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Abstract

The modern power system is undergoing significant modifications as a result of the integration
of variable renewable energy system, particularly offshore wind farms. These modifications have
increased the complexity of power grid operations, especially in terms of maintaining a balance
between variable generation and demand. Consequently, operational planning has become notably
more challenging, requiring greater flexibility (i.e., the ability to provide control and load-following
throughout a wider operating range) to meet demands, whilst maintaining the security and relia-
bility of the power system. This thesis presents a reinforcement model for transmission systems,
designed to enhance the operational planning of hybrid AC/DC networks integrated with offshore
wind farms, with a particular emphasis on the MT-HVDC link, through the utilisation of Voltage
Source Converter (VSC) technology. A mathematical model for hybrid AC/DC networks is devel-
oped based on the Flexible Universal Branch Model (FUBM) to provide functionalities, which offer
flexibility in both short-term and long-term operational planning, specifically addressing the opti-
misation problems of Optimal Power Flow (OPF) and Security Constrained OPF (SCOPF). This
mathematical model has been tested using control techniques (i.e., conventional control and droop
control) in the VSC in-model (one model in the FUBM) incorporated with the Remedial Action
Scheme (RAS), known as RAS-FUBM (i.e., RAS-FUBM conventional control and RAS-FUBM
droop control), whilst considering a range of scenarios (e.g., worst-case scenarios, multi-period
scenarios, and multi-objective scenarios). The results clearly show that the model demonstrates
greater flexibility and reliability, as well as mitigates the contingencies (following the standard N-1
rule) and congestion within the MT-HVDC link. These results provide a benchmark for mod-
ern operational planning and assist Transmission System Operators (TSOs) in making optimal

decisions, thereby ensuring both reliability and economic feasibility in power system operation.
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Chapter 1

Introduction

1.1 Problem Statement

The Electric Power System (EPS) faces significant challenges due to the increasing demand for
energy consumption driven by population growth, which is projected to rise by 29% to 9.8 billion by
2050, up from the current world population of 7.6 billion [1]. Furthermore, ongoing modifications
in power system infrastructure, as illustrated in Figure 1.1, are necessary not only to address this
challenge but also to achieve the net zero target by 2050 [2]. These modifications involve the
transformation of energy generation from fossil fuels to renewable energy sources [3], changing
demand patterns (e.g., electric vehicles, storage devices, smart grids, etc.), the deployment of
new technology trends (e.g., power-electronic devices, sensors, control devices, and grid services
automation), regulatory requirements [4] and innovations in the transmission system (e.g., HVDC
networks and Flexible AC transmission systems (FACTS) devices) [5]. However, many existing
components within the EPS are aging, necessitating modernisation to facilitate the integration of
renewable resources (e.g., offshore wind farms, photovoltaic solar farms, wave energy, etc.) [6]. This
modernisation also needs to enhance operational flexibility (i.e., the ability to accommodate large-
scale variable renewable generation sources) of the power system, whilst maintaining operational
security and reliability to meet all demand requirements (i.e., stability and cost effectiveness) [7].
Therefore, the development of a modern EPS is essential not only for transmitting power over long
distances, i.e., from regions with abundant renewable resources to regions with significant demand,
but also for improving efficiency within the power system through a combination of AC and DC
systems, which is vital for effectively incorporating renewable energy sources.

The hybrid AC/DC network, i.e., a power system with embedded HVDC links that are mainly
used to facilitate integration of variable renewable generation, is a critical next step for the future
growth of the EPS. Such a system however requires the establishment of new methodologies for
planning and operational strategies, particularly with regards to controlling and managing inter-

action [8] between generator, transmission and demand sides within the power system. There
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Figure 1.1: Power system structure

are inevitably new technical challenges in the route to adopting hybrid AC/DC networks as the
next evolutionary step in the development of a modern and flexible power systems infrastructure.
Challenges such as the requirement for coordinated control between both AC and DC components,
achieving power quality, maintaining stability, ensuring a reliable communication infrastructure,
addressing protection issues, and implementing energy management systems [9] create additional
complexity when planning and operating hybrid AC/DC networks. On the other hand, in an effort
to become a global leader in green energy, the United Kingdom (UK) has established a Ten Point
Plan for a Green Industrial Revolution, one of which is to double the offshore wind energy capacity
to 40GW by 2030 [10]. This transition implies that the power system is becoming increasingly
dependent on weather conditions, which inevitably leads to uncertainty and variability in power
production during operational planning. In the past, the operational planning process did not
consider these uncertainties and variability on the generation side. Modern hybrid AC/DC net-
works require the inclusion of these factors (i.e., uncertainty and variability) along with numerous
scenarios in the ensuing operational planning models, which are optimization problems related to
solving optimal power flow, and security-constrained optimal power flow problems. Considering
these factors and scenarios are essential for ensuring the safety and reliability of power system
operations at all times, as well as for delivering electricity in the most economical manner whilst
adhering to acceptable power quality standards [11]. Furthermore, it will assist and enable Trans-
mission System Operators (TSOs) and policymakers to make informed decisions (i.e., decision
considered all factors, scenarios, and insights before making a choice), which is critical for effective
real-world applications [12]. Therefore, for modern hybrid AC/DC networks, it is imperative to
develop comprehensive operational planning models that account for all factors and scenario events
across various operating conditions.

A Multi-Terminal HVDC (MT-HVDC) link embedded within an AC network represents an ad-
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vanced topology of the hybrid AC/DC network and has been proposed as a future energy solution,
which can effectively harness electricity from large Offshore Wind Farms (OWFs) (i.e., DC system)
and transmit it to onshore system (i.e., AC system). Furthermore, the MT-HVDC link can en-
hance the flexibility and reliability of the power system through the deployment of converters (i.e.,
Current Source Converter (CSC) or Voltage Source Converter (VSC)). Nevertheless, the offshore
industry has not yet realised this link, especially the interconnection of OWFs clusters [13]. This
is due to the technical constraints such as standards and interoperability in DC systems, strong
AC system connection points, substation-to-substation communication, protection and ground-
ing [14]. Therefore, this thesis presents analyses of transmission system reinforcement centred
on the MT-HVDC link integrated with Offshore Wind Farms (OWFs), deploying the VSC under
various operating conditions (i.e. normal and abnormal conditions) and through different scenar-
ios (e.g., worst-case wind generation, multiple periods and multiple objectives). The proposed
analyses can provide greater flexibility by leveraging the high controllability of VSC technology to
independently regulate power system variables [15], including voltage and power, in both AC and

DC systems.

1.2 Research aims and objectives

The main aim of this thesis is to model the reinforcement of transmission systems through the
utilization of VSC technology, employing a Flexible Universal Branch Model (FUBM) within the
context of a MT-HVDC link integrated with OWFs. This comprehensive modelling approach has
the potential to expedite the development of a Supergrid infrastructure. The FUBM model has
been chosen due to its ability to replicate the operation of standard AC branches and AC/DC
interfaces within a single frame of reference. Additionally, it can represent real-world devices (e.g.,
voltage source converter, phase shifter transformer, and control tap changer transformer), whilst
providing additional degrees of freedom in the form of additional state variables, a topic that will
be discussed in more detail in Chapter 3. This thesis subsequently entails an extensive analysis of

reliability in the power system, with the following objectives related to this critical analysis:

1. To develop a flexible transmission system operation strategy taking advantage of controllabil-
ity and flexibility of VSC devices, with applicability spanning for both short-term operational

planning and long-term planning horizons

2. To devise a novel, state of the art approach for solving the SCOPF problem for hybrid AC/DC
networks, accounting for the worst-case scenarios of demand and Offshore Wind generation,

as well as incorporating a multi-period OPF framework.

3. To rigorously investigate the techno-economic impacts of strategic VSC placement within
the hybrid AC/DC networks architecture, through the formulation of a comprehensive multi-

objective infrastructure planning problem.
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1.3 Research questions and challenges

The EPS has experienced considerable transformation in recent years, in order to meet the rising

demand and accommodate the integration of intermittent, variable renewable generation sources,

particularly OWFs. This thesis seeks to investigate the modelling of power system infrastructure

(i.e., VSC), emphasising on the reinforcement and strengthening of the transmission system. The

study will explore the implementation of control strategies that could have potential to enhance

the flexibility and reliability of the performance power system. Overall, the research questions are

outlined as follows:

(a)

(e)

What are the greatest challenges facing the electric power system today especially related to

large-scale integration of variable renewable generation?

How can the EPS system be strengthened in order to overcome these challenges, particularly

at the transmission system?

How can the current transmission system be reinforced in order to enhance the production

from OWFs, considering the control actions?

Why is it important to consider the control actions, particularly in context of short-term

operational planning and long-term planning in the EPS?

To what extent is the control actions’ implementation within the EPS flexible and reliable?

From these research questions, this thesis delves into the more challenging aspects of:

1.

A Mathematical Model for MT-HVDC links: To present a concept of MT-HVDC link
as an optimal solution for integrating large scale VSC-interfaced variable renewable energy
sources, particularly OWFs, providing an appealing approach for creating interconnected DC
network hubs, enabling the maximisation of power sharing amongst renewable generation
resources and facilitating long-distance power exchange between otherwise independently

operated regions. In this thesis, this objective is addressed in Chapter 3.

A holistic operational planning framework: To establish an innovative modelling frame-
work for operational planning of hybrid AC/DC networks taking advantage of the additional
control actions promised by the VSCs that exist in such networks to enhance their opera-
tional flexibility. In this thesis, we call this framework, RAS-FUBM, which is introduced in
Chapter 4.

. Application and impact assessment of additional control strategies in hybrid

AC/DC networks with embedded MT-HVDC links: To implement the VSC control
strategies framework, considering a variety of scenarios (e.g., worst-case scenarios, multi-

period scenarios and multi-objective scenarios). To this end, the implementation should be
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able to demonstrates the flexibility and reliability of the power system, particularly related

to contingency and congestion. In this thesis, this objective is addressed in Chapters 4 and

5.

1.4 Publications

Table 1.1 presents a list of the papers that have been presented and published, along with prospec-

tive future publications, which have been produced during the PhD research. The content and

results from these papers have been incorporated into Chapters 3, 4, and 5 of this thesis.

Table 1.1: List of Publications and Presentations.

Type of Paper

Details of the Paper

Chapter

Conference
publication

Optimum operational planning of wind-integrated power systems

with embedded Multi-terminal High Voltage Direct Current Links
using the Flexible Universal Branch Model.

IEEE International Conference on Environment and

Electrical Engineering and 2023 IEEE Industrial and Commercial
Power Systems Europe (EEEIC/I&CPS Europe), pp. 1-6. IEEE, 2023.

Conference
presentation

Operational Network Planning for Different Multi-Terminal
High Voltage Direct Current Offshore System Interfaced
Wind Integration.

