer.

Offshore Wind Power Plant

Offshore «—————— Onshore

Transmission system
HVAC cable & shunt compensation

Local

Network
66/230 kv

Figure 5.1: One-line diagram of an OWPP connected via an HVAC transmission
system to the electrical grid

The detailed modelling approach for the system is shown in Figure 3.9. As
previously mentioned, it includes an aggregated OWPP modeled as a voltage
source with voltage V' and an LC filter with parameters R. and L.. The trans-
mission system consists of an HVAC submarine cable and shunt compensations.
The electrical grid is represented by a Thevenin equivalent with voltage V, and
the parameters R, and L.

The export cable was modeled using a m-equivalent circuit with parameters
Ry, Ly, and Cp,. For simplicity and because this study focuses on small sig-
nal analysis, the shunt compensations are modeled as reactors, with their values
calculated based on the amount of reactive power to be compensated. The pa-

rameters used in this study may be seen in Table B.1 of appendix B.
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The controllers used in this study are the ones described in Chapter 4. The
GFL controller is that of Figure 2.5 and the GFM unit is the one sketched in Fig-
ure 4.2. The SSM used for the small signal stability analysis is the one introduced
in Section 4.4.

After developing the SSM, the initial step involved validating its accuracy by
comparing it with the developed EMT model. For this validation, a single power
step of 0.01 pu was applied to both EMT and SSM system representations. Figure
5.2 displays the results for both the GFL and GFM converter controllers for a
cable length of 80 km and configuration A2. The same process was followed for
the other two arrangements. The close alignment between the SSM and EMT
responses in these Figures confirms that the SSM accurately replicates the EMT
behavior, demonstrating its reliability for further analysis.

A further comparison between the EMT and small signal models is presented
in Figure 7.15. To reflect the use of the controller in a grid restoration scenario,
where the system operates across a wide active power range, the small signal
model was validated against several operating points. This broader validation
supports the accuracy of the small signal model under varying power injection

conditions relevant to the study.
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Figure 5.2: Validation of SSM against EMT results for a 0.01 pu active power
jump
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5.3 Stability Assessment For Smaller HVAC Ca-
ble

The aim of the preliminary study was to compare grid-forming and grid-following
converter controllers for an offshore wind power plant connected to the grid.
A shorter cable of 50 km was used for the initial analysis. The first step was
to evaluate whether the control tuning was effective, focusing on overshoot and
settling time. Following this, stability was assessed across a range of active power
and voltage operating points. The active power was varied from 0 to 1 pu in
increments of 0.2 pu, while the voltage was adjusted between 0.9, 1, and 1.1 pu.
Lastly, the small signal stability results were compared using disk margins. This
comparison establishes a baseline for the subsequent study, where both the cable
length is increased and alternative system configurations are employed.

To ensure a fair comparison of the SVCC and VSM controllers it was necessary
to take into account their performance which can be specified by requirements
on the closed-loop stability margins (such as gain or phase), time-delay margins
or time domain specifications such as overshoot and settling time [163]. Two
minimum requirements for dynamic performance were chosen, which were the
settling time (ST) and overshoot (OS). These requirements were chosen based
on [164] and are a settling time lower than 0.5 s and an overshoot below 15%.
The tuning was performed for P = 1 p.u. and V' = 1 p.u., and this study was
performed with a SCR of 5 and an X/R ratio of 10.

The final gains for the SVCC and VSM are presented in Tables 5.1 and 5.2,
respectively. After tuning the controllers for the specified active power and volt-
age operating points, as previously mentioned, several additional operating points
were tested. The results, concerning overshoot and settling time, can be found
in Tables 5.3, for a power range between P = 0 p.u. and P = 1 p.u., and 5.4, for
a voltage range between V' = 0.9 p.u. and V = 1.1 p.u.
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Table 5.1: GFL controller parameters for preliminary study

Gain Value Gain  Value

Epce 3.207 kypc 3.22x107°
ki,cc 50.38 k’i,pc 1.04 % 10_4
]{Jp’pLL 2.4 x 1073 kipyc 0.013
k?@pLL 0.526 ki,VC 0.454

Table 5.2: GFM controller parameters for preliminary study

Gain Value
m, 1.609 x 10~®
m; 1x10°8
kp e 0.013

Ei ve 27.03

Figure 5.3 illustrates the power and voltage steps applied at the different
operating points, from which the overshoot and settling time were measured.

The small signal studies focus on the response of the system when the power
injected into the grid and the voltage reference level are varied. In this section, the
small signal stability and robustness of the system are analysed when subjected
to different power and voltage operating points. Stability was assessed for a range
of active power operating points, from P = 0 p.u. to P = 1 p.u., and for voltage
operating points between V = 0.9 p.u. and V = 1.1 p.u..

Figure 5.4 presents the results in terms of disk margins (gain and phase) for

the different power and voltage operating points. From the figure, it can be

Table 5.3: OS and ST for voltage operating points

GFL GFM
P(p.w) OS (%) ST (s) OS (%) ST ()

0 0 0.2243 1.6002  0.1975
0.2 0 0.2259 1.4408 0.2013
0.4 0 0.2279 1.3729 0.2112
0.6 0 0.2314 1.3348 0.2129

0.8 0 0.2385 1.3064  0.2134
1 0.8622 0.2519 1.2826  0.2125
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Table 5.4: OS and ST for voltage operating points

GFL GFM
V(pu) OS (%) ST (s) OS (%) ST (s)
0.9 0.8847 0.0867 0.6276  0.1562

1 0 0.0998 0.6269  0.1495
1.1 0 0.2260 0.6431  0.1441
GFL - Power GFM - Power
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o 0
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0
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GFL - Voltage GFM - Voltage
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Figure 5.3: Step response for both SVCC and VSM for power and voltage oper-
ating points

observed that the frequencies at which the GFL (SVCC) and GFM (VSM) are
more sensitive differ: the GFL controller shows the lowest gain margins at around
630 rad/s, whereas the GFM controller exhibits this at the natural frequency, of
approximately 314 rad/s. This indicates that GFM and GFL controllers have
distinct dynamic responses in terms of control speed. The variation in frequency

response is due to the interaction of each controller with the electrical grid.
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Specifically, in the GFL scenario, the current controller is a major contributor
to the behaviour of the system at these lower frequencies [94]. In the figure, each
line represents a power or voltage operating point. In the GFL-power scenario,
the lines are spread further apart, indicating that the power injected into the grid
has a significant effect on system stability and robustness margins. In contrast,
for the GFM case, the power operating points are closely grouped in terms of

both gain and phase margins.
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Figure 5.4: Disk margins for GFL and GFM for active power and voltage oper-
ating points

A similar pattern is observed for the voltage disk margins. For the GFM
scenario, the lines representing different operating points remain closely aligned
for both gain and phase. However, in the GFL scenario, these lines are more
widely spaced, demonstrating the GFL converter controller has higher sensitivity

to variations in power and voltage operating points. Additionally, it is evident
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that the SVCC shows the lowest margins when the injected power increases and
the voltage level decreases.

Overall, the GFL controller exhibits lower disk margins for both voltage and
active power operating points compared to the GFM controller. This study was
conducted with a short circuit ratio (SCR) of 5 and an X/R ratio of 10, meaning
that the GFL controller still performs well in terms of small signal stability.
However, the GFM scenario is superior for the following reasons: stability remains
consistent across all operating points, both for active power and voltage; gain
and phase disk margins are higher, providing greater tolerance for uncertainty

and disturbances.

5.4 Extending Cable Length

This section focuses on the stability analysis, primarily comparing two converter
control strategies: GFM and GFL. Additionally, the analysis examines three dis-
tinct system configurations, which vary based on the placement of shunt reactor
compensations along an HVAC submarine cable. The study also considers three
different cable lengths—80 km, 120 km, and 150 km—to evaluate the performance
of the converter controllers across various scenarios. The objective is to deter-
mine which converter control strategy and system arrangement optimize stability,
potentially allowing for longer HVAC cables. Furthermore, the analysis aims to
identify the optimal placement of shunt reactors for enhanced stability.

Given the variability in wind speed and the availability of energy from OWPP,
it was essential to analyse the stability of the different case studies under various
operating points. The stability analysis was conducted over a range of power
operating conditions. Specifically, the active power was varied from 0 pu to 1
pu in steps of 0.20 pu at nominal voltage. The stability analysis was performed

using disk margins, as explained in Chapter 3.
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The disk margin analysis was conducted to assess the stability of the two
converter control strategies, grid following and grid forming, across three distinct
cable lengths: 80 km, 120 km, and 150 km. This assessment considered three spe-
cific system arrangements, A1, A2, and A3, as previously defined in Section 3.2.7.
For clarity, A1l includes shunt reactors located onshore and offshore; A2 includes
shunt reactors onshore, offshore, and at the mid-cable point; and A3 includes
only onshore compensation. Results of the disk margin analysis are shown in
Figure 5.5 for 80 km, Figure 5.6 for 120 km, and Figure 5.7 for the longest cable
length of 150 km.

Disk Margins, 80 km
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Figure 5.5: Disk margins for active power operating points and for both
GFM/GFL controllers and different system arrangements for a cable of 80 km

Among these configurations, the GFM converter controller exhibited the largest
disk margins, particularly in the A2 arrangement, followed closely by the Al
arrangement. This suggests that the GFM control strategy is more robust in
maintaining stability compared to the GFL approach. It also suggests that dis-
tributing the shunt reactors along the export cable (A1 and 2), rather than having

just the one shunt compensation onshore (A3) further enhances stability.
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Disk Margins, 120 km
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Figure 5.6: Disk margins for active power operating points and for both
GFM/GFL controllers and different system arrangements for a cable of 120 km
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Figure 5.7: Disk margins for active power operating points and for both
GFM/GFL controllers and different system arrangements for a cable of 150 km
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The disk margins for the GFM controller remained consistent across all op-
erating points, indicating a reliable performance independent of active power
variations. In contrast, the disk margins for the GFL controller demonstrated
significant variability as the active power level increased from 0 to 1, with the
lowest margins belonging to higher active power penetration. Additionally, it was
seen that an increase in cable length resulted in a decrease in disk margins, high-
lighting the influence of transmission distance, hence increased line impedance,
on system stability.

Figure 5.8 presents the gain and phase margins across a frequency spectrum
where these margins are observed to be at their lowest. This analysis includes
both GFL and GFM scenarios. The plots highlight the variation in disk margins
for the three different arrangements, specifically for a cable length of 80 km.
Although only the 80 km case is depicted, similar trends are observed for cable

lengths of 120 km and 150 km.
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Figure 5.8: Gain and phase disk margins across the frequency spectrum.
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The plots reveal that in the GFL scenario, the active power operating points
significantly influence both the gain and phase margins. For configurations Al
and A2 within the GFL scenario, the lowest gain and phase margins, and con-
sequently the lowest disk margins, are found at very low frequencies, specifically
around 20 to 30 rad/s. These low frequency disk margins are characterized for
interactions between the GFL converter controller and the power system, espe-
cially due to the use of a PLL for grid synchronization and the inner current
controller. In contrast, for configuration A3, there is a notable dip in both gain
and phase margins at frequencies below 20 rad/s, with an additional significant
low point around 90 rad/s.

In the GFM controller scenario, the gain and phase margins remain consis-
tent across different operating points, corroborating previous observations. This
consistency results in similar margin values across the entire frequency range.
However, the lowest gain and phase margins for all three configurations occur at
the natural frequency of the power system, likely due to interactions between the
controller and the electrical grid. The 50Hz peak can be further reduced by ad-
justing the values of the virtual impedance, specifically R, and L,. However, this
approach may lead to reduced margins at lower frequencies. Therefore, future
work should focus on optimizing the tuning of the virtual impedance to achieve
greater mitigation of gain and phase dips while preserving acceptable margins
across the frequency spectrum.

The plots also highlight the influence of system arrangements on gain and
phase margins. The way the controller interacts with the power system varies
depending on the configuration, which plays a critical role in determining the
overall stability of the system.

From this section, it can be concluded that the GFM controller demonstrates
superior stability. It remains stable and robust across all cable lengths and config-

urations. Additionally, the stability of the overall system is not critically affected
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by active power injection, which is important given that the power injected by
OWPP will vary considerably with wind conditions and resource availability.

In contrast, the stability of the GFL-connected converter is influenced by
the injected active power, with lower stability margins observed at higher power
levels. Its stability is also affected by the transmission line impedance, leading to
reduced stability and significantly lower margins with increased cable lengths.

Regarding system configurations, arrangement A2 proved to be the most ef-
fective, followed by A1l. This suggests that distributed shunt reactors across the
transmission system enhance stability, allowing for the use of longer cables.

It is important to note that this study was conducted for a weak grid with
a SCR of 3. Further research should explore stronger networks, as the system
might benefit from GFL controllers in scenarios with a stronger grid, where a
robust voltage reference signal could enhance the GFL controller performance.
However, since this study focuses on weaker grids, the next section will examine

even weaker grids by varying the SCR and X/R ratio.

5.5 Concerning Weaker Networks

The integration of RES into electrical power systems leads to significant changes
in grid dynamics. One of the challenges associated with this transition is the
reduction in system strength, which is often quantified using the SCR and X/R.
These quantities reflect the ability of the grid to absorb disturbances and power
delivery performance.