19th EAWE PhD Seminar on Wind Energy,

6 - 8 September 2023, Hanover, Germany

Conference
publication

Minimizing the Impact of Contingency in Multiple-Period

Short-Term Operational Planning with RAS-FUBM for Wind Integration.

IET Conference Proceedings, 2024, p. 180-187,
DOIL: 10.1049/icp.2024.2155. (13th International Conference on
Power Electronics, Machines and Drives(PEMD 2024))

Journal
Under Review

The Effect of Voltage Variations at the Reference VSC
within the Multi-Terminal HVDC System Integrated with
Offshore Wind Farms.

[EEE TAS Publication

1.5 Chapter summary

This chapter provides a general introduction to the thesis, beginning with a problem statement that

describes the challenges and ongoing modifications within the power system structure, the neces-

sity of developing a modern EPS (i.e., hybrid AC/DC network) planning framework that accounts

for uncertainty and variability, particularly when arising from weather-dependent power genera-

tion, whilst incorporating multiple scenarios into the operational planning models, and proposing

advanced topology in hybrid AC/DC network with MT-HVDC link, as future energy solutions.




Chapter 2

Literature Review

This chapter provides an overview of two key components, the transmission system and converters
(sections 2.1 and 2.2), which supports the thesis’s aim of investigating the reinforcement of the
transmission system through the utilization of VSC technology for purposes of large-scale offshore
wind generation capacity integration. The remainder of this chapter contains the following: Sec-
tion 2.3 provides a brief overview of the elements of operational planning and security assessment
within the power system. In section 2.4, a detailed explanation of power flow is presented as a
fundamental mathematical framework for purposes of power system’s operational planning and
security assessment. Section 2.5 introduces a general concept and standard formulation of optimi-
sation problems applied to the power systems operational planning, encompassing several specific
models, including economic dispatch, optimal power flow and security constrained optimal power
flow. This section also discusses two types of control actions (i.e., preventive and corrective) to
emphasise their significance, particularly in relation to assessing the performance of power system’s

operational security and its reliability. Finally, section 2.6 provides a summary of this chapter.

2.1 Transmission System

The transmission network, which is responsible for transmitting electricity from power plants (gen-
eration) to load centers (demand), is one of the primary components in the Electrical Power System
(EPS) [16]. Furthermore, it has an enormous influence on the production side, influencing aspects
such as the location of the power plants (i.e., where to build), operation of the power plants (i.e.,
which generators need to be operated) and the production of the power plants (i.e., how much
power needs to be generated from each generator) [17]. However, the integration of variable re-
newable energy systems, particularly Offshore Wind Farms (OWFs), in the modern power system
increases the complexity of the power grid’s operation especially with regards to maintaining bal-
ance between variable generation and demand, making the operation of such transmission systems

significantly more challenging [18]. In order to maximise the energy output from OWFs, trans-
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mission system reinforcement is essential, resulting in reduced consumer cost by necessitating an
economically prudent investments for both the OWFs and transmission systems [19]. It can be
concluded that the planning of the transmission systems and the planning of OWFs are closely
interrelated. Consequently, when undertaking analysis of OWFs, it is essential to also consider
the planning of the associated transmission systems. Considering of these aspects, it is impor-
tant to comprehend the system and structure of the transmission system, in order to optimise the
integration of OWF's and ensure the sustainability and affordability of the power system.

An optimal operational planning in the transmission system typically seeks to establish the
most economical operating point in the system given a specific generation and demand profile
through minimising generating costs, generation re-dispatching expenses, or investment costs, in
cases of long term planning problems. These problems can also be formulated such that they aim
to find the best operating points to alleviate network congestion and maximising social welfare
[20]. The Transmission System Operators (TSOs) have to consider uncertainties and variability
in various scenarios, in order to propose an economically viable transmission investment plan
that addresses all possible outcomes, including the intermittency nature of renewable energy and
demand uncertainties in the future [21]. The only way the wind generators are compensated for
their power is to offer at zero price through the Locational Marginal Price (i.e., the marginal
cost of supplying the increment of electric energy at a certain bus, taking into account the cost
of generation and the physical characteristics of the transmission system [22]) of the bus where
these generators are located. Therefore, the current and future growth transmission network
strategies determine the revenue and profitability of wind generating installations [23]. The current
operational planning strategies for the transmission system need to be updated to account for
transmission reinforcement measures [24]. These updated plans should be able to capture the
various scenarios of uncertainty and variability inherent in wind power generation, thereby ensuring
the overall reliability of the power system. The transmission system can be classified in general into
types: High Voltage AC (HVAC) system and High Voltage DC (HVDC) system. A Multi-Terminal
HVDC (MT-HVDC) system represents an advancement of the traditional HVDC system, and the
details of these transmission systems will be elaborated upon in the following section. MT-HVDC
systems will be key to integrating large-scale OWF generation capacity into the conventional AC

systems.

2.1.1 High Voltage AC System

The HVAC transmission system is a well-established technology, which is primarily used for bulk
electric power transmission using transformers for stepping up and down the transmission voltages
[25]. Most existing OWFs connectivity utilises this type of transmission [26], due to the installation
of OWFs close to the shore, where the transmission distance is minimal (i.e., typically around

50km) and has a low voltage (i.e., less than 175kV) resulting in lower transmission losses [27].
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Despite the maturity and considered desirable choice for short distances, HVAC transmission has
some limitations, particularly for longer distances (i.e., more than 700km). The capacitance of
the HVAC cables, which maintain the voltage across the cable and allows charging current to flow
along it, limits the amount of active power (P) that can be transferred, affecting cable length in

offshore applications [28]. The charging current, I, is defined as:
I.=2nfCV (2.1)

Where f is frequency, C' and V are the capacitance and voltage. It is clear from (2.1) that
the frequency (f = 50Hz or 60Hz) determines the amount of I.. If the amount of I. lower, the
available cable capacity to carry a useful load current, I,,, will also be decreased, as shown by the
following equation:

I2=1>-1? (2.2)

n

Where I,. is the ampacity rating of the cable. This equation shows that the flows of the I, in
the HVAC cable is not uniform [29].

a. Reactive Power Consumption of AC Transmission Lines

Reactive power is an essential component of some electric power system, arising from the char-
acteristics of both capacitance and inductance (also called reactance) within the load and the
transmission line, which lead to the production and absorption of this power in AC systems [30].
In fact, the performance of the AC transmission line, particularly medium-length lines (ranging
from 80 km to 160 km) and long-length lines (more than 160 km) [31], is significantly affected by
this power, and without it, active power could not be transmitted at all. Furthermore, the stability
of these length lines and voltage magnitude are depends on the reactive power transfer, which will

be further explained further.

|Vs|£8 |Vk| 20
iX
- I S
S¢ = Pg+]Qs Sgp = Pr+]JQr

Figure 2.1: General power system diagram

Based on Figure 2.1, the complex power at the receiving end (.S,.) can be expressed as:
Sr = Pr+jQr = Val* (2.3)

where Pgr, Qg and Vg are the active power, reactive power and voltage at the receiving end.
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I* is the conjugate current, which can be expressed as:

*

*

Vs — Vg

P (2.4)

where X is the reactance. Then, substituting (2.4) into (2.3), the new complex power equation is:

*

S =V | BB

71X
Vrcosd + jVgsind — Vg™
iX

S~R:VR{

Equation 2.6 can be divided into active power (P) and reactive power (Q) as shown below: At

the receiving end:

Pr = VsV sin & (2.7)

Qr= W (2.8)
At the sending end:

Pg = VsVr sin ¢ (2.9)

Qs = Vs — VsVrcosd (2.10)

X

Equations (2.7) to (2.10) describe how active and reactive powers are transmitted in a trans-
mission line. Let’s interpret this in more detail by considering the differences in voltage magnitudes

and angles.
i Condition 1: § =0

The receiving and sending active powers (P) becomes 0.

Pr=Ps=0 (2.11)

The reactive power (Q) at both ends will be:

Vr(Vs — V)

Q= V05 ZVR) (2.12)
Qs = M (2.13)

If Vs > Vg, the reactive power at both ends (Q g and Q) will become positive, indicating that
reactive power is being transmitted from the sending end to the receiving end. If Vg < Vg,

the reactive power at both ends (Qr and Qg) will become negative, indicating that reactive
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ii

iii

power is flowing from the receiving end to the sending end. The phasor diagram for this

statement is shown in Figure 2.2.

I
JXI
> > JXI
Ve Vs > >
Ve Vs
I
(a) Vs> Vr (b) Vr< Vs

Figure 2.2: Phasor diagram with § =0

From Figure 2.2, it can be interpreted that:

e Lagging current (I) in transmission lowers the voltage at the receiving end (V;.).

e Leading current (I) in transmission increases the voltage at the receiving end (V;.).

Therefore, the following formulation describes the amount of reactive power consumed in the
transmission line:
(Vs = V)

< =XI? (2.14)

Qs —Qr =

Condition 2: § #0, Vs = Vg

The receiving and sending active powers (P) now can be expressed as:

V2
Pr=Ps = 5d sin § (2.15)
The reactive power (@) at both end will be:
& 1, o,
Qs = —Qr = (1 -cosd) = 5 XI (2.16)

If 6 is positive, the active powers (Pr and Ps) at both ends will be positive, indicating that
active power flow from sending to receiving ends. If the ¢ is negative, the active powers at

both ends will be negative, indicating the active power flow in reverse direction.

Figure 2.3 shows the phasor diagram for second condition, which stated that there is no
reactive power transfer from one end to other, instead each end (receiving and sending)

supply half of the reactive power as shown in (2.16).

Condition 3: § = 1, (Unity)

If power factor (0) is unity, means the current and voltage in an AC electrical system are

perfectly in phase, the magnitude of sending voltage (Vs) is slightly larger than receiving

10
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Vs
V
5§>0 R 6<0

Figure 2.3: Phasor diagram with § # 0, Vg = Vg

voltage (Vi). The reactive powers are supplied by the sending end. The phasor diagram for

this condition is shown in Figure 2.4.

Figure 2.4: Phasor diagram with § = 1

iv Condition 4: Any values of 0, (Vg) and (Vg)

The current (I) at this condition can be calculated as below:

_ Vscosé + jVssind — Vg

1
71X

(2.17)

From (2.8) (2.10) and (2.17), the total reactive power between the sending and receiving ends

is given by:
VE+ V3 —2VsVieosd  (XI)?
X X

Qs —Qr= =XI? (2.18)

If the series resistance (R) is considered, the power losses (both active and reactive) at the

transmission lines can be calculated as follows:

P2 +Q2

Qloss:XIQZX RE% £ (219)
P2 +Q2

Ploss = RIQ =R RE?DL B (220)

It can be seen from (2.18) that the reactive power absorbed by the reactance (X) under all

11
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conditions can be defined by XI2. This leads to a concept of reactive power loss, similar to
active power loss, defined by RI?, which is associated with the resistive elements. Equations
(2.19) and (2.20) demonstrate that an increase in reactive power within the transmission
line corresponds to a rise in losses for both active and reactive power, thereby impacting
the efficiency of power transmission and voltage regulation. The reactive power flow in the

transmission lines can be summarised as follows, based on the aforementioned conditions [32]:

(a) Reactive power flow depends on voltage magnitude, which is transmitted from the higher

voltage side to the lower voltage side.

(b) Reactive power cannot be transmitted over long distances, as this would require a large
voltage gradient (i.e., the potential difference between receiving and sending ends volt-

ages divided by the distance between them).

(¢) An increase in reactive power flow results in higher loses for both active and reactive

power.

The concept of line loadability, which refers to the permissible degree of line loading expressed as a
percentage of Surge Impedance Load (SIL) for given thermal or voltage drop steady-state stability
limits, plays an important role in the power transfer capability of the lines, affecting voltage levels

as well as the length of overhead AC transmission lines [33].
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Figure 2.5: Transmission line loadability curve

Figure 2.5 illustrates the general loadability curve for uncompensated lines, which is applicable
across all voltage levels, and indicates the limiting power transmission values in relation to line
length. The figure clearly shows that for short-length lines, the steady state limit loading exceeds
the thermal loading; therefore, loadability is primarily determined by the thermal loading rather

than steady state loading. In the case of medium-length lines, voltage levels become a critical

12
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consideration for line loadings. Conversely, for long-length lines, the steady-state stability limit
loading is the predominat factor as the loading is typically less than the surge impedance loading
[3].

Given that reactive power affects the voltage profile and stability of transmission lines, as pre-
viously discussed, compensation within a transmission system is essential for enhancing the quality
of supply, particularly over long distances. Transmission compensation involves the management
of reactive power through reactive compensation, which refers to the installation of reactive devices

on AC transmission lines. The aims of this installation are to:

1. Generate a constant voltage profile across all levels of power transmission

2. Enhance the stability of the AC transmission line by increasing the maximum transmitted

active power; and

3. Supply reactive power requirements in a cost-effective manner

The primary objective of compensation is to modify the SIL by adjusting the capacitive and

inductive reactance of the AC transmission lines. There are two types of compensators:

1. passive compensators that include shunt reactors, capacitors and series capacitors; and

2. active compensator, which typically consist of shunt-connected devices that aim to maintain

a constant voltage at their terminals

These compensators can be located anywhere along the line, including the midpoint, line terminals
or at the 1/3 or 1/4 points of the terminals. However, the midpoint location offers several advan-
tages, as the relaying requirements are less complicated when compensation is less than 50% [31].
Furthermore, at this midpoint, the compensators can supply or absorb the reactive power remain-
ing in the central half of the line after the synchronous machines at both end sides (receiving and
sending ends) have supplied and absorbed the reactive power for the leftmost and rightmost halves
of the line [33].

Overall, although reactive powers do not perform any useful work in AC transmission lines
or loads, its necessity is crucial for maintaining voltage levels and ensuring the efficient operation
of power system equipment. Excessive reactive power can cause voltage levels to rise, leading
to inefficiencies in power system equipment, higher operational cost and increased stress on the
equipment that can shorten its lifespan. Conversely, insufficient reactive power can result in voltage
drops, particularly under heavy load conditions, as well as voltage instability, poor power factor,
and increased losses for both active and reactive powers. Therefore, effective management of
reactive power is critical not only for ensuring power system stability but also for enhancing the

constraints on the amount of active power that can be transmitted along AC transmission lines.

13
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2.1.2 High Voltage DC System

The HVDC transmission system emerged as a viable solution to address the challenges encountered
by the HVAC transmission system (i.e., higher transmission loss over long distances, reactive power
consumption of the line, and limited active power transmission capability). Furthermore, the
development of the HVDC system has been driven by: a) the escalating need for transmitting
electrical power on a global scale; b) the optimal utilisation of transmission lines; and c¢) the
operational flexibility [34]. On the other hand, the development of OWFs would evolve toward
larger capacity that will lead to farther away from the shore, with OWF's located more than 80km
offshore. Over these distances, long cable transmissions will be used to connect the OWFs to
the onshore stations to generate a substantial amount of power [35]. With the advantages of
no charging current (I,=0) in the HVDC transmission due to the zero frequency (f=0), which
lead to no reduction of cable’s rating (I,.) as I2 = I? (refer to (2)), the HVDC system is able
to transmit more power over long distances. Additionally, the HVDC system offers more flexible
control techniques [36] with the integrated Flexible AC Transmission Systems (FACTS) devices
(e.g. Voltage Source Converters (VSC) and Current Source Converters(CSC)) [37] that enable the
AC and DC systems to be adjusted to adapt to the intermittent nature of output from OWFs.
Despite the numerous benefits offered by the HVDC system, the investment cost associated with
this technology exceeds those of the HVAC system. The converters are the main component of the
HVDC system and more than 50% of the cost of the HVDC transmission system is related to this
equipment. Due to this, the cost comparison related to the converter station is the key component
between HVAC and HVDC systems, as illustrated in Figure 2.6. From this Figure, it can be seen
that the initial cost (i.e >$150million) for the HVDC station is significantly higher compared to
the initial cost (i.e., <$50million) of the HVAC station. However, the HVDC transmission system
becomes more cost-effective when the transmission distance exceeds 450 miles, as compared to the
HVAC transmission system. Therefore, the HVDC system is a more cost-effective option for long
-distance transmission than the HVAC system [38].

The prevalent connection configuration in existing HVDC systems is the point-to point trans-
mission architecture, which is similar to the topology commonly found in the HVAC systems.
As shown in Figure 2.7, this configuration consists of two converters connected between the on-
shore and offshore system, where the converters depicted in this figure are based on multi-modular

converter technology [39].

2.1.3 Multi-Terminal High Voltage DC Systems

A Multi Terminal HVDC (MT-HVDC) link is an extension of a point-to-point HVDC system
(i.e., two converters) that represents an interconnection of nodes and branches, which has more
than two converters connected in radial or meshed topologies. This link interconnects various AC

systems to the power grid through converters (i.e., hybrid AC/DC networks), enabling them to
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Cost Comparison of HVDC and HVAC Transmission Systems
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Figure 2.6: A comparison of costs between HVAC and HVDC systems.
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Figure 2.7: Point-to-point topology

function as either input or output power nodes, depending on whether power is being fed into or
drawn from the EPS. Figure 1 illustrates an example of a simplified layout of an offshore HVDC
grid in an MT-HVDC link, which consists of m AC systems that inject power into the EPS, n
AC system that extract power from the EPS, p intermediate connection nodes and r branches. It
can be seen from this figure that the number of p and r depend on the particular interconnection
pattern [40] (i.e., layout topology). The MT-HVDC link is an appealing option, especially for
integrating multiple offshore wind farms into onshore AC systems, as it facilitates the transmission
of renewable energy sources [41], which are typically located in remote areas, over long distances
and across international borders [42]. Furthermore, this system can resolve issues such as remote
offshore generating connection, undersea or long-distance interconnection, power injection into a
weak node, power grid reinforcement, isolated load connection, and asynchronous grid coupling
that currently exist in AC technology [43].

The MT-HVDC can be configured in a number of topologies depending on the design specifica-
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Figure 2.8: Offshore HVDC Grid Configuration in an MT-HVDC Link

tions and operating conditions. The selection of network topologies is a critical consideration, as it
significantly impacts the investment requirements, operational modes, complexity of the network
architecture, and power generation factors such as the choice of wind turbine type. Critical ele-
ments include the total complexity of the wind farm interconnections as well as the arrangements
of the connections, which are designed to maximise power output. These layouts need to be made
to provide a robust and appropriate solution in the case of an outage or equipment malfunction.
Furthermore, the selected network topology has to facilitate future expansion, particularly with
respect to converters or power generation assets [44]. The MT-HVDC topology can be broadly cat-
egorized into two main types of layout configurations: radial connections and meshed connections,
or combinations of both [40].

The parallel MT-HVDC configuration, as shown in Figure 2.9, also known as the radial topology,
represents an extension of the point-to-point topology HVDC transmission architecture. This
topology is characterised by a string connection composed of several VSCs connected side by
side. Figure 2.9a shows the illustration of general radial topology, which has the benefit of being
simple to construct and requiring low investment. However, the drawback is that it has very low
reliability compared to other topologies [45]. The star topology represents another type of parallel
MT-HVDC layout configuration, where VSCs are connected to a central DC switching station (i.e.,
central star node), as displayed in Figure 2.9b. This configuration is formed from the point-to-
point link and then tapping to other terminals for the integration of AC networks or power sources
such as renewable energy. The star topology is a more economic investment as compares to the
ring or mesh design due to the fewer number of cable connection [46]. The main drawback of this
layout type is that if there is a fault at the central node, it can affect the entire system, potentially
leading to a complete shutdown of the system.

Figure 2.10 depicts a configuration of a meshed MT-HVDC system, which represents a com-
bination of radial and star topologies. This layout architecture has been developed to enhance
the reliability and economic operation of HVDC systems. Additional advantage of this topology

includes increased flexibility for power exchanges between areas, reduced shortest connection dis-
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tances between two points and improved security compared to radial network designs. However,
the primary drawback of this configuration is the higher cost incurred by the need for longer cable
lengths [45]. Furthermore, meshed topology can contribute to the formation of a Supergrid system,
as illustrated in Figure 2.11, which consists of a special node (i.e., SuperNod) that interconnects
multiple DC links with wind farms through an islanded AC network. This special node is a VSC-
based AC hub within HVDC transmission that connects HVDC systems via AC systems to form
a hybrid system, which offers effective solutions for integrating either OWF's or oil and gas plat-
forms. More importantly, the VSC-HVDC device can be regulated to maintain stable voltages in
the AC hub. This hub will constitute a comprehensive power electronics-linked network, effectively
eliminating natural system inertia in offshore AC systems that lack synchronous generators. The
coordination of the VSC-HVDC is crucial for ensuring stability, control and regulation of voltage
and frequency within Supergird system [40]

The ring topology is a configuration where all the nodes are arranged in a circular pattern, as

display in Figure 2.12. This topology provides flexibility in controlling the power flow between the
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wind farms and the onshore substations. Furthermore, the ring topology can be operated in two
different modes: a) closed loop (i.e., all circuit breakers and isolators remain closed during normal
operation, which allows power to flow through the entire path); and b) open loop (i.e., all circuit
breaker or isolator are kept open during regular operation, which effectively breaking the loop if
there is failure or malfunction equipment) [47]. This type of topology has generated significant
interest from the research community [48], due to the benefit of being simple to construct and
operate. However, it also has low reliability and significant losses due to the lengthy transmission

lines [45].