Section 5.4 focused on the stability of the two controllers, different arrange-
ments and the three cable lengths in a grid with a SCR of 3 and a X/R of 10
(Xy/Rg). While this SCR value is already indicative of a relatively weak grid,
further analysis is necessary to understand the performance and robustness of

these controllers under even more challenging conditions. HVAC transmission
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introduces additional impedance, as well as the shunt reactors, and it was seen
from the previous section that the different arrangements shall benefit from dif-
ferent margins of stability. This effect becomes more noticeable in systems with
lower SCR and X/R values.

A similar analysis to the one in section 5.4 was conducted. However, instead
of varying the active power injection, the SCR at the offshore PCC (1.5 and 3)
and X/R ratio (1.5, 5, and 10) were varied, at an active power operating point
of 1 pu. This specific operating point was chosen as it previously showed lower
stability margins in the GFL case, making it a critical point of interest.

Figure 5.9 displays the disk margins for different configurations, A1, A2, and
A3, under both controllers, with an HVAC transmission length of 80 km. The
results confirm the findings from Section 5.4—GFM control improves stability
and robustness in weaker grids. Lower X/R and SCR values do not significantly

affect the disk margins of this controller.
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Figure 5.9: Disk margins for different SCR and X/R for a cable of 80 km

The same conclusion can also be observed in Figure 5.10, which shows that,
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for the GFM converter controller, the disk margins maintain consistent gain and

phase across all X/R and SCR values for greater cable lengths.
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Figure 5.10: Disk margins for different SCR and X/R for cables of 120 km and
150 km

The pole-zero maps in Figure 5.11 further illustrate these effects, where it
can be seen that for the GFM unit, in Figure 5.11b, the system remains stable,
with no poles on the right-half plane. The pole-zero map was here used as it was
necessary to display the instabilities of the GFL scenario, which may be seen in
Figure 5.11a, where even for an 80 km transmission with arrangement A2, which
performs best, the system becomes unstable.

As seen in Figure 5.11a, the system is unstable at X/R = 1.5 and SCR = 1.5,
and nearly unstable at SCR = 3 and X/R = 1.5, with a pole close to the origin.
The pole-zero maps clearly demonstrate how X/R and SCR impact stability, with
poles shifting to the right as SCR and X/R decrease.

The findings in Figure 5.9 show that nearly all disk margins are unstable for
the GFL controller under these conditions, even for the shorter cable length of

80 km of transmission. Therefore, GFM converter units are essential for longer
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HVAC transmissions, especially in weaker grids with higher impedances.

The GFM-connected controller has shown consistent performance across dif-
ferent X/R and SCR values, even with longer cables of 120 km and 150 km, as
seen in Figure 5.10. The results also indicate that arrangement A2 is the most
effective, supporting the conclusion from the previous section that distributing

shunt reactors along the line significantly improves stability.
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Figure 5.11: Gain and phase disk margins across the frequency spectrum for SCR
and X/R variation.

In conclusion, GFM is necessary for longer export cables, particularly in
weaker grids with lower X/R and SCR. Arrangement A2 is recommended for
enhanced stability, although arrangement A1 has also proven to be robust across

all GFM operating points.
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5.6 Discussion

The results presented in Sections 5.4 and 5.5 illustrate the comparative perfor-

mance of GFL and GFM controllers for OWPPs connected via HVAC export

cables. Table 5.5 summarises the advantages and disadvantages of both strate-

gies, providing an overview of their characteristics based on the findings.

Table 5.5: Advantages and disadvantages of GFL and GFM control strategies
based on the paper findings.

Criteria Grid-Following Grid-Forming
Advantages - Simple and widely adopted | - Superior stability and
in current OWPP systems. robustness across all cable
lengths.
- Effective in strong grids with | - Performs well in weak grids
higher short-circuit ratios. (low SCR and X/R ratios).
- Easier to implement with | - Stability is independent of
conventional systems. active power injection levels.
- Supports operation in island
mode and black-start scenar-
10s.
Disadvantages | - Stability is highly sensitive | - Requires more complex con-

to active power injection.

- Poor performance with weak
grids and longer HVAC ca-
bles.

- Low disk margins at high
power levels and weaker SCR
values.

- Requires strong voltage ref-
erence for synchronisation.

trol and tuning processes.
- Not yet widely deployed in
OWPP systems.

- Slightly higher computa-
tional demands due to VSM
approach.

- Needs further research for
industrial adoption.

GFM controllers demonstrate superior stability and robustness across all sys-

tem configurations and cable lengths. This is evident in figures 5.5, 5.5, and 5.5,

which show that the GFM control strategy consistently achieves higher o values

for all three cable lengths, maintaining stability across all active power operating

points analysed.

In contrast, the GFL controller exhibits a significant loss of stability as cable
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lengths increase. For the 150 km cable, some operating points already display a
disk margin of zero, indicating no tolerance for uncertainty. In such cases, the
factor f equals 1, meaning that even a small uncertainty or disturbance would
result in instability.

The disk margin analysis also highlights the consistent performance of GFM
under weak grid conditions with low SCR and varying X/R ratios. This ro-
bustness can be attributed to the independence of GFM control from grid syn-
chronisation, allowing it to maintain stability even under significant active power
variations. Conversely, GFL controllers show pronounced stability limitations,
particularly as active power injection increases. These limitations are exacer-
bated by weaker grid conditions and increased cable lengths. Figures 5.9 and
5.10 further emphasise the superiority of GFM, particularly for weaker systems.
Even with a shorter 80 km cable, the GFL controller demonstrates zero « val-
ues across all configurations and active power penetration levels, underscoring its
inability to maintain stability in such conditions.

While GFL remains simpler to implement and is widely adopted in current
systems, its performance is heavily reliant on grid strength and a robust voltage
reference. These limitations are reflected in the reduced disk margins observed
at higher power levels and weaker grid conditions. In contrast, GFM provides
a reliable solution for OWPP applications requiring extended HVAC export ca-
bles, effectively mitigating stability challenges associated with line impedance and
reactive power imbalance.

Despite its superior performance, the adoption of GFM controllers remains
limited due to the need for further research and development. Future work should
focus on addressing these challenges to accelerate the integration of GFM con-
trollers in offshore wind applications, thereby enhancing grid stability and en-

abling reliable operation under increasingly demanding conditions.

120



Chapter 5. Going Further Offshore With Grid Forming Converters

5.7 Chapter conclusions

This chapter has examined the evolving dynamics of power systems as syn-
chronous generators are phased out in favour of renewable energy sources. The
study focused on the integration of OWPP and the challenges associated with

increasing transmission distances.
e Key insights:
— OWPPs are being deployed further offshore, which requires the use of

HVAC cables with reactive power compensation.

— Shunt reactors play a crucial role in mitigating capacitive effects and

ensuring the stability of the system.
e Comparative analysis:

— The study evaluated three HVAC cable lengths (80 km, 120 km, and
150 km) and three shunt reactor configurations (A1, A2, and A3).
— The impact of different control strategies—Grid-Following and Grid-
Forming—was assessed using small-signal stability analysis.
e Findings:
— The most robust configuration was A2 (offshore, onshore, and mid-
cable reactors) with GFM control.

— GFM control exhibited superior stability across all operational condi-

tions compared to GFL control.

— The stability of GFL units was highly sensitive to active power injec-

tion levels.

e Implications for weaker grids:
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— Weaker grids, characterised by lower SCR and X/R values, further
highlighted the advantages of GFM control.

— GFM maintained stability across all SCR and X/R conditions, whereas
GFL controllers failed at even moderate distances.

e Concluding remarks:

— GFM control is recommended for OWPPs, particularly those situated

further offshore.

— Incorporating offshore and mid-cable shunt reactors enhances stability

and reliability.

— The study underscores the limitations of GFL control in weak-grid
conditions, reinforcing the necessity for transitioning towards GFM-

based OWPP integration.
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Chapter 6

Novel Approach to Power System
Restoration Using Offshore Wind

Power Plants

With the increasing integration of converter-connected RES into power grids, it is
essential to ensure the resilience of power systems in the event of partial or total
blackouts. Traditionally, the responsibility for restoring power, known as PSR or
BS, has rested with a few large, transmission-connected synchronous generating
power stations. However, as these stations are phased out, the task of providing
restoration services must also transition accordingly, thus RES such as OWPP,
photovoltaics (PV), and battery energy storage systems (BESS) should also be
considered as black start units (BSUs) [75,165].

BSUs are generation assets capable of restarting without support from the
electrical grid. In particular, PSR using wind power has not previously been seen
as a priority, but due to the high number of planned OWPP, as it was mentioned
in Chapter 1, of 40 GW by 2030 [166], it is a matter of energy security to consider
this option for the future of PSR in the UK.

Having this in mind, several projects emerged in the UK aiming research
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involving both industry and academia, in which it was investigated if RES can
potentially contribute to UK’s PSR in case of a blackout. An example of such is
project PROMOTioN, a project in meshed HVDC offshore transmission networks,
which investigated OWPP/WT control for self-start and BS [167, 168]; another
is Distributed ReStart which explored how distributed energy resources (DER)
such as solar, wind and hydro, may be used for PSR [68].

Following this trend, the project SIF BLADE [169] was launched, aiming to
explore and demonstrate how innovative, cost-effective, low-carbon technologies
can enable OWPP to restore the onshore grid following a blackout. Validating this
concept will facilitate the accelerated deployment of OWPP to replace existing
fossil fuel generators, while mitigating any potential resilience challenges that
may arise. This paper aims to present the key topics discussed and analysed
during the initial stages of the SIF BLADE project: the Discovery Phase and
the Alpha Phase. Below, the studies conducted during these phases are detailed,
along with the sections where each topic is discussed.

Section 6.1 explores potential scenarios regarding the location of the auxiliary
power supply (APS) unit, which is responsible for initiating the start-up of the
OWPP:; it is also explored the requirement for self-starting grid-forming wind
turbines. This is a critical consideration, as a black start units, in this case an
OWPP, require an external source capable of supplying a small amount of energy
to initiate its operation.

Section 6.2 investigates whether the designed OWPP and power system can
meet the local network demand in steady state, in terms of active and reactive
power operating points, using data provided by a project partner. The OWPP
considered here is the one introduced in Chapter 3. A similar analysis to that
conducted in Section 3.3 was performed, this time with the aim of determin-
ing whether the OWPP could encapsulate the onshore local network active and

reactive power (P,Q) data points.
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Following this, an availability study was conducted in Section 6.3. The objec-
tive of this study was to assess the active power that could be exported from two
different OWPP sites, based on wind speed data specific to each location. Due
to data protection restrictions, the specific OWPPs considered will not be named
and are referred to as OWPP Case 1 and OWPP Case 2. This allowed for an
evaluation of the amount of energy that could be exported from the OWPP, and
whether the energy targets set by NGESO for the first 24 and 72 hours following

a blackout could be met.

6.1 Scenarios to energize OWPP

In this section, different scenarios for energising an OWPP are discussed. A BSU
needs to self-energise and contribute to network reconfiguration. Traditionally,
such a unit uses a small cranking generator, such as a DG, for this purpose.
For an OWPP, an APS, such as a synchronous DG or a BESS, can be used to
start the wind turbines. Alternatively, GFM W'Ts can self-start. The size of the
cranking unit must provide sufficient energy to start key components that enable
power generation. These include the wind turbine controllers and communica-
tions, heating and cooling loads, water and oil pumps, and motors, such as those
for pitch and yaw. According to [170], the auxiliary power needed to self-start a
wind turbine is less than 5% of its rated power.

The SIF Blade project explored four energisation solutions, with two selected
for further study. These solutions vary based on the APS location and the re-
quirement for GFM WTs. An APS, whether located onshore or offshore, can
provide a stable voltage reference, eliminating the need for GFM WTs, as all
GFL WTs will synchronise with the APS voltage. Self-starting wind turbines
must be GFM-capable. The four scenarios considered in this study to energise

the OWPP are shown in Table 6.1. The table presents four scenarios, S1, S2,

125



Chapter 6. Novel Approach to Power System Restoration Using Offshore Wind
Power Plants

S3, and S4. Grid-forming wind turbines are only required for Scenario S2, which
involves self-starting wind turbines. Self-starting WTs must be equipped with a
small auxiliary power supply, such as an uninterruptible power supply, capable
of providing sufficient power to initiate the start-up of the turbine. In the other
scenarios, it is assumed that the external APS can maintain stable voltage and

frequency signals throughout the energisation of the OWPP.

Table 6.1: Scenarios for WT-OWPP energisation

Scenario APS location GFM WT required?
S1 Onshore No
S2 Self-start WT Yes
S3 Offshore No
S4 Hybrid No

Figure 6.1 graphically illustrates the locations of S1, S2, and S3; S4 is a
combination of these APS. In the figure, S1 is situated in the onshore substation,
along with several loads, the local network, and a variable shunt compensation.
52 represents an APS located inside a WT, indicating a self-starting W'T. S3 is
positioned in the offshore substation, following the offshore transformer and static
shunt reactive compensation, but before the HVAC export submarine cable.