2.2 Converter

2.2.1 Current Source Converter

A classical converter system, known as a Current Source Converter (CSC) or Line Commutated
Converter (LCC), uses valves based on thyristor as switching devices. These devices are only
able to be turned on; however, external circuits are required to turn them off and perform valve
commutation. Furthermore, the CSC requires a strong AC voltage system between its two terminals
to maintain stable operation and operates efficiently. Connection to a weak AC voltage may result
in issues with the converter itself, such as commutation failure especially at the inverters [49],

which can lead to significant power loss. In spite of this CSC is typically employed in higher-
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power levels (i.e., normally above 1000MW), it is unable to independently control the active and
reactive powers [50]. The power flow direction is determined by reversing DC voltage polarity;
nevertheless, this converter only permits current to flow in one way within the DC system [51].
However, reversing the voltage polarity leads to increased complexity in the required switching
arrangements [52]. Due to the necessity of commutation voltage during operation, the CSC is
unable to perform black start and supply power to a passive network. This poses challenges,
particularly in the case of wind farms where there is no commutation voltage available before
the startup, to solve this problem, external devices such as a Static Synchronous Compensator
(STATCOM) are required to supply a stable AC voltage in the CSC [53].

Figure 2.13 illustrates the steady state model of CSC components, which include reactive power
compensation, AC and DC filters, transformers, thyristor valves and a smoothing reactor. The AC
filters are responsible for reducing the current harmonics generated on the AC side of the converter.
On the other hand, the DC filter in the CSC serves two functions; a) to reduce or avoid the DC
voltage ripple (i.e., fluctuating AC component of the DC output); and b) to reduce or eliminate
unwanted interference present on the DC line. Noteworthy, this filter is only necessary for overhead
line and is not required in the case of underground cable or back-to-back transmission [54]. As the
CSC generates significant harmonics on both the AC and DC sides, filters are required on both
sides to reduce or filter out the harmonics in the power system [55]. Reactive power compensation
is responsible for increasing the stability of the power system and optimising power availability.
In the CSC operation, the AC current lags voltage and this process demands reactive power. This

power is provided by the AC filters that exhibit capacitive behaviour at the fundamental frequency
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(i.e., 50Hz or 60Hz) and can also be supplied by shunt banks or series capacitors, which are essential
components for this converter. If there is an insufficient or excess reactive power supplied from
these sources, the AC system will need to adjust to accommodate the reactive power differences. In
order to maintain the desired voltage tolerance, tight control over reactive power exchange becomes
more important especially when the CSC is further from the generator [56]. This is one of the
biggest drawbacks of the CSC, as its reactive power requirement can exceed 50% of the active

power rating [57].

Smoothing Reactor
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Figure 2.13: The steady state CSC model

The constraints of CSC as discussed earlier, reversing voltage polarity and high reactive power
requirements, restrict the feasible connection options of this component to radial or two-terminal
configurations within the MTDC link [58]. Another challenge is the size and weight of this com-
ponent, which is larger and heavier compared to the VSC, making it more difficult to implement
offshore. To date, the CSC system has not been implemented in Offshore Wind Farms (OWFs), gas
or oil extracting platforms connection, with installations only existing on onshore power grids [59].
Despite these drawbacks, this system has been credited for its high reliability and better perfor-
mance in high-power applications, due to the low voltage drop of the semiconductor used [60].
However, due to its disadvantages, this classical technology is considered unsuitable candidate for
the MT-HVDC link, particularly in integration with offshore wind farms. Therefore, this study
sets out to explore the VSC rather than the CSC due to its flexibility and efficiency in connection
with the MT-HVDC link.

2.2.2 Voltage Source Converter

A Voltage Source Converter (VSC) is a self-commutated converter based on Gate Turn Off Thyris-
tor (GTO) or Insulated Gate Bipolar Transistor (IGBT) valves to enable current to flow through,
which can be either positive or negative [33]. This feature allows a VSC to individually control
the magnitude (i.e., amplitude) and phase angle of an AC voltage, which in turn permits the in-
dependent control of both active and reactive power outputs [61]. Despite having a lower power

rating, the power flow reversal capabilities of the VSC make it a superior option for connecting

20



2.2. Converter

to the MT-HVDC link, because of its constant voltage polarity and its ability to alter power di-
rection through current reversal [62]. The latest offshore wind project, the Dogger Bank HVDC
connections (i.e., Dogger Banks A, B, and C), has a power rating of 1200 MW and symmetrical
poles with £320 kV DC. Each project is scheduled for commissioning in 2023 (Dogger Bank A),
2024 (Dogger Bank B), and 2026 (Dogger Bank C) [63]). Furthermore, this device has the ability
to control both AC and DC systems by regulating two control variables: power and voltage, as

depicted in Figure 2.14.

AC Bus
system VSC
ol G Vdc
—> —>
AC side ' DC side
Control variable: Self-Commutating Control variable:
a) AC voltage Converter a) DC voltage
b) AC power b) DC power

Figure 2.14: VSC converter schematic diagram.

The structure of the VSC in the steady-state model of the hybrid AC/DC system, as shown in
Figure 2.15, consists of a transformer, an AC filter (i.e., low pass filter) and a phase reactor. The

variables of this model are as follows [64]:
(a) Ps and Q; represent both active and reactive powers injected by the VSC into an AC system.
(b) Vs is the voltage of an AC bus.
(¢) R, and X, are the resistance and reactance of the phase reactor.
(d) Vg is the voltage of the converter at the AC side.
(e) Vg is the voltage of the converter at the DC side.
(f) Pjc is the power of VSC injected to the DC bus.

The equivalent circuit of the VSC model (i.e., steady state) is illustrated in Figure 2.16, which
has a controllable voltage source (V;) on the AC side and active power control using a current

source (I4.) on the DC side [65]. The parameters of this model are described below:
(a) Impedance of the transformer: Z; = R; + jX;.
(b) The susceptance of the low-pass filter: jgy.
(¢) Impedance of the phase reactor: Z. = R.+xe.

(d) The active (Py) and reactive (Q7) powers of the low pass filter.
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Figure 2.15: The steady state VSC model.

(e) The VSC active (P.) and reactive (Qy) powers on the AC side.
(f) The VSC active power on the DC side: (Py) .
(g) Power losses: Pss.

In the equivalent circuit of VSC converter, the division between AC and DC systems are
noticeable. In order to find a solution for this circuit, three sets of equations need to be solved:
one for the AC system, one for the DC system and the last one is a coupling equation representing
active power exchange between the AC and DC systems for the VSC. In the steady state analysis,
this coupling is modelled using two dummy generators (refer to Figure 2.16). The power balance

equation for this circuit can be mathematically expressed as follows:
Py + Py + Poss =0 (221)

where P,., P;. and Py, refer to active power injection on AC system, active power injection

on DC system and active power losses in the VSC.
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Figure 2.16: The equivalent circuit of VSC converter.
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Given that the VSC is a self-commutated converter that commonly employ high-power semi-
conductor components such as Insulated Gate Bipolar Transistor (IGBT), developing an accurate
model for power loss is essential, as these losses significantly affect the efficiency of the VSC’s
performance. Normally, the power losses in a VSC can be categorised into two types: conduction
loss and switching loss [66]. The conduction loss typically occurs in the freewheel diodes and
switches in the semiconductor (e.g., IGBT and MOSFET) during the on state, where the voltage
varies non-linearly with current [67], as illustrated by the I — V characteristics in Figure 2.17 [68].
The calculation of conduction power losses is different for each semiconductor. For example, the
conduction losses that occur in IGBTs, both for the IGBT switches (P.s;gpr) and the IGBT diode
(Pearapr) can be calculated using the formula below:

PCSIGBT = Uceo ' Isav + e 12 (222)

srms

Poarcsr = Udo * Liay + Ra - I3, (2.23)

Where Ueeo, Isqn, 7c and I?

Z-ms Tepresent on-state zero current collector-emitter voltage, aver-

age switch current, collector-emitter on-state resistance and RMS switch current for the IGBT,
respectively. Whilts Uy, I440, Rq and Igrms indicate diode on-state voltage, average diode current,

diode on-state resistance and RMS diode current [69], respectively.

Current

A
Low ' .
temprerature K High
; temprerature
0 >
Diode (Vr)

IGBT (Vcesat))

Figure 2.17: Characteristics of the I — V' Relationship of IGBTs

A commonly used approach for modelling power losses in the VSC is through a generalised
loss formula, which expresses converter losses as quadratically dependent on the magnitude of the

converter current (I.) [70], as shown below:
Pross = arI? + asl. + a3 (2.24)

where a1, ag, and as are parameter values referring to the quadratic, linear and constant of the

losses on the converter current (I..).
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2.3 Operational Planning in the Power System

Operational planning in the power system refers to the utilisation of the existing components (e.g.,
generators, transmission systems, distribution systems, FACTs devices, etc) in the most efficient
manner [71], by developing a decision-making framework to generate, transmit and deliver the
electricity [72], whilst maintaining the reliability [73] and economic feasibility [74] of the associated
interconnected system. The associated decision framework can be categorised into long-term,
medium-term and short-term [75], with studies influenced by the respective time horizon spanning
from milliseconds to seconds (i.e., real time operation) [76] up to 30 years. Each categorised
planning has different timeline and different purposes: a) long-term reaching timeline for more
than three years that includes the generation and transmission expansion planning, as well as
policy development [77]; b) medium term planning related to the asset management that involves
maintenance scheduling and allocation components, with time horizon from a month up to three
years [78]; and c) short-term planning deals with minimizing operational costs and ensuring network
reliability, as well as stability [79] with time spanning from milliseconds to a day. Figure 2.18
shows the visual representation pertaining to operational planning terms at each stage. However,
increased climate change escalates the penetration of variables renewable energy sources, which
makes power grid operation more challenging [80]. As a result, a comprehensive approach to
operational planning is required to deal with the current changes occurring in the power system.
The decisions made in every phase and stage of operational planning are considered as strategies
to solve the problem facing by current power system, as a result of the transition from fossil fuel
to renewable energy generation and growing demands. There are certain considerations that need
to be accounted for each planning. Some of the important questions that need to be kept in mind

when conducting a short-term planning are [81]:
1. What are the voltages throughout the system?
2. What are the loads of components such as transmission lines, transformers and generators?
3. What are the options to mitigate the congestion on the transmission lines?
4. What are the options to provide continued service as equipment fails unexpectedly?

The proposed long-term planning requires an assessment of the power system modification that

will be implemented. The assessment queries are [81]:
1. Where is the new transmission line/generation site located?

2. Which new FACTS devices will provide the necessary control to maintain system reliability

and a secure operating state?

3. Where is the new demand able to be added given the present system design?
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Figure 2.18: Operational Planning in the Power System

2.3.1 Security Assessment

The performance of the power system is assessed through the reliability (i.e., probability of the
power system operating satisfactorily in the prolonged duration and the capacity to provide ade-
quately uninterrupted energy supply for a lengthy period of time [82]), which relies on the security
and adequacy of the power system [83]. The adequacy is defined [84] as the ability of power system
to supply aggregate power requirements to meet the demand and energy needs of all times, consid-
ering all scenarios (i.e., scheduled and unscheduled outages of the power system elements), whilst
security refers to the ability of the power system to withstand the sudden disturbances such as an
outage of components or natural disaster. In order to assess this security, a comprehensive Security
Assessment (SA) needs to be performed that involves a thorough evaluation, including assessment
system performance related to the security criteria or operational limits. The objective of the SA
is to evaluate whether the power grid is operating under secure or insecure conditions [85]. Tradi-
tional SA is based on deterministic criteria. These criteria (N-1 or N-k) refer to whether or not the
system can withstand contingencies, when one or more elements are out of service [86]. The static
security analysis method typically involves the execution of a significant number of computer sim-
ulations, in order to determine a set of network topologies, a range of system operating conditions,
a list of contingency scenarios and the associated performance evaluation criteria [87]. However,
the deterministic method is inappropriate for modern power systems, particularly when dealing
with uncertainties in renewable energy. The method does not consider a lot of factors including
uncertain nature of customer demands, stochastic nature of system behavior and probabilities of
contingencies and components failure [88]. Therefore, the probabilistic method has been intro-
duced in SA methodology. This technique combines both effects and probabilities that are much
more attractive for representing system risk [89].

Figure 2.19 displays the structure of the SA framework for both the deterministic and prob-
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Figure 2.19: Security Assessment

abilistic criteria. Each of these criteria can be further categorised under either static security or
dynamic security, with the ability to be utilised interchangeably between the respective method-
ologies. These criteria, both deterministic and probabilistic, will then be evaluated through an
assessment and decision-making process. However, the decision-making component, which consists
of preventative and corrective actions, will only be conducted through the dynamic SA methodol-
ogy, as this strategy mimics the operation of the power system in the real world. The preventive
actions are implemented during the pre-contingencies period, with the objective of protecting the
network system from breaching operational limit violations, which may occur during contingency
events. On the other hand, the corrective actions are utilised to ensure that any violations of
the predetermined limits are resolved within specified time frames in the event of a contingency
scenario [90]. Further details on these actions are provided in Section 2.5.

Static security analysis, a technique commonly employed in both planning and dispatching oper-
ation [91], refers to the ability of the power grid to restore to a steady state within a predetermined
secure region (defined by bounding limits) following a contingency event [92]. The primary concerns
in this analysis are the violations of thermal limits on transmission lines and bus voltage limits, as
such violations can potentially trigger a cascading outage scenario leading to a large-scale blackout.
Normally, the evaluation of static security is conducted through analytical network modelling and
iterative solving of algebraic load flow equations, with each prescribed outage scenario assessed
individually [93]. Furthermore, this security approach neglects the transient behaviour and other
time-dependent variations that arise due to changes in load generation conditions, instead solely
focusing on the post contingency steady-state evaluation. Due to the significant computational
burden associated with the assessment in static security analysis, most TSOs utilise SA predictors

such as sensitivity matrix, distribution factors or performance indicators to reduce the number of
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critical contingencies that need to be specifically calculated in real-time [94].

Dynamic security analysis refers to the evaluation of the dynamic behaviour of the power sys-
tem [95], by analysing the time-dependent transition from the pre-contingent to post-contingent
steady state [96]. A conventional off-line study method called transient stability program is applied
in dynamic security analysis, to simulate the dynamic behaviour of the machines along with their
electrical network connection [97]. The main purpose of dynamic security analysis is to identify
and evaluate the impact of contingencies arising from outages or severe system faults under var-
ious system operating states [98], by assessing the security criteria such as dynamic under/over
frequency, dynamic under/over voltages, overload transmission lines, stability limits and low fre-
quency oscillations [99]. Furthermore, online dynamic security analysis plays an important role in
modern power systems to predict the future operating conditions, particularly those related to the
uncertainty and variability from the generation side (i.e., renewable energy sources). However, the
effectiveness of this analysis is reliant upon the quality of the underlying system model, particularly
if the assessment performed relies on fully defined system models computations [100]. Additional
challenges arise from the constraint on the time available for computation and interpretation as
well as the qualification of the results. These drawbacks present significant challenges for dynamic
security analysis, especially with regards to online analysis, where the required time performance
is typically set to 10 minutes, with each simulation run lasting 10 seconds, in order to process 30
contingencies for a 2,000 bus, 250 generators [101].Figure 2.20 provide a summary of the assessment

analyses conducted for both static and dynamic security considerations.
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Figure 2.20: Static and Dynamic Security Assessments.
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2.4 Power Flow

The Power Flow (PF) problem consists of solving complex voltages (i.e., angle and magnitude) at
each bus in the network, which deliver the active and reactive powers (i.e., power flows) to each
transmission line and transformer [102] in a steady state analysis [103]. It is represented by a set
of equations for active and reactive power flows. Considering the system is typically balanced, a
single-phase representation of the power network is used for power flow studies [104]. The power
flow is a fundamental tool for power system planning and operation, which is represented through
a set of equations and nonlinear algebraic inequalities that correspond to the Kirchhoff law and
the system’s operational constraints, respectively, in network modelling [105]. The fundamental

principles and basic power flow concepts will be thoroughly discussed in the next part.

2.4.1 Fundamental principles

1. Phasor and complex number

The Voltage (V) and current (I) at the node power system is assumed to be purely sinusoidal
and constant frequency. A complex number, denoted by the quantities of 'V’ and 'I’, is a pha-
sor representation of sinusoidal voltages and currents. The phasor is a fundamental concept
that has been extensively used for efficient calculations in AC circuit analysis. It represents
the sine waveform in time domain by specifying the magnitude (i.e., Root -Means- Square
(RMS) values) and phase angle (i.e., in relation to a reference). This phasor representation
allows for the simplification of the mathematical analysis (i.e., techniques and principles)
of AC circuits, as the time-varying sinusoidal signals can be reduced to constant-magnitude
and constant-phase angle quantities. The sinusoidal or sine wave function is defined by three
variables: amplitude, angular frequency and phase angle, and Figure 2.21 illustrates the

relationship between these three variables.
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Figure 2.21: Phasor representation

Regarding the voltage and current, the magnitude of phasors is designated by |V| and |I]
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and their angles is denoted by 8y and 6; [106]. The phasor concept can be developed using

Euler’s identity, which relates the exponential function to trigonometric functions:
e% = cos & jsinh (2.25)

The cosine (con) and sine (sin) function provide alternative to (2.25), which also can be
represented as the real part and imaginary part of the exponential functions, respectively.

These exponential functions can be expressed as [107]:

cosf = R{e?’} (2.26)

sinf = 3{el?} (2.27)

Where R refers to the real part and S refers to the imaginary part. Figure 2.22 illustrates
the exponential function in a complex number, which will be explained further in a simple
manner. Let say Z is a complex number that can be written in the form of rectangular
coordinates as:

Z=a+]jb (2.28)

where a is a real part and b is the imaginary part. The complex conjugate of a complex

number Z is denoted by Z*, then this complex conjugate can be written in the form of:
Z=a-—jb (2.29)
’Z’ in a Euler’s identity (i.e., polar coordinates) is denoted as:

Z =|7)e? (2.30)

Z = |Z|cos0+i|Z|siné (2.31)

From (2.28) and (2.31), the a (i.e., real part) and b (i.e., imaginary part) can be expressed

as:

a=1Z|cosf (2.32)

b=|Z|sinb (2.33)

The complex number is important as it provides a powerful and flexible tool for represent-
ing the flow of energy and power in electrical power systems [108], which have sinusoidal
quantities that can be divide into real and imaginary parts to represent the magnitude and
phase angle, respectively. In network modelling, most of power system parameters and com-

ponents used complex number modelling such as voltages, currents, impedances, generators
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or transmission lines.
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Figure 2.22: Complex number

2. Per Unit System

Transmission line power transfer often involves high voltage levels (i.e., kilovolt amperes or

megavolt amperes) and large power amounts (i.e., kilowatts or megawatts), which complicate

calculations. The per unit (p.u) method was developed by properly defining base quantities,

in order to simplify equivalent circuits and convert them into the same unit values. These

values are expressed as a percentage or per unit of a specified base value. Furthermore, the

advantages of p.u could avoid making serious calculation errors when referring quantities

from one side of a transformer to the other. The p.u value of any quantity is the ratio of the

actual value of that quantity to the base value for that quantity [109] [110] , which can be

mathematically express as:

actual quantity

Quantity in per unit =

Base value of quantity

(2.34)

In the p.u system, there are four p.u values that are important in the power system: Power

(S), Voltage (V'), Current (I) and Impedance (Z), and the expression for each value is shown

below:

S
Sp =
p. SB
v

Vp.u = Vs
I

Ipu = —
p- IB
Z
Dy =
o ZB

(2.35)
(2.36)
(2.37)

(2.38)

In the three-phase system, S and V will always be the base value and I and Z will be
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dependent on these two values. These are displayed as follows:

S
Current: Ip = 2.39
B= 5 (2.39)
2 2
Impedance: ZB:(VB) (V) (2.40)

Sz MV.B

The impedances of the machines and transformer are normally specified by the manufac-
turer and are expressed as a percentage or in the nameplate rating, whilst the impedance of
the transmission lines is generally given in ohmic values. During power system analysis, all
impedance values have to be in p.u. on a common system basis, which requires the specifi-
cation of a random apparent power base that is typically set to 100MVA. Subsequently, the
voltage base is selected, and this reference value is then designated as a point of reference.
The remaining voltage bases can no longer be regarded as independent after the reference
value is established as the point of reference. For this particular case, the p.u. impedance is

expressed as follows:

Zq(actual) Sold
old __ Q _ B
Zpu = Z91d = Zq <V§ld (2.41)

In the case of Z, ., being based on a new power, the new p.u value is calculated as follows:

Za(actual) Spew 2
oW = ——— L =7 2.42
p.u Z]r;ew Q Vé‘lew ( )

Then, the old and new p.u values have the following relationship:

new O 2 new O 2
Zuew _ Zold SB VBld — MVAB kVBld (243)
p.u p-u SoBld Vgcw MVKIE? ngCW

If the voltage reference values are the same, (2.43) become:

Suew

new __ rzold B

znew = 79 (Sgold> (2.44)
B

2.4.2 Power Flow Problem Formulation

The most important law in the power system is an ohm’ law, which stated the relationship between
three parameters: current, voltage and resistance [111]. Given the current, voltage and resistance,

the ohm’ law can be defined as:

<
Il

~
N

(2.45)

(2.46)

N <
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i Power flow equation between two buses

P n
1
PR A S—
VL Ii "';1

Figure 2.23: Nodes between two buses

Based on Figure 2.23 and (2.46), the current at bus i’ can be calculated as follows:

Vi -V,
R (247)
The bus admittance between two buses is:
Vi = (2.48)
m — Zm .