Scenario 1 (S1) is sketched in Figure 6.2 and involves placing the APS at an
onshore substation. The APS would need to energize all equipment from the
substation to the OWPP, including the substation itself, reactive power shunt
compensations, offshore submarine HVAC export cable, OWPP array cables, and
finally the wind turbines. Although this process requires significant energy, the
onshore location of the APS allows for larger units due to the absence of space
constraints, unlike offshore substations or wind turbines. Additionally, APS units
are typically already available at or near onshore substations. Scenario 1 is thus
an attractive solution due to its simplicity and technology readiness. Located

onshore, the APS is easier to install, operate, and maintain, with no space lim-
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Figure 6.1: One-line diagram of studied system with the different APS located
onshore, offshore, and inside WT (self-start scenario)

itations. It can keep a stable voltage reference signal, eliminating the need for
GFM wind turbines, that is, assuming the GFL wind turbines maintain stability
in such a weak system.

Scenario 2 (S2), which may be seen in Figure 6.3, considers self-starting wind
turbines which have the capability to energize themselves. This is done via an
uninterruptible power supply (UPS), a small BESS or diesel generator inside a
wind turbine. Such wind turbine would need to be equipped with grid forming
converter control technology as to be able to keep a constant and reliable voltage
source reference signal. Once one, or several self-start, GFM, wind turbines
are energised, these units would be responsible for providing enough energy to
energise the OWPP array cables and the GFL wind turbines, which would then
synchronise with the GFM units.

Previous studies have explored the concept of self-start wind turbines for
OWPP. In [171], a method is proposed where wind turbines start using their in-

ternal energy storage without external generators. In [172] it is discussed an au-
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Figure 6.2: One-line diagram of Scenario S1, with the APS located onshore
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tonomous startup and synchronization using the wind turbine APS to sequentially
energize turbines. Additionally, in [173] is introduced a wind turbine equipped
with a DG that can generate power during a blackout, replicating the electricity
network and supporting auxiliary devices.

In Scenario 3 (S3), an APS is located in the offshore substation, as may be
seen in figure 6.4. Firstly the offshore transformer and substation equipment are
energized and then the OWPP itself, reducing energization time compared to an
onshore APS. The offshore industry, particularly the oil and gas sector, is famil-
iar with APS in offshore substations, and battery energy storage systems are a
topic of interest for such platforms [174-178]. However, limited space in offshore
substations makes it challenging to include a BESS unit solely for black-start
purposes if the OWPP is already constructed. Scenario 3 is the most expensive
due to higher installation and maintenance costs and limited accessibility. Al-
though GFM wind turbines are recommended, they are not necessary as the APS
can generate frequency and voltage. Some offshore substations may already have
an APS capable of cranking the first wind turbine, providing an alternative for

auxiliary power.
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Figure 6.4: One-line diagram of scenario 3, with the APS located ofthore
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Scenario 4 (S4) proposes a hybrid solution combining onshore and offshore
auxiliary power supplies. For example, an onshore BESS could work alongside
GFM self-start wind turbines or an additional offshore BESS. This approach
reduces costs and improves accessibility compared to other scenarios, while also
increasing available energy and redundancy. Some studies already mention this
alternative [179-181]. This hybrid configuration leverages the advantages of both
onshore and offshore setups, ensuring a more flexible energization process for the
OWPP.

For this project, Scenarios S1 and S2 were selected based on their specific
advantages. Scenario S1 was chosen primarily due to the technological readiness
of the solution, its potential for broader applications such as energy storage for
market participation, and the availability of onshore APS units that can be used
for future testing. An onshore APS not only facilitates the energization of the
OWPP but also provides additional benefits such as voltage and frequency regu-
lation if necessary. Further, since this unit is bigger, it might be able to sustain a
voltage reference signal for longer. Scenario S2 was selected due to the high level
of expertise and the interest from various partners in utilizing self-starting, GFM
wind turbines. This scenario is cost-effective and offers a shorter restoration time,
making it a practical choice for efficient and rapid energization. In the following
chapter, Chapter 7, both EMT and SSM analyses are conducted, focusing solely
on Scenario S2. However, the next phase of the SIF Blade project will involve
developing similar studies for Scenario S1, after which a comparison between the

two scenarios will be made.

6.2 Steady State Analysis

The aim of this study was to assess if the offshore wind power plant connected to

the power system introduced before could generate, in steady state, an envelope
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of active and reactive power (P,Q) operating points that would encapsulate the
local network (P,Q) needs, thereby matching local network demand. The net-
work demand was provided in terms of (P,Q) operating points, for different wind
speeds, demands and paths in the UK.

To examine the steady-state operating conditions, a power flow analysis was
conducted. Firstly, the hardware model described in section 3, Figure 3.10, was
simplified to achieve an impedance model as shown in Figure 3.12, facilitating
the utilization of a Thevenin equivalent for the purpose. Subsequently, the local
network demand data was assessed. Once this step was completed, the voltage
magnitude and angle of the OWPP were varied to delineate its operational enve-
lope and understand if it effectively encapsulated the operation points of the local
network. This iterative process was carried out under various conditions, altering
wind speed and local network demand. A selection of the results is presented and

explained in this document.

6.2.1 Local network loads

As stipulated in the UK grid codes concerning power system restoration, dis-
patched providers must collectively be capable of restoring 60% of network de-
mand within the first 24 hours and 100% within 72 hours. This energisation is
carried out in incremental steps of active and reactive power. Depending on vari-
ous factors, such as the number of available generators, demand, and wind speed
conditions, black start generators are selected to participate in the energisation
process, whether for network reconfiguration or block loading.

The data considered in this study, which assesses the ability of an OWPP to
meet local network demand during power system restoration, is based on sim-
ulated data provided by a transmission network operator involved in the SIF
Blade project. This data defines the active and reactive power requirements at

a specific substation during a block loading sequence, representing the incremen-
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tal energisation of network components and associated demand. The operating
points reflect the power levels that the OWPP would be expected to supply at
various stages of the restoration process. While the full simulation includes a
comprehensive set of power steps, this study focuses on a subset of the most
critical operating points that represent key stages in the energisation sequence.
This targeted selection ensures that the stability and performance of the OWPP
under the most demanding and representative conditions are thoroughly evalu-
ated. This energisation process is illustrated in Figure 6.5, which shows three
different scenarios provided by the T'SO. These scenarios are based on simulated
system conditions, each representing a different energisation path and load de-
mand sequence. In each case, the active and reactive power requirements are
plotted incrementally as the network is restored step by step.

The three scenarios (Cases 1, 2, and 3) differ in two key aspects: the ener-
gisation path (i.e., which parts of the network are energised and in what order)
and the assumed wind speed at the OWPP location. Wind speed directly influ-
ences the level of power that the OWPP can contribute during restoration. For
instance, Case 3, which shows the lowest active power levels, corresponds to a sce-
nario with lower wind speed and therefore lower OWPP availability. In contrast,
Cases 1 and 2 involve higher wind conditions and greater OWPP participation
in the block loading process.

These curves illustrate how the required reactive power increases in steps
alongside active power, but with variations across scenarios due to differences
in load composition and energisation sequence. Understanding these trends is
crucial, as they provide insight into how OWPPs might be expected to respond
under varying system conditions and resource availability during power system

restoration.
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Figure 6.5: Energisation steps for three different local network demands, Cases,
1,2 and 3

6.2.2 Case studies

In a controlled OWPP, the voltage magnitude and angle output are regulated by
the action of the converter controller. However, in this case where the interest
was to compute operating points via power flow, the model shown in Section 3.3
was utilized and the operating points of the system computed using the previous
equations 3.27 and 3.28.

For each case introduced previously in section 6.2.1, the output voltage and
angle at the terminals of the converter were varied to create the operating region
of the OWPP. The wind speed used in this analysis was given by a SIF Blade
project party. This quantity was varied between 0 and 1, where 1 would mean
rated wind speed and 0 no active power production. Hence, to compute the
active and reactive power available, the apparent power was multiplied by the
wind speed ratio.

Table 6.2 displays the wind speed used for each case, as well as the con-
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verter terminal voltage magnitude and phase angle that were used to generate
the OWPP operating envelope. The availability of each wind turbine generator
(WTGQG) to deliver active and reactive power depends primarily on the wind re-
source and the converter limits. In this analysis, wind speed was represented as
a per-unit ratio from 0 to 1, with 1 corresponding to rated wind speed. For each
case, the total apparent power of the OWPP was scaled by this wind speed ratio
to reflect the reduction in available active power due to limited mechanical input.

Although the active power capability of the OWPP decreases with lower wind
speed, reactive power can still be supplied within the thermal and voltage con-
straints of the converter. Therefore, even at lower wind speeds (e.g., Case 1), the
OWPP retains the ability to provide reactive power support to the local network.
Figures 6.6, 6.7, and 6.8 show the (P, Q) operating envelopes for the three sce-
narios, where the black markers represent the OWPP capability and the coloured
markers correspond to the local substation demand for each case. The coloured
operating points were derived from the TSO simulated block loading data, shown
previously in Figure 6.5.

Each scenario corresponds to a different energisation path and wind condition,
affecting both the network demand and the OWPP ability to meet it. The plots
demonstrate that, despite varying wind availability, the OWPP was able to cover
the required operating points of the local network in each scenario. This confirms
that the OWPP, through appropriate control of the converter terminal voltage
magnitude and angle, can provide the necessary active and reactive power support

under realistic restoration conditions.
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Table 6.2: Wind speed, converter voltage angle and magnitude for the different
study cases

Case Wind (%) /6° E, (pu)
1 0.15 -5 to 2 0.95 to 1.02
2 0.6 -10 to 3 0.91 to 1.01
3 0.35 -8 to 2 0.93 to 1.02

This was achieved without varying any parameter in the impedance model.
Thus, there is margin to vary even further the converter terminal voltage mag-
nitude and angle to accommodate local network demand, as well as potentially
increase or decrease the shunt compensation that exists in the model. Further,
the study here presented was performed for a cable length of 30 km, hence the
impact of the capacitance of the HVAC cable did not play a major role in active
power losses nor reactive power needs. If such issue arises, and as it was was
previously observed in [182], these components significantly impact the voltage
stability of the system in steady state as well as the (P,Q) operation envelope
which the OWPP may provide to the local network, this study may be carried
varying the shunt impedance to analyse how much reactive power would need to

be compensated.

6.3 Availability Study

The availability study aims to illustrate the active power and energy production
achievable from an OWPP in case of PSR, having in mind wind speed data. Once
these amounts are known, it may be seen if extra energy is needed from an energy
system storage to match the local network demand. The document [183] outlines
the essential technical prerequisites for an OWPP to function as a black start
provider. According to the stipulations in this document, the OWPP must have

the capability to restore 60% of the necessary local network within the initial 24
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Figure 6.7: OWPP and local network (P,Q) OP: Case 2

hours following a blackout. Furthermore, it is mandated that within 120 hours,

the entire system must be fully restored.
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Figure 6.8: OWPP and local network (P,Q) OP: Case 3

Having access to the wind speed at a designated OWPP site along with details
about the wind farm and wind turbines employed, it becomes feasible to compute
the active power that can be harnessed. Once this power is determined, it can be
estimated if extra energy is required from external auxiliary power sources, such
as BESS, to fulfil SO requirements.

The availability study was conducted for two OWPP. However, this novel
methodology may be adapted for various offshore wind farms by adjusting specific
parameters related to the wind speed, wind farm and wind turbines.

The first OWPP encompass 54 wind turbines, each with a capacity of 8 MW,
resulting in an aggregate power output of approximately 450 MW. The second
OWPP is still on its early stages, and thus there is no available information with
regards to the wind turbines that will be employed. Nevertheless, it is known that
the expected output power is of 4.1 GW, from which 2.3 GW will be connected
to one onshore substation, and it is up to 307 offshore wind turbines.

The methodology used to analyse the power and energy availability of these

137



Chapter 6. Novel Approach to Power System Restoration Using Offshore Wind
Power Plants

wind farms may be seen in Figure 6.9.
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Figure 6.9: Sketch of methodology used to study power and energy availability
of an OWPP

Firstly, it was necessary to analyse the wind speed on the OWPP sites. For
this purpose, wind speed data sourced from [184] was used. These datasets com-
prise wind speed information recorded at a height of 100 meters over a span of
30 years, starting from January first, 1990. A series of computations were per-
formed to determine the Weibull distribution for each OWPP site. Further, the
wind speed data was used to compute the average monthly wind speed.

Then, it was necessary to compute the power curve of the wind turbines
of both OWPP. With this information, and with the wind speed data, it was
possible to compute the power and energy production over several time frames,
i.e. a day, week, month, or even an averaged year of power production. For
these power curves, information of the power coefficient, wind turbine radius and
cut-in, cut-out and rated wind speed were needed.

To explore the active power and energy that can be extracted by both wind
farms with regards to the available wind speed, the average daily power that can
be extracted was computed. Furthermore, it was seen that wind speed varies
significantly over a year and thus, a monthly analysis was performed, and active
power and energy computations were done for a day and week period in terms of
average power and P90.

Furthermore, data available of the local network demand was provided for

this analysis. With this information, several scenarios of low wind and a scenario
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of rated wind speed were analysed. This way, it was possible to see how much
energy was needed from an external auxiliary power supply to match demand in
case of low wind speeds.

It should be mentioned that the direction of the wind speed or the wake effect
were not considered, and hence it was assumed that, at any time, all the wind
turbines of the OWPP were producing the same aerodynamic active power.

This section is divided into two sections, each dedicated to a distinct OWPP.
Section 6.3.1 delves into the specifics of OWPP Case 1, while Section 6.3.2 focuses
on OWPP Case 2. In both instances, the analysis begins with an examination of
wind speeds, demonstrating their variations across the spectrum through Weibull
distributions. Then, the study focuses on the power curves of the wind turbines
for both wind farms and finally, the power and energy production for each OWPP

are computed.

6.3.1 OWPP Case 1

Power and Energy Production

The initial step involved computing the average power output of the OWPP by
factoring in the previously computed wind speed distributions and power curve.
Values of wind speed and the computer curve used are described in Section F.1.
Since the wind speed data available consists of the average wind speed every
hour, the active power and energy were computed hourly using the 30-year data

available and the average power and energy produced may be seen in Table 6.3.

Table 6.3: Average daily active power and energy production for OWPP Case 1

Property Value
Power, one wind turbine [MW] 4.05
Power, OWPP [MW] 218.80
Energy, OWPP [GWHh] 5.25
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Figure 6.10: Active power average daily production

Figure F.1b illustrates the considerable variability in wind speed across various
months, notably indicating that the average wind speed during winter months is
significantly higher than in other seasons. This disparity suggests that the power
production during these winter months is likely to be notably higher due to the
increased wind speeds, potentially resulting in elevated energy output during this
period. Consequently, a detailed monthly analysis was conducted to assess power
and energy production for both daily and weekly intervals. Initially, the average
power production for each month over a single day was computed, presented in
Figure 6.10a for the OWPP and Figure 6.10b for an individual wind turbine.

Subsequently, calculations were made for the P90 power, P90 daily energy
production, and P90 weekly energy production. The results are summarized in
Table 6.4, showcasing the expected variations in power and energy production
throughout the year. It is evident that the colder months tend to yield higher
amounts of power, making them potentially significant periods for power restora-
tion scenarios. This highlights the capacity of the OWPP to function effectively
as either an anchor or top-up generation source.

Understanding the potential power output is crucial for effectively planning

the utilisation of a battery energy storage system. This insight provides a reliable
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basis for estimating the energy required from the storage system to meet demand,

regulate frequency, and stabilise voltage levels within the grid.

Table 6.4: OWPP Case 1 P90 values for different months

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dez

P90 (MW) 353.02  361.51 350.00 356.00 328.80 327.86 321.29 325.97 352.03 370.12 364.04 365.05
P90, daily (GWh) 8.47 8.68 8.59 8.54 7.89 7.87 7.71 7.82 8.45 8.88 8.74 8.76
P90, weekly (GWh) 4236 43.38 4296 42.72 39.46 39.34 3856 39.12 4224 4442 43.68 43.80

Matching Demand

In Section 6.2, it was demonstrated how the operating points provided by a
project partner were used to align the active and reactive power requirements
of the OWPP. In this section, a similar approach is taken to evaluate power
availability, focusing on the active power requirements of 60% within 24 hours
and 100% within 120 hours.

The scenario under consideration involved the highest demand, with a maxi-
mum active power requirement of approximately 1.2 GW. The 60% threshold for
local demand equates to 672 MW.

Given the active power requirements, along with the daily and weekly energy
demands, it is possible to assess, based on wind speed, the average power that
can be generated by the OWPP and whether additional energy is needed to meet
the local grid requirements. Table 6.5 presents an analysis of this scenario. The
study considers several low wind speed conditions, as well as the rated wind speed,
which produces nominal power. The table shows the average power generated for
each wind speed, and for both the 24-hour and 120-hour periods, it calculates the
available energy for each wind speed. Using these energy values, and comparing
them with the local network demand, the energy storage required for both time
frames was determined. The energy storage values presented are indicative only,
representing the amount of energy that would be required to fully supply the

remaining network if the OWPP output were insufficient. At present, an energy
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storage system capable of delivering such high power levels is not available. How-
ever, in a future scenario where multiple islands are interconnected, these energy
requirements could potentially be met with the support of suitably sized energy

storage systems.

Table 6.5: Energy and Power Data for Different Wind Scenarios

Wind scenario (m/s) Average Power (MW) Energy, 24h (GWh)  Energy, 120h (GWh)

OoOwPP ESS OWPP ESS
4 16.00 0.38 15.75 1.92 132.5
6 53.98 1.30 14.84 6.48 127.96
8 127.97 3.07 13.06 15.36 119.08
10 249.94 6.00 10.13 30.00 104.44
Rated 432 10.37 5.76 51.84 82.60

6.3.2 OWPP Case 2

Power and Energy Production

The study that was conducted for OWPP Case 1 wind farm was also conducted
for the OWPP Case 2. Values of wind speed and the computer curve used are de-
scribed in Section F.2. Hence, in this section, the daily average power production
was firstly computed for the 30-year data for a year and afterwards, the monthly
study was also conducted. Table 6.6 contains the average active power for one

wind turbine, the wind farm and the average daily energy.

Table 6.6: Power and Energy Properties of the OWPP Case 2

Property Value
Power, one wind turbine [MW]  7.94
Power, OWPP [MW] 2437.97
Energy, OWPP [GWh] 58.51

Figure F.3a and Figure F.3b display the results for the average active power
production for each month, for the OWPP Case 2 and one offshore wind tur-
bine, respectively. The power P90, the P90 weekly energy and P90 daily energy
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productions may be seen in Table 6.7.
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Figure 6.11: Active power average daily production

Table 6.7: OWPP Case 2 P90 values for different months

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dez

P90 (GW) 3.14 3.19 3.37 3.42 3.30 3.32 3.13 3.25 3.25 3.44 3.20 3.30
P90, daily (GWh) 75.27 76.46  80.89 82.02 7932 79.76 7516 78.00 7799 8247 76.89 79.32
P90, weekly (GWh) 376.35 38229 404.43 410.09 396.59 398.82 375.81 389.94 389.94 412.37 384.47 396.56

Matching demand

The same local demand considered for OWPP Case 1 was applied to OWPP Case
2. However, for this case, the OWPP output power was set to 2.3 GW, as this is
the active power to be connected to the onshore substation. Therefore, instead
of considering all 307 wind turbines in the OWPP, only 177 were included, which
collectively produce approximately 2.3 GW when operating at rated wind speed
and generating nominal active power. As before, low wind speed scenarios (4, 6,
8, 10, and 12 m/s) and the rated wind speed scenario were assessed.

Table 6.8 illustrates the average power and energy output of the wind farm
across several low wind speed scenarios and the rated wind speed scenario. It
also shows whether additional energy from an auxiliary power supply is needed
to meet local network demand. In some wind scenarios, the required energy is

"negative,” indicating that no energy is needed from the APS due to an energy
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surplus. This excess energy can be used for various purposes, such as charging

the energy storage system.

Table 6.8: Energy and Power Data for Different Wind Scenarios

Wind scenario (m/s) Average Power (MW) Energy, 24h (GWh) Energy, 120h (GWh)

OwWPP ESS OWPP ESS
4 43.3 1.04 15.1 5.2 129
6 146.2 3.51 12.6 17.55 116.8
8 346.6 8.31 7.80 41.59 92.85
10 676.9 16.25 -0.11 81.23 53.20
12 1170 28.07 -1.19 140.37 -5.93
Rated 2301 55.22 -3.91 276.12 -142

6.4 Chapter conclusions

This chapter presented four distinct scenarios, each differing in terms of the lo-
cation of the auxiliary power supply unit required to initiate the offshore wind
power plant and the necessity for grid-forming wind turbines. The SIF Blade
project was introduced, with two of these scenarios, specifically scenario 1 and
scenario 2, selected for further analysis within the project framework.

A comprehensive steady-state analysis was conducted, employing a model of
the OWPP based on partner specifications. The results demonstrated that the
OWPP could establish an operational envelope capable of meeting the active
and reactive power demands of the local network. These demand data points,
provided by a project partner, confirmed that the OWPP is technically capable
of supporting steady-state operations in a restoration scenario. Moreover, this
analysis shows significant potential for future studies on wind farms, as it can be
readily adapted and applied to a variety of different cases.

An availability study was also undertaken, highlighting the significant impact
of wind speed on the average active power generated by the OWPP. It was ob-
served that during periods of low wind speeds, and even at rated wind speed,

external power sources, such as other OWPPs or alternative black start units,

144



Chapter 6. Novel Approach to Power System Restoration Using Offshore Wind
Power Plants

may be necessary to energise 70% of the grid within 24 hours and achieve full
energisation within 72 hours. This underlined the importance of effective coordi-
nation between different black start units. However, in OWPP Case 2, sufficient
power was generated at wind speeds exceeding 8 m/s, enabling the energisation
of the specific path examined in this study. These findings emphasise the con-
siderable potential of OWPPs to contribute to power system restoration efforts

under appropriate conditions
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Chapter 7

Novel Grid-Forming Control
Strategy for Enhanced Power

System Restoration

7.1 Introduction

This chapter is mainly composed of two studies where it is examined the need for,
and benefits of, including GFM converter controllers in the PSR process. These
studies were done for both anchor and top-up generation possibilities. These
two terms have been added to the Grid Code legal text (GC0156) to clarify the
roles of different parties involved in restoration services, based on how actively
they participate in the restoration process [69]. The anchor generation assumes
the role of system energisation, effectively having an active role in rebuilding
the skeleton network and block loading whereas the top-up generation scenario
only accounts for its block loading capabilities, hence just providing active and
reactive power as required.

Section 7.2 delves into EMT simulations, while Section 7.3 focuses on linear

time-invariant (LTI) studies, via SSM. The EMT studies aimed to analyse if
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OWPPs with varying percentages of GFM converter controller were able to meet
transmission system operator (T'SO) requirements, mitigate potential challenges,
and maintain stable operation during PSR. The novelty of this research lies in
the LTI studies, which involved a stability analysis via SSM — a study not
yet performed in the context of PSR. This study aimed to determine the best
percentage of GFM penetration for enhanced stability and robustness of the power

system in scenarios involving anchor and top-up generation during block loading.

7.2 EMT Analysis

This section presents the EMT studies conducted to analyse the time domain
performance in the PSR process. The aim was to determine if different levels
of GFM penetration would meet some of the technical requirements set by the
TSO. The requirements examined are described in table 7.1 and were previously
mentioned in Chapter 2. In this study, the GFM penetration was varied between

0% to 100% in steps of 20%.

Table 7.1: Technical requirements analysed via EMT simulations

No. Technical Range
requirement
1 Block loading capability 35 to 50 MW
2 Frequency control 47.5 to 52 Hz
(while block loading)
3 Voltage control (while 0.9 to 1.1 pu (£10%)
block loading)
4 Ability to withstand Analysed during
inrush currents and network energisation
transient voltages
5 Reactive range to 50 MVAr
energise immediate
network

Figure 7.1 displays a one-line diagram of the model used for the time domain
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studies and appendix D contains the parameters that were used in this study.
To analyze the optimal GFM penetration, the aggregated wind farm was split
into two parts, each with a controlled voltage source converter (with voltages V;
and V3) and their LC filters (parameters R, and L.), representing both GFM and
GFL converter penetrations. This setup allowed for varying the percentage of
GFM penetration.

The model further includes an offshore transformer that steps up the voltage
from 66 kV to 230 kV. An HVAC export cable is represented using a 7w equivalent
model with parameters Ry, L., and Cj.. This cable has a length of 50 km. Due
to the high capacitance of submarine cables, two shunt reactive power compensa-
tions were included: one fixed offshore (L; and R;) and one variable onshore (L,
and R,). Four RL loads were connected to simulate the block loading capabilities.
The active and reactive power steps and respective values of R;p and Lpp may

be seen in table D.2 of appendix D.
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Figure 7.1: One-line diagram of the EMT model analysed

Additionally, the scenario tested here is Scenario 2, involving self-starting
wind turbines, with a BESS connected via breaker BRKB to the upper branch of
the OWPP. Although the BESS may have several purposes, in this study, it was

only used for wind farm energisation. It should also be noted that an aggregated
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wind farm model was used in this study, so array cables of the wind farm and
wind turbine transformers were not considered, but study is considered as future
work. Furthermore, only the offshore transmission system was considered as
no onshore cables were modelled for this study. Furthermore, both top-up and
anchor generation scenarios were used. In case of the top-up scenario, as an
external grid is present during the energisation process, breaker BRK?7 is closed.
In case of anchor generation, BRK7 was open through all the simulations and

hence, no external grid support was available.