Substituting (2.48) into (2.47), the I;can be expressed as:

jfi = l/m( i f/n) (249)

!

Complex power at node i:

S; = Vi, (2.50)

Then, substitute (2.49) into (2.50), and the complex power at node ’i’ can be expressed as:

= ~i( ~i)~/in - ‘771,)}111) (252)
= | ~1"25;;11 - ‘2‘7’”{/111 (253)

ii Power flow equation at node i:

Figure 2.24: Powers at node i
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The complex power injected into the system at node i:
Si =P+ jQ; = Vil (2.54)

The total current injected at node i:

L =Y Vi +YpVo+ - +Y,, V, (2.55)
I=Y YaVi (2.56)
k=1

Where n is the number of buses. Substituting (2.56) into (2.54), the complex power can then

be expressed as:

Si=Vi> YaWk (2.57)
k=1
= Z “/ivk}/;k|ej(5i*5k*9ik) (2.58)
k=1
n n
= Z ‘Vszsz| COS((Si — 0 — Qik) +j Z |V1Vlek| Sin((si — 0 — Qik) (2.59)
k=1 k=1

By separating the complex power into active power (P;) and reactive power (@Q;), the expres-

sion becomes:

P = 3" |ViViYau| cos(8; — 8 — 0k (2.60)
k=1

Qi = [ViViYusin(8; — &, — 01 (2.61)
k=1

iii The nodal power balance equation at node i:
For the complex nodal power balance (gs) at bus ¢ (refer to Figure 2.24), it can be represented

as:
gs(w) =S¢ =S + 5, =0 (2.62)
This complex nodal power balance can be divided into active (gp) and reactive (gg) powers:

gp(z) =P/ =P+ P =0 (2.63)

go(r) = Q! — Q1+ Q=0 (2.64)

The aim of power analysis in the nodal power balance equation is to find a feasible operating

point of state variable x, which is a set of voltages (i.e., magnitude and angle) in the matrix
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form of:

x=(0,V)=[01,02,03,...,0,,Vi,Va, V5, ..., V,,]T

There are three types of nodes in the power systems, and each node has two assumed known

variables and the other two variables are state variables that need to be calculated [112].

These nodes and variables are explained below:

(a)

Slack node: There should be one node assigned for a slack node (i.e., reference node)
in the power system, which specified the constant voltage (i.e., magnitude and phase
angle). Therefore, in this node, the Voltage Magnitude (VM) and voltage angle (0) are
the known variables, whilst active power ’(P)’ and reactive power ’(Q)’ are the unknown

variables that need to be solved.

PQ nodes: These nodes also known as load nodes, where the 'P’ and ’(Q)’ are the known
variables due to the fixed values, whilst the unknown variables are 'V M’ and '@’ that
need to be calculated. These sorts of nodes represent the majority of the nodes in the

power system.

PV nodes: These nodes are referred to generator nodes, where the "P’ and "V M’ are
known variables, whilst the unknown variables that need to be calculated are 'Q’ and
’0’. These nodes are also known as voltage-controlled nodes, because they have ability

to regulate voltage using the reactive power capacity of their generators.

2.5 Optimisation in the power system

There are a wide range of optimisation problem in the power system that related to the planning,

design, operation, and maintenance of the electrical infrastructure (e.g., generator, transformer,

transmission lines, FACTS devices) [113]. In order to solve this problem, a set of mathematical

formulations (i.e., known as mathematical model) is utilised to identify the best optimisation

model [114]. According to [115] the optimisation model consists of three steps, which are :

1.

The selection set of variables: These variables specify different states of a power system,

such as voltage magnitude, voltage angle, active power and reactive power.

. The selection of objective function: The objective is the function (criterion) that needs

to be optimised, either by minimising or maximising its value.

. The determination of constraints: The solution must meet all the constraints imposed

on the model, which are equalities, inequalities, etc.

The objective function (i.e., a quantitative measure of the performance of the system under

study) is represented by a scalar (i.e., a single number) that could be either profit, time, potential

34



2.5. Optimisation in the power system

energy or any other quantities or combination of those quantities [116]. Generally, the power

system optimisation problems can be mathematically formulated as follows:

mmin flz) (2.65)
subject to:

g(x) =0 (2.66)

hi(z) <0 (2.67)

where f(x) is the objective function, x is the variables, g(z) and h(z) represent the equality
constraints and inequality constraints respectively. The point x satisfies all the constraints that
called the feasible solution [117]. There are several traditional optimisation models for power system
analysis, including unit commitment, economic dispatch, optimal power flow, security constrained
optimal power flow, etc. Whilst the physics of the power has not been changed, the inputs have
changed drastically over the years such as renewable energies, storage, HVDC links and demand
responds [118]. A detailed discussion of several of these optimisation problems will be provided in

the upcoming section.

2.5.1 Economic Dispatch

The Economic Dispatch (ED) problem is an important tool in the operation and planning of the
power system [119]. It is a process that determines how much power each individual generating unit,
within a varied generation mix should produce in order to most effectively meet the overall demand
for electricity at the cost-effective way, whilst accounting for network losses without considering
security constraints [120] (i.e., transmission line limits). The objective function (f) is to minimise
the total generation cost by satisfying a set of equality constraint (g) (i.e., balancing supply and
demand without accounting for network losses, and at the same time ensuring the power system and
generating units operate at their respective bounds) [121]. This statement can be mathematically
formulated as:

Ii}llgl f(z,u) (2.68)

subject to:
g(z,u) =0 (2.69)

Where x refers to the state variables that is a set of voltage (i.e., magnitude (VM) and angle
(0)), whilst u refers to the control variables such as active power and reactive power controls. The

power balance equation in (2.69) at node k can be divided into active power (g(px)) and reactive
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power (g(q,k)), as per below:

gpr(r) =P —Pl=0, Vke N (2.70)

gor(r) =Qf - Qi =0, VkeN (2.71)

where P is the active power generation and P,f is the active power demand at node k. The Q7
and Qg represent the reactive power generation and reactive power demand at node k, respectively.
N refers to the set of all nodes. Traditionally, the objective function is the summation of individual

cost functions (f,) of active power injections (P,) for each unit of generator (g).

min  F =Y fy(P,) (2.72)
g=1
where F' is a quadratic function that represents the total individual cost functions and ng is
the number of generators in the power system. The individual generator cost functions at unit &,
(f(g,k)), can be defined as:
Flo) = @+ buProk) + ek Py g (2.73)

Where ay, b, and ¢, are the cost coefficients of that measured in units $, $/MW and ($/MW)?

respectively.

2.5.2 Optimal Power Flow

Optimal Power Flow (OPF) is another important optimisation problem, which is normally used to
find the immediate optimal operation of power system whilst complying with system constraints,
feasible operation and security [122]. In other words, the aim is to identify an economic resource
dispatch schedule ahead of real-time operation based on the network’s realistic operational con-
straints (i.e., nodal voltage magnitudes and active power limits in transmission lines.) [123] [124].
Typical problems solved using OPF include improving energy efficiency through new technology
and policies [125], optimising electrical systems in the presence of offshore wind farms [126], and
searching for the optimal point of maximum loadability at a load bus [127], etc. Based on these
types of problems, the optimisation of the objective function can vary such as total generation
cost, transmission line losses, FACTS cost, voltage stability, voltage deviation, etc [128]. Further-
more, the OPF problem that is normally solved in this context is useful for identifying any control
actions, by generators, transformers, and any other available control devices in the system under
both normal and abnormal operating conditions [129]. The T'SOs therefore solves instances of OPF
problems to account for any changes in the system’s steady-state operating points (i.e., generators’
resource dispatch, transformers’ tap changer positions, and other controller actions) to plan the
system operation in a reliable and economic manner ahead of real-time operation. Generally, OPF

is formulated as a nonlinear, nonconvex optimisation problem, which is expressed in the following
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form:
min f(z,u) (2.74)
subject to:
ge(z,u) =0, VkeN (2.75)
hi(z,u) <0 VieL (2.76)

In (2.74), f represents the objective function, z and w are the state variables and control
variables, respectively. The equality constraint (g) in (2.75) refers to the nodal network power
balance (i.e.,balanced supply and demand) during steady state operation. N is the set of all nodes
with k being indexed over this set, and L is the set of all transmission lines with [ being indexed
over this set. The equality constraint can be expressed in terms of active power (g(p,i)) and reactive

power (g(o,k)) as follows:

gpi(r) =P — Pl + P =0, VkeN (2.77)

gor(®) =Qf — QL + Q4 =0, VkeN (2.78)

where N refers to the set of all nodes with &k being indexed over this set. At this node, the
active power generation is denoted by Py, the active power demand by P, and the active power
injections at node k are denoted by P,?“S. The Qf is the reactive power generation, Qz is the reactive
power demand, and QZ“S is the reactive power injections, respectively, at node k. Equation (2.76)
represents the inequality constraints (h) pertaining to the limits on the transmission lines and
physical constraints on the components (e.g., generators’ power limits, transformers’ tap ratios
and VSC power rating). The constraint related to the transmission line limit at line’l is defined as
follows:

hi(z) = Ry — L®(max) <0, VieL (2.79)

where L is the set of all transmission lines with [ bein indexed over this set. The variable R;
can be either an apparent power (S) in unit MVA, an active power (P) in unit MW or a current
(I) in Ampere. The L (maz) refers to the upper limit of the variable R;. The expression for the

general physical constraint related to the components at node k, can be expressed as follows:

e <y, < 2 YkeN (2.80)

min

where max

and z'** refer to the lower and upper limits of variables below:
(a) Active power generation constraints:
P < Py < PP, Vg eG (2.81)
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(b) Reactive power generation constrains:

Q" <Qy<QyT, Vgel (2.82)

(c) Voltage magnitude constraints at node k:

Viin <V, < Vmer Yk e N (2.83)

where G is the set of all generators with g being indexed over this set, whilst NV is the set of all
nodes with k being indexed over this set. Presently, the standard PF and the OPF formulations are
only suited for AC systems [90].Furthermore, most software implementation of PF/OPF solvers lack
the model libraries [130] and realistic network element representations required for implementing
and solving a system with embedded VSC-HVDC links and their associated controls (voltage
and power control), to provide a quick and an accurate solution for hybrid AC/DC networks.
Besides that, existing OPF formulations mostly employ a sequential methodology to independently
solve the AC and DC elements of the hybrid networks. As a result, the governing equations for
the AC and DC system models are different. Yet, developing accurate models that are capable
of representing the control actions of Flexible AC transmission systems (FACTS), particularly
converters in the context of operating in a meshed MT-HVDC network is still an area of active

research [131] [132].

2.5.3 Security Constrained Optimal Power Flow

The Security Constraint OPF is an extension of an OPF problem that mathematically models for
contingency scenarios. This model was developed to eliminate the constraint violations [133] and
ensure that even if the contingency occurs, the post-contingency state is always feasible [134], which
can increase the security level of the network system operation. The security in this context refers to
the ability of power system to tolerate sudden disturbances (e.g., unexpected loss of system elements
or faults, often called N — 1 condition [135]) and transition to an acceptable operating state [136].
The SCOPF objective function (f) is to minimise the overall cost of electricity generation, by:
a) satisfying a set of equality constraints (g) (i.e., balancing supply and demand); b) inequality
constraints (h) related to the operational security limits (e.g., power flows in the transmission
lines); ¢) physical equipment limits (x) (e.g., generators powers, transformers ratios, etc.); and d)
coupling constraints (Awu.). The mathematical presentation of this statement can be presented as
below:

min .’ <f(a:0,u0) (2.84)

subject to:

Ghe(Tesue) = Sk o = Sy +Sliey =0, VkEN, Veel (2.85)
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h (e ue) < ST, WIEL, VYeeC (2.86)
|ue —ug| < Au,, VeeC (2.87)

Where N, C' and L are the set of all nodes, the set of all contingencies and the set of all
transmission lines, respectively, with k, ¢ and [ being indexed over these sets. The state and
control variables represented by z, (basecase scenarios), z. (contingency scenarios), u, (basecase
scenarios), and u. (contingency scenarios) consist of the following: a) N, x1 vectors of voltage
angles () and magnitudes (VM); and b) N, x1 vectors of generator active (P?9) and reactive (Q9)

power injections, which can be specified in the following form:
(w,u) = (8, VM, P?, Q%)

The g(1,c) is the equality constraint pertaining to the network’s nodal power balance during
steady-state operation. These constraints must be equal to the difference between the complex
power injections (S(gk,c)) and the sum of complex power demands (S(dm)) and net complex power
injections (Sé’gfc)) at node k for each contingency case (¢). These complex powers (S) can be
represented by a set of nonlinear active (P) and reactive (Q) power balance equations as per

follows:

Sp =PI — Pl pus =0 (2.88)

So=0Q7-Q"+Q"™ =0 (2.89)

The coupling constraints in (2.87) represents the maximum allowed variations in control be-
tween pre- and post-contingency [90]. Generally, the control actions have been formulated into
two type of modes: preventive and corrective, which will be further explained in the next section.
The SCOPF emphasise three criteria that are removal cost congestion, maximum power transfer
computation, and minimisation of generation cost [137]. The solution of the SCOPF problem
allows for the evaluation of the optimal trade-off between the objective function and the number
of control actions employed in the optimisation process, maximum number of controls and the

amount of flexibility available in the event that any control actions fail [138].

2.5.4 Security Constrained Optimal Power Flow: Preventive Action

The problem formulation of Preventive SCOPF (P-SCOPF) is the same as the standard SCOPF.
In (2.87), Au, is defined as a vector of maximum allowed adjustments after contingency ¢ has
occured. Within the P-SCOPF framework, the control variables (ug) are constrained such that
they are not permitted to undergo any changes once the contingency has occurred, consequently,

the Awu, is set to zero. It can be mathematically express as:
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Au, =0 — u. =ug, Yeel (2.90)

Where C' is the set of all contingencies with ¢ being indexed over this set. The actions in
the P-SCOPF include generator re-dispatch, topology configuration and load shedding, which
aims to eliminate the constraint violations during post-contingency. P-SCOPF is a traditional
approach and is regarded as an expensive method, as no actions are permitted (Au, = 0) during
post-contingency scenarios to eliminate violations, and additional costs must be incurred during
normal operations to prevent contingencies, which may result in infeasibility during severe events.
Nevertheless, industry practice often favours this type of action, despite the higher operational
costs (i.e., additional costs included in normal operations) associated with the relative simplicity
of solving the optimisation problem. In conclusion, P-SCOPF actions are generally perceived as
a safer alternative compared to other methods, thereby enhancing confidence and perceptions of

safety among industry practitioners [139] [140].

2.5.5 Security Constrained Optimal Power Flow: Corrective Action

The second mode of SCOPF actions is the Corrective SCOPF (C-SCOPF), which is based on the
assumption that violations of operational limits (e.g., voltage, power flows, etc) can be tolerated
for a minimum of several minutes without causing damage to the corresponding equipment. This
corrective action can continue until the post contingency control actions (e.g., automatic or human
interactions) are implemented [141]. The vector Au, in (2.87) for the C-SCOPF framework exhibits
a distinct definition compared to the P-SCOPF. In C-SCOPF the vector Au, contains the vector of
maximal allowed for control adjustment of variables in u. between the pre-contingency and ¢ — th

post-contingency state. The Au,. can be further explained as:

Au, = T6%7 Vee C (2.91)

Where C'is the set of all contingencies with ¢ being indexed over this set, T, is the assumption of
time horizon allowed for corrective actions to ensure the feasibility of the post-contingency state,
and % is the rate of change of the control variables in response to contingency [142]. The actions
in the C-SCOPF include post-contingency generation rescheduling, load shedding or generation
shedding. The key difference between the P-SCOPF and C-SCOPF actions lies in their objective
formulations. The P-SCOPF aims to identify an optimal solution that ensure security in both
normal and post-contingency conditions, whilst the C-SCOPF focuses on mitigating security vio-
lations specifically during post-contingency conditions [143]. In order to meet both the normal and
post-contingency modes, the P-SCOPF only considers a single set of control variables that will be
the same for both states. Regarding the C-SCOPF, it needs 'n’ sets of adjustment variables for the
‘¢’ contingency scenarios in addition to one set of control variables under normal states. As a result,

the C-SCOPF has more constraints and variables, which lead to higher computational time [144].
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Due to the same control variables being used for both pre- and post-contingency periods, the P-
SCOPF may incur high operational costs, as adjustments to control variables are not permitted
during contingency scenarios. This situation is exacerbated when a feasible operating point does
not exist for both normal and contingency constraints. Conversely, the C-SCOPF approach may
achieve lower operating costs and a more flexible strategy due to the permitted adjustment in con-
trol variables. However, there are several disadvantages associated with the C-SCOPF approach,
such as the requirement to adjust the output levels of a large number of generators for optimal
solutions to be feasible, and there may be substantial rescheduling of active power (P) between nor-
mal and contingencies states [145]. Generally, the C-SCOPF is considered a cost-effective control
because post-contingency adjustments to control variables are allowed. However, in the context
of instantaneous cost comparisons, the C-SCOPF may incur a relatively higher cost than the P-
SCOPF. Nevertheless, this significant initial cost is expected to be minimised in the long term due
to the low probability of contingency scenario [146]. Furthermore, the utilisation of VSC controls
in an MT-HVDC network provides an advantage for C-SCOPF. Hence, the TSO can viably apply
C-SCOPF in critical situations to alleviate the impacts of post-contingency disturbances. In con-
clusion, C-SCOPF represents a more economically viable long-term solution, whereas P-SCOPF

provides a simple solution to the optimisation problem.

2.6 Chapter summary

This chapter presents a comprehensive overview of the concepts and theories related to power
systems in steady-state analysis, beginning with the structure and topology of transmission systems
in section 2.1 and discussing two types of converters in section 2.2. These two sections form the
main focus of this thesis and are of great importance for the operational planning discussion that
will follow in the next section. In section 2.3, operational planning is discussed in detail, as it is an
essential element that establishes a framework for decision-making, ensuring both reliability and
economic feasibility in power system operations. One crucial aspect of the operational planning
that has been covered in the same section is the security assessment, which is used to examine
the performance of the power system in order to ensure operational adequacy and security in the
event of a contingency. Before fully understanding the optimisation problem, it is necessary to
be familiar with the fundamental principles underlying the power system and the concept of basic
power flow, which are covered in section 2.4. Finally, section 2.5 provides a comprehensive overview
of optimisation problems in the power system, describing the general formulation of optimisation
problems and presenting further details on specific models, including ED, OPF and SCOPF. These
specific models are the central focus of this thesis, forming the foundation for the development
of multiple scenario cases in Chapters 3, 4, and 5. In the SCOPF problem, corrective control
actions have received attention due to their core importance in this thesis and their pivotal role

in developing greater flexibility in the power system, which is incorporated into the development
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of multiple scenarios and periods in Chapter 4. The VSC control strategies are developed to
demonstrate and evaluate their effectiveness within the hybrid AC/DC system in relation to OPF

problems, which will be discussed in detail in the next chapter.
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Chapter 3

Mathematical Modelling of Multi
Terminal HVDC Links for Hybrid
AC/DC Networks

The Multi-Terminal HVDC (MT-HVDC) link is envisioned as a viable solution for the integration
of large-scale offshore wind resource capacity and enabling long-distance power exchange between
different independent operating regions (e.g., countries). MT-HVDC links normally consist of
several converters forming a meshed DC link. In practical applications, power converters can be
categorised into two types: Current Source Converter (CSC) and Voltage Source Converter (VSC).
The CSC is a mature technology and classified as a conventional converter, whilst VSC is considered
a modern converter that has gained significant attention in current research, specifically since it can
be used to easily form multi-terminal meshed DC networks, which would be suitable for offshore
wind transmission. VSC has more advantages compared to CSC, which are: a) offering more
operational flexibility in terms of independent active and reactive power control in their AC side;
b) having a smaller footprint due to smaller sized filters; ¢) capability of performing black start (i.e.,
the process of restoring power system operation, after a complete shutdown or blackout situation
using its internal resources and capabilities, without requiring external power sources [147]); and d)
capability of connecting and energising weak AC systems, due to the characteristics of the VSC, as
discussed in section 2.2.2 of Chapter 2. The current topology of the VSC, the Modular Multilevel
Converter (MMC), has gained interest among researchers and industry worldwide, particularly
in HVDC transmission due to its high quality of voltages and currents, high modularity and
high voltage ratings [148]. The higher conversion efficiency within the submodule of the MMC
contributes to lower total power losses [149], and it also exhibits reduced switching losses when
compared to two-level and three-level VSCs. Furthermore, the MMC, characterised by its reduced
stress on switches that facilitates high-voltage applications such as HVDC systems and its ability
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to generate high-quality waveforms, has emerged as an integral component in the development of
MTDC and DC grids [150]. Although the benefits of the VSC, particularly the MMC topology, are
appealing, it nonetheless has drawbacks from an economic perspective, specifically the high cost
compared to the CSC [151]. The main focus of this research is VSC technology, as it is key to the
hybrid AC/DC networks.