7.2.1 Energisation sequence

The energisation process is detailed in Table 7.2. From the system perspective,
it begins by energising one or several self-start-capable GFMs (depending on
the percentage of GFM penetration) by closing breaker BRKB. Prior to this,
the GFM WTGs are powered through their auxiliary supply (e.g., battery or
stored energy system) and operate in a dedicated self-start mode, enabling their
converters to synthesise a stable voltage waveform at the machine terminals.
When BRKB closes, these units establish the voltage and frequency reference for
the de-energised offshore network, charging the cable capacitances and energising
any connected transformers. The number of GFMs initially energised is chosen
to provide sufficient short-circuit strength and inertia for stable system operation
during subsequent energisation steps. In this study, all GFM WTGs are assumed
to be self-start capable. Once these units are energised, breaker BRKF is closed
to energise the rest of the OWPP, including the GFL units. This step poses
synchronisation challenges. Since this study involves an aggregated wind farm
model, the resulting transients may not accurately represent the actual events,
and this topic will be addressed in future research.

After the OWPP is fully energised and operating in islanded mode, breaker

BRKI1 is closed to energize the offshore transformer. As mentioned, this step is
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done via the self-start wind turbines energised previously. However, a scenario
with a BESS unit as auxiliary power supply would be able to energise the trans-
former via soft-start. This step presents technical challenges which are addressed
in technical requirement number 4, displayed in table 7.1. To address this issue,
the point on wave (POW) strategy was employed. Several studies discuss the
mitigation of inrush currents [185-188], so this topic will not be fully explored
here. However, a brief description of the POW strategy is provided below due to
its application in this study.

After energising the offshore transformer, breaker BRK2 is closed to energize
the shunt compensations and the HVAC export cable. This step also presents
challenges related to transient performance during energisation or de-energisation
processes. These transient phenomena can result in inrush currents, high over-
voltages, current zero-miss and transient recovery overvoltages in circuit breakers.
These phenomena will depend on the length of the cable, power-frequency volt-
age, system short-circuit power, shunt compensation and switching instant and
may be mitigated applying proper shunt compensation, closing a circuit breaker
at a specific time or using a pre-insertion resistor [189-193].

Once the path from the OWPP to the onshore network is fully energized,
the process of block loading starts. Subsequently, BRK3, is closed, followed by
BRK4, BRK5 and BRK6 to energize the for RL loads representing the active and
reactive power demand from the local network. These loads, defined in appendix

D, were energised every two seconds.
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Table 7.2: Energisation sequence of PSR

Step Time  Activity

(s)

1 0 BRKB is closed and self-start, GFM units, start the energisa-
tion process

2 2 BRKF is closed to energize the GFL units, hence fully energis-
ing OWPP

3 3.2 BRKT1 is closed and offshore transformer is energized

4 ) BRK2 is closed, energising shunt compensations and submarine

export cable

5 7 BRK3 is closed to energize first load (P1)

6 9 BRK4 is closed and second load is energized (P2)
7 11 BRKS5 is closed and third load is energized (P3)
8 13 BRKG6 is closed and fourth load is energized (P4)

7.2.2 Results

This section displays the results of the EMT simulations. For each step of energi-
sation, it was seen if the T'SO requirements mentioned in table 7.1 were met. This
section is organised as follows: first, it discusses transformer energisation and the
associated issues, including the impact of inrush currents. Following this, the fo-
cus shifts to the energisation of shunt reactors and cables. Subsequently, results
are presented for block loading in both top-up and anchor scenarios. Finally, the

section concludes with a summary of the key findings and final conclusions.

Transformer energisation

The energisation of a transformer may results in inrush currents due to the sat-
uration of its core. Several strategies were studied in academia such as the pre-
insertion resistor, point on wave (controlled switching) and soft-start. These
may require changes in the converter control strategy or even in the transformer
hardware. These strategies are detailed in the following studies [194-200].

Due to its simplicity, the classic controlled switching strategy (POW) was
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used in this study. This technique relies on closing the breaker of the offshore
transformer at an instant at which the residual flux is equal to the prospective
flux, that is, at an optimal closing angle . This may be seen through equation

7.1 where the instantaneous flux is calculated [196].

b~ —LmV:cos(wt + ) s+ LmZVPCOS<a) — e (7.1)
Rl + (CULT)2 Rl + (CULT)2

where ¢ is the core flux, Vp is the voltage of the energized transformer primary,
L,, is the core inductance, Ly is the primary inductance summed with the core
inductance, R, is the primary resistance, w is the angular frequency and « is the
angle at which the breaker is closed and transformer energized. If the residual flux
is equal to the prospective flux, the decaying term in equation 7.1 is eliminated
and thus, the inrush currents neutralized.

The prospective flux can be estimated using equation 7.2. This equation
shows that the prospective flux is obtained by integrating the voltage applied to

the energized (primary) side.

Op = /Vpsm(wt)dt (7.2)

For this study, the parameters of the transformer used may be seen in table
D.3. Firstly, a simulation was analyzed without any inrush current mitigation
strategy, thus, the breaker was closed at a random instant, of t= 3.3 s. Results
of such simulation may be seen in figure 7.2. From this figure it is noted that the
transformer suffers severe inrush currents, in the order of 10 kA and voltages at
both primary and secondary go above and below TSO allowed limits.

Figure 7.3 displays the results of the offshore transformer energisation using
the POW energisation strategy for a GFM penetration of 20%. For the residual
flux considered (that may be seen in table D.3 of 0.8 pu), the optimum instant

of closing the breaker was computed at t = 3.2117 s. In this figure, it may be
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Figure 7.2: Offshore transformer energisation without any inrush current mitiga-
tion technique

seen that the inrush currents are mitigated, with the maximum inrush current
being of 5 A. Both primary and secondary voltages of the transformer are within
acceptable TSO limits.

The POW strategy was applied for various percentages of GFM penetration.
This strategy effectively mitigated inrush currents in all cases as may be seen in
figure 7.4.

However, the magnitude of the inrush currents varied slightly depending on
the GFM penetration. This variation occurs because, at the computed instant
when the breaker is closed, the voltage on the primary side of the transformer dif-
fers slightly, leading to slight variations in the prospective flux. Since the optimal
breaker closing angle is based solely on the residual flux within the transformer
core, the prospective flux and residual flux will not be exactly identical, resulting

in slight differences in inrush current magnitudes. Additionally, it was seen that
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Figure 7.4: Inrush currents after transformer energisation for different GFM pen-

etration percentages
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the offshore transformer is energized only after the GFL units are synchronized
with the GFM units and the OWPP is running in islanded mode, which can
cause some voltage distortions. Allowing time for the waveform to stabilize and
return to its natural sinusoidal form before energising the transformer is neces-
sary; otherwise, undesired inrush currents may occur. Despite these variations,
the POW strategy successfully mitigated inrush currents across all levels of GFM

penetration, demonstrating its effectiveness regardless of penetration levels.

Shunt reactors and export cable energisation

After energising the offshore transformer, breaker BRK2 was closed to energize
the offshore HVAC submarine cable, along with both offshore and onshore shunt
compensations. The offshore reactor is static, while the onshore compensation
is variable. This means that the onshore compensation value will adjust based
on the reactive power requirements, which might differ for normal operation,
energisation or de-energisation.

As previously mentioned, the submarine cable is 50 km long and produces
significant capacitive reactive power. A load flow analysis was conducted to design
the shunt compensations to mitigate this reactive power, ensuring that the cable
voltage remains within acceptable TSO limits and the power factor stays close to
unity at the PCC. It was concluded that 270 MVAr would be compensated via
shunt reactors, and 40% of such quantity would come from the offshore reactor
and 60% from the onshore one.

To prevent overvoltages and the zero-missing phenomenon, which occur when
reactive power compensation exceeds 60% due to interactions between induc-
tive and capacitive components in both the cable and reactors, a Pre-Insertion
Resistor (PIR) was implemented. Additionally, incorporating two shunt compen-
sations, rather than just one onshore, was a critical measure to mitigate these

phenomena.
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The value of the PIR and the optimal switching time for its connection depend
on several factors, including the shunt compensation level and the length of the
export submarine cable. The PIR also plays a crucial role in mitigating inrush
currents that arise from interactions between the offshore transformer, the export
cable, and the shunt components.

For this study, the PIR was designed with a resistance of 30¢2, and the breaker
was closed 100 ms after BRK 2. The results are presented in Figure 7.5. This
figure shows that the zero-missing phenomenon was eliminated, and no significant

overvoltages occurred. Additionally, inrush currents were effectively mitigated.
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Figure 7.5: Cable and shunt reactors compensation for a GFM penetration of
40%

Figure 7.6 displays the inrush current results for different GFM penetrations.
It can be observed that while inrush currents vary slightly depending on the level
of GFM penetration, the differences are minimal. Thus, it can be concluded that

across all GFM penetrations, the cable and shunt compensations were energized
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with minimal impact.
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Figure 7.6: Inrush currents after cable and shunt compensation energisation for
different GFM penetration percentages

Block loading

Block loading capabilities were analysed for both anchor and top-up generation
scenarios. The results depicted in the figure 7.7 illustrate the block loading results
for the top-up scenario for an 80% GFM penetration. It can be seen that the
active power at the load is well achieved and both GFM and GFL controllers
follow its reference as expected.

Figure 7.8 depicts the voltage and frequency responses for the top-up gen-
eration scenario under varying levels of GFM penetration, ranging from 0% to
100%. Across all scenarios, the voltage remains well within the TSO acceptable
limits of 0.9 to 1.1 pu. This indicates that the integration of OWPP, irrespective
of the penetration level of GFM capability, does not adversely affect voltage sta-
bility. The system maintains a robust voltage profile, showcasing the efficacy of

the external grid’s stabilising influence. The model includes only the high-voltage
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Figure 7.7: Active power at the load and converter control action (GFM and
GFL) for an 80% GFM penetration during block loading for the top-up scenario
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transformers within the offshore substation; distribution transformers, whose en-
ergisation could introduce magnetising inrush currents, are not represented. The

impact of such phenomena on system stability could be explored in future work.
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Figure 7.8: Voltage and frequency at the PCC during block loading for the dif-
ferent GFM penetrations (from 0% to 100%) for the top-up scenario

The frequency response similarly remains within the TSO acceptable range of
47.5 to 52 Hz, demonstrating overall stability. However, the data reveal that as
the percentage of GFM penetration increases, there are higher frequency peaks.
Despite these peaks, the frequency deviations are minimal and transient, quickly
returning to the nominal value of 50 Hz. This suggests that while GFM con-
tribute positively to grid stability, their increased penetration introduces minor
fluctuations in frequency. This could be due to the more active role these OWPP
play in frequency regulation, providing quicker but slightly more variable re-
sponses to changes in load. The presence of the external grid (represented as

a grid Thevenin equivalent) buffers the system against significant frequency and

159



Chapter 7. Novel Grid-Forming Control Strategy for Enhanced Power System
Restoration

voltage variations, enabling the OWPP to function effectively within the required
operational parameters.

Regarding the anchor scenario, the block loading results were similar in that
the load received the necessary power. However, the frequency and voltage re-
sponses were distinct because no external grid supported the system energisation.
The top figure of 7.11 illustrates the frequency and voltage results. While the
voltage remains within acceptable TSO limits, the frequency drops significantly,
with the worst case occurring at 0% GFM penetration, with the frequency drop-
ping to 42 , which is not acceptable as it would trigger under frequency load
shedding. Higher GFM penetration results in a smaller frequency drop due to
the droop characteristics of the GFM controller.

This is because, as previously discussed in Chapter 3, a grid-following con-
troller does not inherently provide frequency support. A grid-forming controller,
however, does, due to its P/f control loop, as the virtual synchronous machine
modelled in this work. As illustrated in Figure 4.2, the frequency is determined
by the PI controller, which operates based on the error between the active power
reference and the power measured at the point of common coupling. In practice,
the measured active power depends on the instantaneous wind power available; if
the available power is lower than the reference, the sustained positive error causes
the PI controller to adjust the frequency until a new equilibrium is reached. If
this error increases, the PI controller adjusts the frequency accordingly. This
behaviour is depicted in Figure 7.9, where a frequency drop, in ramp mode, from
50 Hz to 49 Hz is shown. The blue line represents the GFL PLL frequency, active
power, and voltage magnitude output, while the red line corresponds to the GFM
unit.

The controllers used in this study are those outlined in Chapter 4, shown in
Figures 4.1 and 4.2. It can be observed that when a frequency deviation occurs,

the active power output of the GFM unit adjusts to compensate for the sudden
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change, leading to an increase in current injection into the grid. In contrast, the
GFL unit follows the current reference provided by its outer control loop, with
these references based solely on active and reactive power, rather than frequency.

Consequently, the GFL unit does not inject additional current to counterbalance

the frequency deviation.
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Figure 7.9: Frequency drop to compare GFM and GFL behaviour

Hence, as the results were unsatisfactory, a supervisory frequency support
controller was designed which would switched on during the energisation for the
anchor scenario.

This external controller provides frequency support, similar to how a governor
functions in a synchronous generator. It uses a PI controller integrated with both

GFM and GFL loops. The controller adjusts the active power references in both
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GFM and GFL systems to keep the frequency within acceptable limits set by the
TSO. The power adjustment is shared between the GFM and GFL controllers
based on the level of GFM penetration, as shown in Figure 7.10. The controller
reacts to frequency deviations (f*— fpcc) by distributing a power increment (x%

and 1 — 2% of AP) between the GFM and GFL controllers.

Frequency support controller

p ¥ | 1-x%

GFM f¥
X <K f(s) 4—0:—
Pari [+ Tf pcC

Figure 7.10: Sketch of the supervisory frequency support controller

Results may be seen in figure 7.12. This approach results in an increment
in the active power reference for both controllers, ensuring that more power is
injected to maintain the desired frequency and facilitate recovery from a dip
following load energisation. It may be seen that this strategy mitigated the

frequency deviation and the results are satisfactory for all GFM penetrations.

7.2.3 Discussion

Table 7.3 displays the final results with regards to the fulfillment of the require-
ments for the different GFM penetration percentages. From this table it can
be seen that all the requirements were met for all GFM penetrations and for
both anchor and top-up generation scenarios. It is important to note that no
fault scenarios were considered in this EMT-based analysis of the power sys-
tem restoration process. The focus was placed on assessing system behaviour

under ideal energisation conditions for varying GFM penetration levels. How-
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Figure 7.11: Voltage and frequency at the PCC during block loading for the
different GFM penetrations (from 0% to 100%) without frequency control for the
anchor scenario

ever, in practical restoration sequences, fault events, such as insulation failures
or inrush-related issues, may occur and can significantly impact system stabil-
ity and converter control performance. Investigating the system response under
faulted conditions would be a valuable extension of this work. Future studies
should consider including fault scenarios to evaluate the robustness of GFM and

GFL-based control strategies under more realistic and stressed conditions.
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anchor scenario

Table 7.3: Top-up generation - Results of EMT simulations for different GFM

penetrations

No. 0% 20% 40% 60% 80% 100%
1 v v v v v v
2 frnax 50 50.05 50.11 50.16 50.22 50.27
2 funin 49.93 49.96 49.98 49.99 50.00 50.00
3 Vinaz 1.00 1.00 1.00 1.00 1.00 1.00
3 Vinin 0.992 0.991 0.990 0.989 0.988 0.987
4 v v v v v v
5 v v v v v v

164



Chapter 7. Novel Grid-Forming Control Strategy for Enhanced Power System
Restoration

Table 7.4: Anchor generation - Results of EMT simulations for different GFM
penetrations

No. 0% 20% 40% 60% 80% 100%
1 v v v v v v
2 frnax 50 50.06 50.12 50.18 50.25 50.31
2 fonin 48.88 48.91 48.94 48.96 48.99 49.02
3 Vinaz 1.00 1.00 1.00 1.00 1.00 1.00
3 Vinin 0.939 0.938 0.938 0.937 0.937 0.936
4 v v v v v v
) v v v v v v

7.3 SSM Analysis

A small signal analysis was performed to analyse the overall stability of the power
system, which includes both GFL and GFM aggregated wind farms connected to
the power system. The aim of this study was to determine the best percentage of
GFM penetration that offers enhanced stability and robustness during the block
loading process. This study was performed for both anchor and top-up scenarios.

For this purpose, and just like for the EMT analysis displayed earlier, GFM
penetration was varied from 0% to 100% in steps of 20%, and the RL load (R4
and L;4) was adjusted according to the provided active and reactive power values.
An explanation on the computation of these parameters is available in Section
3.2.6.

This section explains the linearisation process of the system as well as its vali-
dation and then stability results for both anchor and top-up and for the different

steps of block loading are expanded in terms of disk margins.

7.3.1 Model linearisation

The one-line diagram seen in figure 7.1 was the baseline utilized for this study.

The BESS was only used for WT energisation purposes and thus was removed
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and the model utilized for small signal studies may be seen in figure 7.13. This
model serves both top-up and anchor generation: for the top-up study, the grid
which is here represented as a Thevenin equivalent with R,, L, and the voltage

source Vj is connected; for the anchor scenario, the Thevenin circuit is removed.

Figure 7.13: GFM and GFL converters forming the aggregated wind farms and
power system for SSM analysis

The state-space model, with respect to the aggregated wind farms (considering
both GFM and GFL converters), and the rest of the power system, from the
offshore PCC to the electrical loads, may be seen in Appendix D.1. The difference
between the top-up and anchor state space matrices is that of Apg, Bps, Cpg
and Dpg and the wind farm matrices, represented as Ay p,Bwr,Cywr and Dy p
remain the same. Essentially, and looking at figure 7.13, for the anchor analysis,
the i, current (represented in the synchronous frame as iy, and i4q) which flows
through the grid Thevenin equivalent and the voltage source V, (represented in
the synchronous frame as vy, and vyy) are removed, reducing the overall size of
the state space matrices.

The controllers utilized, and represented in Figures 4.1 and 4.2, were linearised

the same way as explained in Chapter 4.

166



Chapter 7. Novel Grid-Forming Control Strategy for Enhanced Power System
Restoration

{ FULL SSM o [ oyl
§ E AAV1qd VL 4& Ao
: ' 1 h o cc:
g P LEE
: :AV1qd Dicses

: ' [PF(s) || 2eta

: Power CFM ) Augeq P&V calc

: System : converter |—[IPF(s]

§E AL h 4 Q%FLT TPEFL
i [ 7(0) | Bickas T4 GFL
Y Aug, “_ T (6 244
i e Hufz ; m—> converter
i 3

A

80| pLL

Figure 7.14: Scheme of the linearised system (SSM) with both GFM and GFL
aggregated wind farms and controllers and power system

7.3.2 Small signal model validation

After developing the SSM, the first step was to validate this model by matching
it against the EMT model. For this purpose, three power steps of 0.01 pu were
applied to both the EMT and SSM. This may be seen in Figure 7.15 for both
the GFL and GFM converters. From these figures, it is evident that the SSM
consistently follows the EMT line, demonstrating that the SSM is an accurate

representation of the EMT simulations.

7.3.3 Stability analysis

The small signal stability was analysed once again using disk margins. This
analysis was performed for both anchor and top-up scenarios and for different

steps of block loading, using the local network demand data previously used for
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the EMT simulations.

The analysis process was as follows: For both anchor and top-up scenarios,
EMT simulations were conducted for different GFM penetrations (from 0% to
100%) and various loads (P1, P2, P3, P4). From these simulations, the initial
conditions for the state space models were obtained. Then, the small signal model
analysis was performed, retrieving DM, gain, and phase margins for each case.
The stability and robustness were compared for each GFM penetration and for
both top-up and anchor scenarios based on these results.

Figure 7.16 displays the disk margin results for the top-up generation scenario.
In this case, a SCR of 1.5 was considered at the offshore point of common cou-
pling, reflecting the weak grid conditions typically expected during power system
restoration. A low SCR value is representative of limited system strength, which
is characteristic of early restoration stages when only a small portion of the grid
has been energised. The x-axis represents the GFM penetration, and the y-axis
represents the active power on the load.

The results indicate that for all GFM penetrations and active power demands,
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Figure 7.16: DM results for the top-up scenario

the system remains stable (DM > 0). Additionally, from P1 to P4, the DM in-
creases, suggesting that the system becomes more stable with more loads con-
nected. This increased stability occurs because the added loads provide more
damping, which reduces the amplitude of oscillations and helps stabilize the sys-
tem after a disturbance. Additionally, connecting more loads increases the overall
inertia of the system, allowing it to withstand and absorb disturbances without
experiencing large fluctuations in frequency or voltage.

The highest DM values are observed at 40% and 60% GFM penetration, with
robustness decreasing at higher or lower percentages. Although margins differ for
each GFM penetration and active power load, the variations are not significant.

The results for the anchor scenario, shown in Figure 7.17, differ from those
of the top-up scenario. Firstly, it can be seen that all DM are lower. This
is due to the fact that in the top-up scenario, the system is connected to an
external grid, which as previously mentioned, is represented as a voltage Thevenin
equivalent. The presence of this external grid increases stability margins due to

the external grid support, as this source acts as a large stable voltage source, hence
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helps in absorbing possible disturbances and reducing the impact of oscillations.

Furthermore, this voltage source also offers more inertia and enhanced damping.
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Figure 7.17: DM results for the anchor scenario

Similar to the top-up scenario, increasing connected loads leads to higher DM
and greater system robustness. However, this increase is more pronounced in
the anchor scenario. There is also a significant difference in margins between
different GFM penetration percentages. The highest stability DM occurs at 40%
penetration, followed by 20% and then 60%. Without the Thevenin equivalent
of an electrical grid connected (network representation), the system has lower
overall margins, and a slightly lower percentage of GFM penetration is preferred.
In the absence of such external grid, the system needs a sufficient number of GFM
converters to provide good robustness and stability. A percentage between 20%
and 40% was seen to ensure enough inertia and control to manage the system
without overburdening it with too many GFM converters. Above 40% of GFM
converters, too many GFM converters can lead to over-compensation, causing
control issues and reducing overall stability.

In conclusion, the stability analysis revealed that the margins are larger in the
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top-up scenario as the system is connected to an external grid. This connection
provides additional support, increased inertia, enhanced damping, and improved
voltage and frequency regulation, all of which contribute to greater stability. In
the anchor scenario, a preferred percentage of 20% to 40% of GFM convert-
ers is required. This range ensures a balance of inertia and control, avoiding
over-compensation that could lead to lower stability. Conversely, in the top-up
scenario, the preferred percentage of GFM converters is between 40% and 60%
due to the additional support from the external grid. This support allows the
system to handle a higher percentage of GFM converters, meeting the increased

inertia requirement and maintaining stability under various load conditions.

7.4 Chapter Conclusions

This study provided an analysis of the potential for OWPP to contribute to PSR
in the UK, particularly in the context of the shift from fossil fuels to inverter-based
RES. The findings of the SIF BLADE project demonstrate that OWPP, when
equipped with GFM control strategies, can support PSR by meeting technical

requirements.

e Given the transition away from fossil fuels, it is necessary to explore the
capability of inverter-based RES in providing essential grid services like

PSR.

e The SIF BLADE project was initiated to assess the feasibility of PSR from

OWPP, conducting a series of comprehensive studies.
e Steady-state analysis:

— Evaluated OWPP ability to meet local network demands for active

and reactive power.
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— Confirmed OWPP could fulfill these demands with minimal adjust-
ments, even with variations in reactive power compensation and cable

lengths.
— Findings aligned with industry benchmarks and partner data, demon-
strating OWPP performance under different steady-state conditions.
e EMT studies:
— Tested various GFM penetration levels (0% to 100% in 20% incre-
ments) against NG-ESO technical standards.

— Confirmed all tested levels of GFM penetration met required stan-
dards, proving OWPP feasibility under different levels of GFM inte-

gration.
e Small signal analysis:

— Determined optimal GFM penetration levels for PSR.

— For top-up generation scenarios, 40% to 60% penetration offered high-

est stability and robustness.
— For anchor generation scenarios, 20% to 40% penetration was recom-
mended for optimal performance.
e External supervisory controller:
— Integrated with both GFM and GFL loops to mitigate frequency drops
during load restoration.

— Adjusted active power references in response to frequency deviations,

functioning similarly to a governor in synchronous generators.

— Designed to distribute load between GFM and GFL controllers pro-

portionally to the GFM penetration level.
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e [imitations and future work:

— Aggregated OWPP model presented challenges in synchronizing GFM
and GFL units.

— Future research should develop a wind turbine-specific model to ad-

dress these limitations.

— Further studies should explore transient effects from array cables and

wind turbine transformers, which were not considered in this study.
e Concluding remarks:

— This research provided insights into OWPP’s role in PSR as the energy

sector transitions to low-carbon technologies.

— Findings demonstrate that OWPP, with optimized GFM and GFL
integration, can enhance power system resilience and stability during

restoration.

— Future research should refine these strategies and optimize GFM and
self-start unit deployment within OWPP to fully realize their potential

in providing essential grid services.
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8.1 General Conclusions

This thesis has explored some significant challenges associated with the ongoing
energy transition from fossil fuels to RES, with a particular focus on OWPPs.
These devices, which are being commissioned at increasing distances from shore
to harness stronger winds and employ larger turbines, represent a critical com-
ponent in achieving the global shift towards cleaner energy. However, this shift
introduces technical challenges, particularly in providing services traditionally
offered by synchronous machines. One such challenge lies in ensuring system sta-
bility, especially for OWPPs connected to the electrical grid via long submarine
HVAC transmission systems.

This research has centred on comparing two key converter control strategies,
GFL and GFM, to evaluate which approach is best suited to address the emerg-
ing technical challenges posed by OWPPs. Through a series of studies, this
thesis has investigated the performance of these controllers under various condi-
tions, including differing transmission distances, system configurations, and grid
strengths. Moreover, the thesis has explored the potential of OWPPs to con-

tribute to PSR, a critical service that is becoming increasingly necessary as fossil
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fuel-based power plants are decommissioned.
The following conclusions can be drawn from the research conducted through-

out the thesis:

e The findings demonstrate that GFM converter control generally provides
superior stability and robustness compared to GFL control. This has been
concluded via small signal stability analysis. The GFM controller showed
enhanced capability in maintaining system stability under varying oper-
ating conditions, including changes in power output, grid strength, and

transmission distance.

o GFL control was found to be more sensitive to changes in system conditions,
especially at higher levels of active power injection and in weaker grids
with lower SCR and X/R ratios. This sensitivity can lead to instability,
particularly when dealing with weaker grids and/or longer transmission

cables.

e This thesis has demonstrated that the placement of shunt reactors is critical
for ensuring system stability. Various configurations of shunt reactors were
analysed, and the most effective configuration was found to be reactors
placed at both ends of the cable as well as at a mid-cable point. This
configuration, combined with GFM control, proved to be the most robust
in ensuring enhanced stability. GFL control, by contrast, was less effective

in maintaining stability, particularly over longer transmission distances.

e Beyond cable length and reactive power compensation, the strength of the
grid also plays a significant role in system stability. The grid strength,
characterised by parameters such as SCR and X/R ratio, was shown to

have a major impact on the performance of the control strategies.

e GFM control was far less sensitive to changes in grid strength compared to
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GFL control. Even in weak grids with low SCR and X/R values, GFM con-
trol maintained stable operation, with no significant degradation in perfor-
mance. In contrast, GFL control struggled to maintain stability in weaker
grids, often becoming unstable in such conditions. This underscores the
importance of using GFM control for OWPPs located at greater distances

from shore or connected to weaker onshore grids.

e While GFM control offers distinct advantages in terms of stability and ro-
bustness, particularly in systems with long transmission distances or weak
grids, this thesis has also highlighted the continued importance of GFL con-
trol. Specifically, GFL control plays a crucial role in the context of power
system restoration (PSR), where a balanced approach involving both GFM

and GFL control strategies is necessary.

e A 100% penetration of GFM control does not necessarily result in opti-
mal stability during PSR operations. Instead, the research has shown that
a combination of GFM and GFL control strategies is required to ensure

reliable system restoration.

e The optimal level of GFM control penetration depends on the specific PSR
scenario. For top-up generation scenarios, where additional power is in-
jected into a grid that is already energised but weak, GFM penetration
levels between 40% and 60% were found to provide the highest stability.
For anchor generation scenarios, where power is restored to a completely
de-energised grid, lower GFM penetration levels between 20% and 40%
proved to be more effective in maintaining system stability. The GFM con-
trol parameters used in this study were tuned to optimise stability for each
scenario; however, the impact of using different GFM control strategies or
alternative tuning approaches was not investigated. Future studies should

explore the role of different GFM controller types and tuning methods, as
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these may significantly influence the optimal share of GFM during restora-
tion. These findings emphasise the need for a flexible, adaptive approach to
converter control during PSR, with both GFM and GFL controllers playing
important roles depending on the specific requirements of the restoration

process.

e The research has also demonstrated that OWPPs equipped with both GFM
and GFL control strategies are capable of meeting the technical require-
ments for providing PSR services. The steady-state analysis revealed that
OWPPs are able to generate a range of active and reactive power operating
points capable of meeting the demands of local networks, indicating that
OWPPs have the potential to contribute to grid restoration in accordance

with existing technical standards.

e The use of an external frequency supervisory controller, which adjusts active
power references in response to frequency deviations, hence injecting more
current when required, further enhances the ability of OWPPs to provide
reliable black start services. This controller was added due to the inability
of the OWPP to recover from frequency dips when there is no grid available
(anchor scenario). This shows that additional control loops are sufficient to

ensure the reliable operation of the OWPP in case of PSR.

In conclusion, this thesis has demonstrated that GFM control is essential
for maintaining stability and robustness, particularly as more renewable energy
sources, like OWPPs, are integrated into the electrical system. GFM controllers
offer significant advantages when dealing with long transmission distances and
weak grids, making them critical for ensuring the future stability of power systems
as the share of renewable energy increases. Their ability to provide system inertia
and support voltage stability underscores their importance in the transition to

a more sustainable energy grid. However, GFL control also remains important,
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particularly in the context of PSR, where a combination of GFM and GFL con-
trollers is required to ensure the most effective and reliable system restoration
process. The integration of both control strategies is vital to guaranteeing the

long-term resilience and stability of OWPPs within HVAC transmission systems.

8.2 Future Work

e While GFM wind turbines have demonstrated superiority for longer dis-
tances, the aggregated wind farm model considered either a fully GFM or
fully GFL configuration. Future studies should investigate varied percent-
ages of GFM and GFL turbines, as was done for the PSR study, to provide

a more comprehensive understanding of mixed configurations.

e The PSR analysis was conducted using virtual synchronous machines as the
GFM unit. However, different GFM technologies offer distinct advantages
and disadvantages. Therefore, it is important to extend the PSR studies to
include other types of GFM units to assess their performance under similar

conditions.

e The aggregated wind farm model assumed uniform current injection from
all wind turbines. A more detailed analysis should consider individual wind
turbines for PSR studies, which would allow for variation in the percentage

of GFM turbines across the wind farm, reflecting more realistic scenarios.

e Examining individual wind turbines in the PSR studies would also provide
valuable insights into the interactions between converters, including GFM-
GFL and GFM-GFM interactions, as well as the effects of transformers,
such as sympathetic inrush currents, which are not captured in aggregated

models.

e Additionally, the positioning of self-start GFL units within the wind farm
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should be studied. Instead of focusing solely on an aggregated wind farm
model, future work should explore the optimal placement of self-start units
in an array of turbines, considering whether their position—whether closer
to the offshore substation or further away—has an impact on restoration
performance. This should also include an analysis of how many GFM self-

start units are required for optimal system performance.
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Appendix A

Reference frames

In this study, two reference frame transformations are used: the Clarke trans-
formation and the Park transformation. The Clarke transformation converts
three-phase electrical quantities from the standard abc frame into a stationary
af0 frame. The Park transformation, which is often used in control design and
power system analysis, shifts quantities from the ab0 frame to the qd0 frame, also
known as the synchronous reference frame.

Details of the Clarke transformation are provided in section A.1, while the
Park transformation is discussed in section A.2. Additionally, the theory of in-

stantaneous power in both reference frames is explained.

A.1 Clarke transformation

A.1.1 From abc to a0

The Clarke transformation is defined as

[Zapo] = [Taol[Zabe] (A1)

Where [z,p0] is the vector of components in the stationary af0 reference
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frame, [T,p0] is the Clarke transformation matrix, which converts the three-phase
abc system into the stationary a0 reference frame and [x4.] is the vector of

components in the three-phase abc system. Expanding equation A.1,

[=

2 1
Lo 3 3 3| |%a
= 1 1 A2
xp 0 73 73 Ty ( )
1 1 1
To 3 3 3 Le

Where z,, x5, and z( are the instantaneous values of each component in the
Clarke frame and z,, z; and x. represent the original quantities in the standard
reference frame.

The Clarke transformation may be used in converter controllers. However,
it needs to be transformed once again to the abc frame before being fed to the

converter. Thus, the inverse of the Clarke transform is given by

[Zabe] = [Tago] " [Tapo] (A.3)

And expanding this equation,

Tq 1 0 1| |za
Ty | = —% — \/7§ I (A.4)
T, —% \/75 1| |

A.1.2 Clarke transformation instantaneous power theory

For a three-phase balanced voltage system, the instantaneous quantities are de-

fined as
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zo(t) = V2X cos(wt + ¢)

2y(t) = V22X cos (wt +¢— 2%) (A.5)

z.(t) = V2X cos (wt + ¢+ 2%)

Using the transformation described in equations A.1 and A.2,

T = V2X cos(wt + ¢)
z5 = —V2X sin(wt + ¢) (A.6)
zo =10
Assuming now that a voltage signal is represented in the Clarke frame, \/(2)1/"‘5 =

Vo — JUs, and the current \/ZQ)IO‘ﬁ =1, — Jis, the apparent power in the Clarke

frame is defined as

. aff TaBx a . a+]Zﬁ
S =P+ jQ=3VeBes :3(“ W) (Z ) AT
JjQ 7 NG (A7)

Rearranging equation A.7,

3 ) . L. .
S = 3 (Vata + vig + JUalis — JjURL,) (A.8)

And separating now into real and imaginary parts, the expressions for both

active and reactive power are found in equations A.9 and A.10, respectively.

3
P = §<Uaia -+ Uﬁiﬁ) (Ag)

Q= ;(vaig — Ugla) (A.10)
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A.2 Park transformation

A.2.1 From abc to qd0

The Park transformation is defined as

[qdo] = [Tdo] [Tabe] (A.11)

where [z440] is the vector of components in the rotating gd0 reference frame,
[Tya0] is the Park transformation matrix, which converts the three-phase abc sys-
tem into the rotating qd0 reference frame, and [z4.] is the vector of components

in the three-phase abc system. Expanding equation A.17,

T, cos(f) cos(@ — &) cos(@+ )| |za
zq| = |sin(@) sin(@—3) cos(0+ )| |z (A.12)
Z > 2 > T

where z,, x4, and xy are the instantaneous values of each component in the
Park frame, and x,, x;, and x. represent the original quantities in the standard
reference frame.

The inverse Park transformation is given by

[Zabe] = [Tga0) " [ gao] (A.13)

And expanding this equation,

Tq cos(0) sin(6) 0f [z,
xp| = |cos(@— %) sin(@— %) 1| |aq (A.14)
Te cos(0+ &) sin(0+2) 1| |0
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A.2.2 Park transformation instantaneous power theory

Similar to the Clarke transformation introduced previously, the current and volt-

age quantities may be defined as

yad = U"_—\/;Ud (A.15)
pod — fa = Il (A.16)

V2

Hence, the apparent power in the synchronous frame is defined as

S = gyedred — 3 (”q \_/g”d> (Zq \;;“) (A.17)

Manipulating equation A.17 and separating the real (active power) and imag-

inary (reactive power) components,

3

P= §(vqiq + Udid) (Alg)
3, . .

Q = 5 (vgla — vaiy) (A.19)
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Appendix B

System And Controller

Parameters

B.1 System parameters

The parameters listed in table B.1 were used across all the system configurations.
The only variation was in the SCR and X/R, which were reduced to account for

the impact of a weaker grid on system stability.

Parameter  Value Unit
Shase 350 MVA
U, 230 kV

SCR 1.5/3 -

X/R 1.5/5/10 -
L, 0.096 H
R, 0.302 Q
L. 0.048 H
R, 1.511 Q
Cy 3.160 wkF
R, 0.2620 Q/km
L, 0.0018 H/km
Cho 1111 pF/km

Table B.1: System parameters
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B.2 Converter controller parameters

The converter controller parameters were adjusted based on the length of each
HVAC submarine cable and configuration. The parameters presented in this

appendix are specific to arrangement A2 and cable length of 80 km.

Parameter Value
my 1.73-10°
m; 0.91-107"
kp,VCC 1.28
kivee 22.73
R, 0.38
L, 1-1073

Table B.2: GFM converter parameters for A2, 80 km

Parameters Value
kyprr 0.0024
kiprr 0.53

Til 2.1073
Ep.it 1.58
Kii 62.23

kope  8.02-10°7
kipo  2.86-1074
k?p,QC 6.42 - 1076
ki,QC 9.54-10*

Table B.3: GFL converter parameters for A2, 80 km

B.3 Designing shunt compensations

This section presents the shunt reactors designed for the specified cable lengths,
and for the three different configurations.

The table provides, for each cable length, the amount of reactive power com-
pensated, followed by the corresponding inductance values required to achieve

that compensation.
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Cable length (km)

80 120 150
Q (MVAr) 138 210 240
Al (H) 0.49+0.73 0.3240.48 0.284-0.42
A2 (H)  2.53+2.43+3.37 1.26+1.26+1.68 0.84+0.84+1.22
A3 (H) 0.48 0.43 0.16

Table B.4: Reactive power measured and shunt reactors values in (H) for the

three cable lengths, for SCR = 3 and X/R =5
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State-Space Matrices For The

Power System

Agys =

0 0
0 0
0 —w
w 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
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Parameters for PSR Studies

Table D.1: Power system parameters

Parameter Value Unit
Shase 350 MVA
Lpase 151 Q

Ey L Ey 66 kV

R, 0.1245 Q

L, 3.1693 mH
Cy 1.2788 mF
R, 0.2489 Q

L, 7.9232 mH /km
Ry, 0.0216 Q/km
L, 0.44 mH/km
Cho 1.3518 wE/km
R, 0.02 Q

L, 0.2 mH /km
R, 0.02 Q

L, 0.2 mH/km
L; 0.2495 mH

L 0.3742 mH
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Table D.2: (P,Q) pairs, Ryp and Cpp for local network studies

Step P (MW) Q (MVAr) Rip () Crp (1F)
(P1, Q1) 70 0.40 745 0.0241
(Py, Q») 156 8 339 0.4814
(Ps, Os) 206 21 257 1.2636
(P, Qu) 241 31 220 1.8653

Table D.3: Offshore transformer parameters

Parameter Value Unit
Apparent power 2.3 MVA
Frequency 50 Hz
Vi 6.6 kV
Va 230 kV
R 0.002 pu
Ly 0.08 pu
Ry 0.002 pu
Lo 0.08 pu
R, 500 pu
Saturation pairs (i, ¢) [0 0, 0 0.9, 0.0024 1.2, 1 pu
1.52]
Initial flux (a, b, c) [0.8, 0, -0.8] pu

Table D.4: Grid forming converter controller parameters

Parameter Value
my 1.5-1078
m; 0.9-10°7
kyvee 1.2
kivec 10
R, 0.38
L, 1-1073

217



Appendix D. Parameters for PSR Studies

Table D.5: Grid following converter controller parameters

Parameter Value
kp,PLL 0.0024
kiprr 0.5256

Til 2-1073
kyp it 1.5846
Kiit 62.2286
kp.pc 8.02-1077
ki pc 2.862 - 10~
kp,QC 6.416 - 1076
ki,QC 9.54-10~*

D.1

This appendix includes the matrices, state space vectors and inputs that were
used for both the aggregated wind farm and power system for the linear time
invariant model developed to study small signal stability. Awr, Bywr, Twr and
uw r form the state space representation of the aggregated wind farms with both
grid forming with grid forming converters. Apg, Bps, ©ps and upg form the state
space representation of the power system, from the offshore PCC to the electrical

grid and RL load.
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TWFE = | le1q Tetd Uflg Ufid lolg Told %e2q fe2d Ufaqg Ufad Lo2g o2d
q q q

UWF = | Viq Vid V2q V2d V4q U4d]
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[0 0 o0 o 0 o0 |
0 0 0 0 0 0
ar 0 —g— 0 0 0
0 = 0 —z= 0 0
0 0 0 0 0 0
0 0 0 0 0 0

Bps=1| 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 -z 0
| 0 0 0 0 0 —Lip_

. lag lad Viqg Vad 12 12d Usq Usd Ulyq Uyd U4q l4d
ITps = ‘ ,
Urq Vtd lgq lgd

ups = lo1q told t02¢ o2d Ugq Ugd:|
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Appendix E

State Space Matrices for
Controller Models

This appendix presents the linearised state-space matrices and transfer functions
used for the small signal model analysis of both grid-forming and grid-following
converter controllers. For each controller, the state-space and transfer functions
are linearised individually and subsequently interconnected through their inputs
and outputs. This appendix provides a description of the different linearised

control loops.

E.1 Filters, Park and Park Inverse Transforma-

tions

E.1.1 Low Pass Filter

Low pass filters are used for currents, voltages and active and reactive power.
Hence, need to be linearised to be used in the small signal model.

The state-space representation of the low pass filters is the following.
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Tipp = AippZips + Bipsupy (E.1)
Yips = CipsTips + Dipruups (E.2)
where
SR
Ay = )
w QE—
10
By = 0 1
Clpf -
Dlpf - O

The described state-space representation may be used for both ¢ and d compo-
nents of a specific signal, might that be a current, a voltage or active and reactive
power. Thus, it receives as inputs both components of a signal in the synchrnous
frame, and outputs these quantities filtered. Let z represent the variable to be

filtered, then

Uppf = [qu qu] (E.3)

Yips = [quf def] (E.4)

E.1.2 Park Transformation

As it was seen in Chapter 4, the signals used in the abc frame are transformed,

using the Park transformation, or Clarke transformation, into the qd0 or a0

224



Appendix E. State Space Matrices for Controller Models

frames. These transformations also need to be linearized to be used in the small
signal model

The state-space representation of the Park transformation is given by:

i‘l = AlZEl + Blul (E5)
yi = Cix + Dy (E.6)

The matrices A;, B;, C; and D, are as follows:

A=B=C=0

D cos(0uo) —sin(fuo) —24sin(buo) — 24 cos(fyo)
l =
sin(0u0)  cos(Buo) 24 €08(0uo) — zasin(Buo)

where z, and z, are generic variables representing the components of the input,
which may be currents or voltages. This module receives as inputs the filtered

signals and outputs the signals in the synchrnous frame. The inputs are

u = [zqf zdf] (E.7)

Y= [qup zfdp] (E.8)

E.1.3 Inverse Park Transformation

The same exercise described in E.1.2 may be done for the inverse Park transfor-
mation, which is only required for the voltage, as the voltages need to be in the
abc frame for the PWM modulation and fed back to the converter.

The state-space representation of the inverse Park transformation is given by:
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Ty = Az + Buwg (E.9)

Yii = Cuzy + Diw (E.10)

A =Bi=0C; =0

cos(0u0)  sin(buo) —v,sin(buo) + vgcos(Buo)

—sin(fuo) cos(Buo) —v,c08(0uo) — vasin(fyo)

u = [vqp vdp] (E.11)

Y= [vq vd} (E.12)

E.2 Grid-Following Controller

E.2.1 Phase Locked Loop

The PLL is linearised as a transfer function with the d component of the voltage
computed at the PCC, uy g4, as the input, and the angle, 6, as the output. The
PLL controller is detailed in Section 4.2.1, where its equations and controller

gains are presented.

—kp pi1 cos(00)s — ki pi1 cos(6o)
s2 + (kpyp” COS(G())Ufyq() + kpyp” Sin(e[))Ufydo) s+ (ki,pll COS(eo)qug + k'i,pll Sin(e())uLdo)

PLL(s) =

E.2.2 Outer Loop Controller

The equations related to the outer loop controller are detailed in Section 4.2.3.
This section outlines two potential configurations for the outer loop controller:

one that uses active power and voltage as inputs, and another that uses active and
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reactive power as inputs. In both scenarios, however, the active power, reactive
power, and voltage must be calculated. This calculation is performed according
to the equations presented in Appendix A for active and reactive power in the

synchronous frame, which are Equations A.18 and A.19, respectively.

i‘ol = Aolxol + Boluol (Elg)
Yol = C10lxol + Doluol (E14)
Outer Loop Case 1

Ay =0

1 0 -1 0
ol =

01 0 -1

_k;i,vc 0
C’ol =
0 Ei pe

_kp,vc 0 kp,vc 0
0 kppe 0 —Fkppe

The inputs, u,; and outputs, ¥y, of the outer loop controller are the following:

Uol = [Uref Pref Vmod Pcom;] (E15)
Yol = [zd zq] (E.16)
&= P, ax + P, pu (E.17)
Yy = Pc,Cx + Pc,DU (E18)
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Where the matrices are defined as:
PC,A:PC,B:PC,CZO

u u
£,q0 f,do 0 0

Pc D — tm tm
’ 3 3 3 3
5lc,q0  3le,dd Ufq0  SUFAO

where u,, referes to the magnitude of the voltage as «/U?qo + ufcdo. The in-

puts, u., and outputs, y., for the active power and voltage computations are the

following:

Ue = [uf,qf Updf eqf ic,df} (E.19)

Ve = Vinot Peons) (E.20)

Outer Loop Case 2

The state-space for the outer loop case 2 is similar to that of case one, however,
instead of using the voltage magnitude as an reference, the reactive power is used

instead.

Ay =0
1 0 -1 0
ol =
01 0 -1
kige O
C’ol = 7q
0 Fkipe
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0 Kkppe 0 —Fkppe

The inputs, u,;, and outputs, y,;, of the outer loop (with active and reactive

power references) are the following:

Uol = |:Qref Pref Qcom} Pcom}i| (E21)

Yol = [zd zq] (E.22)

For this specific scenario, the power calculations detailed in Appendix A,
equations A.18 and A.19, are utilised to determine both active and reactive power
respectively. Similar to the outerloop described previously, the state-space for the

power computations is:
&= P, a2+ P, pu (E.23)

y = FP.cx+ P pu (E.24)

Where the matrices are defined as:

Pc,A:Pc,B:Pc,CZO

3 3 3 3
50c2d0 T 5lc2q0 TUf2d0 U240

3

. 3
2 Zc2q0 9

: 3 3
5tc2do qUf2q0  3UF240

The inputs u. and outputs, y. are:

Ue = [Uquf Upadf leagf ic2df] (E.25)
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Ye = |:Qco7w Pconv:| (E26)

E.3 Grid-Forming Controller

This section concerns the small signal state-space matrices developed for the
GFm converter controller. This controller includes the P/f loop, the voltage
loop which also factors the virtual impedance considered and several pwoer and

voltage calculations.

E.3.1 Power loop

A state-space representation is firstly used to output the angular frequency, w,
and afterwards a transfer function, consisting of an integrator was developed to
get the angle. The angular frequency is then found via the following state-space

representation:

ipl = Apl.l’pl —+ Bplupl (E27)
Ypl = Cplxpl + Dplupl (E28)
Ay =Cp=0
By = [—1 1}

Dy = [mp —mp]

The inputs, u,; and outputs, y,; of the outer loop controller are the following:
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Upr = |:P’ref Pf] (E29)

Ypr = W

Where Py is the active power computed after being filtered via a low pass
filter.
Having the angular frequency, w, computed, a transfer function is required to

obtain the angle:
(E.30)

E.3.2 Voltage loop

The voltage loop encapsulated both the PI voltage regulator and the virtual

impedance considered. Its state-space model is:

x"vl - Alevl + Bvluvl (E?)l)
Yol = Clevl + Dvluvl (E32)
Where
Ay=0
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kpwe 0 —Ry —Lyw —kpye O
0 0 0 —R, 0 —Lw

Dvl =

The inputs, u,; and outputs, y,; of the voltage loop are the following;:

Ut = |Urey Up eqy edg g Ucd,f] (E.33)

Yo = [vq vd} (E.34)

E.3.3 Power and Voltage Calculations

To compute both active power and voltage magnitude which are required in the
formerly introduced state-space models of both active power and voltage loops,
the following state-state model was designed:

The state-space matrices for the power calculations using the grid-forming
converter (GFM) are defined as follows:

The state-space equations for the GFM power calculation model are:

T = Appe + Ppycut

Y= vacx + vacu

Where

u u
fq0 fdo O O

3 3 3 3
5%cq0  5%d0 Ufq0 ZUFAO
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The inputs and outputs for the state-space representation of the GFM system

are defined as:
Upve = [quf Updf  Teqf Z'cdf]

Ypve = [Uf Pfi|
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Wind Speed and Power Curves

This chapter presents how the wind speed and power curves were computed for

the studies of Section 6.3.

F.1 OWPP Case 1

F.1.1 Wind Speed

Using the 30-year wind speed data available for the NNG OWPP, the Weibull
distribution for the yearly wind speed was plotted and may be seen in Figure F.1a.
This data was used to compute the average daily power which can be produced
by one wind turbine and by the OWPP. Figure F.1b displays the average wind
speed for each month of the year and this data is used to compute the average

power produced daily, and weekly, for each month.
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Figure F.1: Weibull distribution for OWPP Case 1 and monthly average wind
speed

F.1.2 Power Curve For the NNG Wind Turbines

The OWPP Case 1 has 54 SMW Siemens Gamesa SG 8.0 -167 DD wind turbines.
To compute how much power the wind farm is able to extract, it was firstly
necessary to compute the power produced by each turbine. To do so, it was
necessary to compute the power curve of said turbine and then, with wind speed
data retrieved from the location of the wind farm, compute the active power
which can be taken from the wind. Table F.1 contains the parameters that were

used to compute the power curve.

Table F.1: Wind Turbine Properties for OWPP Case 1

Property Value Unit
Cut-in wind speed 3 m/s
Rated wind speed 12 m/s
Cut-out wind speed 25 m/s
Wind turbine radius 83.5 m

Swept area (A) 21904  m?

Rated power 8 MW

Air density (p) 1.225  kg/m?
Power coefficient (Cp)  0.345 -
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With the information provided in Table F.1 and knowing that the power pro-
duced below the rated wind speed is given by F.1, the power curve was computed

and may be seen in Figure F.4.

1
P = 5(JppAU?’ (F.1)

Where U is the wind speed range, varying between the cut-in and cut-out

wind speeds previously defined.

Power [MW]
o

IS
Rated: 12 m/s

Cut-in: 3 mis

Cut-out: 25 m/s

0 5 10 15 20
Wind speed [m/s]

)
3

Figure F.2: OWPP Case 1 wind turbine computed power curve

F.2 OWPP Case 2

F.2.1 Wind Speed

The same methodology was followed for the second offshore wind farm considered.
However, as this is a different wind farm site, new wind data was considered.
The Weibull distribution for OWPP Case 2 was also plotted and may be seen
in Figure F.3a and the average wind speed histogram with respect to this wind

farm in Figure F.3b.
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Figure F.3: Weibull distribution for OWPP Case 2 and monthly average wind
speed

F.2.2 Power Curve

The second OWPP under study is still in the early stages of development and
thus, there is no information with regards to the wind turbines that will be
employed. However, it is said that the nominal power of the OWPP is of 4.1 GW
with up to 307 wind turbines, thus the power generated by each wind turbine will
be approximately of 13 MW. It is also mentioned that the rotor is to be no more
than 310 m. With this information, and for the purpose of this study, a wind
turbine with a nominal active power of 13 MW was used. With the information
from Table F.2 | the power curve for the 13 MW wind turbine was plotted and

may be seen in Figure F.4.
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Appendix F. Wind Speed and Power Curves

Table F.2: Wind Turbine Properties for OWPP Case 2

Property Value  Unit
Cut-in wind speed 3 m/s
Rated wind speed 15 m/s
Cut-out wind speed 25 m/s
Wind turbine radius 107 m
Swept area (A) 35968.09  m?
Rated power 13 MW
Air density (p) 1.225  kg/m?

Power coefficient (Cp)  0.345 -

Power [MW]

Cut-in: 3 m/s

Rated: 15 m/s

Cut-out: 25 mis

0 5 10 15 20
Wind speed [m/s]

N
3

Figure F.4: BwB OWPP wind turbine computed power curve
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