The hybrid AC/DC network is currently in the early stage of research development, in contrast
to the well established AC system. One of the limitations of this hybrid system lies in its modelling
for power flow and optimal power flow analyses, which requires further development and improve-
ment from the current state of the art. This modelling is related to the structure (i.e., arrangement,
configuration or framework) that regulates how AC and DC system integrate and interact with one
another. The Flexible Universal Branch Model (FUBM) first introduced in [152] is presented in
this study in order to address the limitations of the steady state analysis, providing a simpler and
condensed form to solve the optimisation problems in the hybrid AC/DC network. Therefore, this
research establishes an innovative modeling framework for developing and incorporating additional
control actions, utilizing one of the FUBM models (i.e., VSC in-model) for short-term operational
planning of hybrid AC/DC networks, specifically an MT-HVDC link, whilst taking into consider-
ation the additonal control capabilities and flexibilities that are available to the network operator
from the VSCs. The MT-HVDC link integrated with several wind farms is a complex network,
which requires appropriate planning of its operation particularly with regards to scheduling VSC
control actions to achieve optimal economic and operational performance (e.g., power transfer ca-
pability, voltage stability, response to contingencies, etc). This reinforced system performance is
greatly influence by the control strategies, which depend on the converter, the HVAC connection
and the HVDC network topology. Several types of control strategies have been implemented in the
MT-HVDC link, including DC voltage controls, active and reactive power controls, droop control,
main-follower control, margin voltage control, priority control and ration control [153]. Two types
of control strategies have been developed in this research for the MT-HVDC link, comprising DC
voltage control, active power and droop control. Section 3.3 will provide further discussion about
these control strategies.

In the context of the MT-HVDC link, there are several elements and components involved
that need more investigation and development. This development and research are indispensable,
as they enhance understanding and improve the functionality and performance of each element
and component, thereby contributing to the comprehensive advancement of the MT-HVDC link.
The mathematical modelling of hybrid AC/DC networks constitutes a fundamental aspect of the
topics covered in this chapter. The remainder of this chapter contains the following: Section (3.1)
explains the FUBM components and the OPF-FUBM formulation structure. Section (3.3) provides
a detailed explanation of the control strategies related to the VSC model in the FUBM, considering

three control types (i.e., DC voltage control, active power control, and droop control) that have

44



3.1. Flexible Universal Branch Model (FUBM)

been implemented in the case study. Section 3.4 presents the case study and the discussion of

results, and finally, section 3.5provides a summary of this chapter.

3.1 Flexible Universal Branch Model (FUBM)

The Flexible Universal Branch Model (FUBM) first introduced by Alvarez-Bustos in Durham [152]
is a general-purpose mathematical model that can represent the real-world devices in power systems
(e.g., Voltage Source Converter (VSC), Static Compensator (STATCOM), Phase Shifter Trans-
former (PST), and Control Tap Changing Transformer (CTT)) for purposes of solving steady-state
computational problems used in short-term operational planning (e.g., Optimal Power Flow (OPF)
and economic dispatch). This model is powerful because it offers greater freedom and flexibility, by
introducing additional state variables to solve the ensuing optimisation problems (e.g., power flow,
OPF, Security Constraned OPF (SCOPF) and contingency analysis) used for operational planning
of hybrid AC/DC networks. Furthermore, the model is scalable and efficient since the equations
for all system (i.e., AC system, DC system and coupling) elements are similar, as the entire sys-
tem is conceptually modelled as an AC system. FUBM can be utilised to accurately simulate the
operation of typical AC branches or AC/DC converters on a single frame of reference (i.e., no
need for solving coupling equations for such devices). To this end, it allows Transmission System
Operators (TSOs) to plan different control actions (voltage control, independent active/reactive
power control) available in VSC stations for example in a MT-HVDC link in hybrid AC/DC net-
works. It therefore provides researchers with a powerful tool to gauge the effectiveness of additional
operational flexibility (promised by VSC control actions) and their impact on the power system
behaviour under different operating conditions [152]. To this end, this thesis makes use of the
FUBM mathematical model, more importantly its VSC in-model to present a unique planning

framework for both short-term and long-term planning of hybrid AC/DC networks.
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Figure 3.1: General Equivalent Circuit of the FUBM Model in Steady State

There are five internal models (also known as in-models) in the FUBM: a) AC branch; b) DC
branch; ¢) Transformer (i.e., Controlled Tap Transformer (CTT) and Phase Shifter Transformer
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(PST)); d) Voltage Source Converter (VSC); and e) Static Synchronous Compensator (STAT-
COM). One of the FUBM requirements states that there should be only one in-model for each
transmission line in the power system model. Figure 3.1 illustrates a general equivalent circuit
for the FUBM in steady-state,which can be used to model a variety of in-models depending on
the available degrees of freedom in the model. For example, to model a simple AC branch it is
sufficient to have the complex tap ratio in the transformer behave as simply a fixed parameter or
to simply turn it off by setting the complex valued N to zero, which will reduce the FUBM to a
simple 7 AC transmission model. The core components of the FUBM which allows this level of

modelling flexibility are listed below:

(a) Complex Tap Transformer (CTT)

The core component of the FUBM which allows precise mapping of VSC controls such as
voltage and power flow control is the transformer with the complex tap ratio shown in (3.1).
This component allows for modelling of VSC’s voltage control (AC and DC sides) and active
power flow control by simply mapping the amplitude modulation control in a VSC to the
variable m/, and phase angle control to the variable . To this end, variable 6 controls the
amount of transmitted active power through the VSC, and variable m, corresponds to the
VSC’s amplitude modulation co-efficient, when controlled using an appropriate pulse-width
modulation scheme.

N = m/ e (3.1)

(b) Variable susceptance (jBeq)
Responsible for absorbing or supplying reactive power at the AC side of the FUBM when it
is used to model AC/DC interfacing converters such as the VSC. It specifically represents
the reactive power control capabilities and is activated exclusively during the modelling of

the VSC and STATCOM components.

(¢) Shunt conductance (Ggy)
This variable relates to the switching losses in the VSC and is exclusive to the VSC in-model.

Further explanation about these losses will be discussed in the next section.

3.1.1 VSC in-model

The VSC in-model within the FUBM is an enhancement of the conventional VSC model presented
in Figure (2.16) which makes it feasible to solve the entire hybrid AC/DC networks within a single
frame of reference without needing to solve an additional coupling equation. There are two main
differences between the VSC in-model and the traditional VSC, as clearly shown in Figure 3.2.
The first difference is that the coupling equation for the traditional VSC is represented by two
dummy generators, whilst for the VSC in-model there is no coupling equation. Instead, it has a

physical interaction consisting of two components: CTT and variable susceptance (jBeq). The AC
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and DC sides are seamlessly connected in this model. From this Figure, the VSC only needs to
satisfy reactive power compensation on the AC side using the jB.,. To this end, a zero reactive
power constraint is defined for the DC side of the converter, which is mapped to jB., variable
allowing for either injection or absorption of reactive power at the AC side (exactly like an actual
VSC station), whilst preventing any flow of reactive power to the DC side of the converter [152].
Active power flow is regulated using the variable phase shifter angle, #sh, and therefore power
balance can be maintained at the DC side without the need for a coupling equation. The other
differences include the calculation of losses, where the switching losses in the VSC in-model are
considered by including a shunt conductance (Gs,) on the converter’s side, which accounts for
both the converter current (¢%+) and voltage on the DC side (vq4.). The calculation of active power

losses in the FUBM (PEYBM) is shown below:

loss

PZI;L;BM = 04618 = Vge (Gswvae) = V3.Gw (3.2)
PLaPM = a4 Bic+ it (3.3)
0= P "M + a+ Bic +~i? (3:4)

Where «, 8 and ~ represent the co-efficient losses of constant, linear, and quadratic terms. The

G4 can be calculated as follows:
o P’I‘raditional loss

(3.5)
|VdC|2

sSw

Where Pryqditionalloss Tepresents the active power losses in the traditional VSC and |Vy.|? is the
magnitude of the DC voltage. Although there is a difference in the calculation of losses between the
traditional VSC and the VSC in-model, the loss calculations for both models adhere to the same
standard recommendations outlined in IEC 62751-2, which is based on a quadratic function. As a
result, the power losses for both models are expected to be the same, as expressed mathematically
by the following equation:

Pryaditional loss = PRUBM loss (3.6)

The VSC in-model is also capable of simulating the separation (i.e., isolation) of AC and DC
systems, enabling the modelling of scenarios in which these two systems operate independently.
Despite this isolation, the VSC in-model still allows for the transfer of active power between
AC and DC systems. This demonstrates the advanced capabilities of the VSC in the FUBM by
ensuring that active power can be exchanged efficiently, in addition to simulating real-world device

operations.
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Figure 3.2: VSC in model compared to traditional VSC.

3.2 OPF Formulation using FUBM for Hybrid AC/DC Net-

works

The structure of the OPF formulation when the power system is modelled using the FUBM is the
same as the general OPF (see Chapter 2, section 2.5.2), with the exception of an additional set of
equality constraints that represents all VSC in-model controls, as specified in Table 3.1. In this
table, it shows that the VSC in-model has three types of control and seven modes. In each mode,
there are two active control constraints that govern the behaviour of the VSC. Control type I has
three modes and the constraints for mode 1 are the phase shift angle (65;) and AC voltage (vqc),
whilst modes 2 and 3 have constraints that combine DC active power (Py) with reactive power
(Quc) and voltage (vqe) on the AC side, respectively. Type IT control has two modes (i.e., modes
4 and 5) with constraint 1 being the DC voltage (v4.) and constraint 2 being the reactive power
(Qac) and voltage (vq.) on the AC side for each mode. The last control, type III, which is related
to droop control has two modes (i.e, modes 6 and 7). The constraint combination for this type
includes voltage droop control (vg4.droop), whilst the second constraints are reactive power (Qqc)
and voltage (v,.) on the AC side for modes 6 and 7, respectively. These constraints ensure the
stability, reliability and desired performance of the power system by imposing specific limits on
the operation of the VSC.

The injected nodal powers that are active and reactive for any devices in the power system can be
calculated by evaluating the branch admittance matrix pertaining to the FUBM general model,

which is given below [152] defined for the equivalent circuit given in Figure 3.1:
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Table 3.1: Type of control mode in VSC in-model

Mode Constraint 1 Constraint 2 Control Type
1 O, Vac
2 Py Qac I
3 Py Vae
4 Vde Qac
5 Ude Vge 1I
6 vaedroop Qac
7 Vgcdroop Vac 111

. . Y
Gow+ (s +7% +Beq) ——35
qubm = ¢ (37)
—Ys - be

where variable Gy, represents the actual losses in the VSC, y, is series admittance, b. and
B, are shunt and variable susceptances, m, is the magnitude of the complex tap ratio (V)
representing the amplitude modulation index and 6y, is the phase angle of the complex tap ratio
(V) representing phase shift between voltage in either side of the in-model. This admittance matrix
is used to represent the VSC in-model together with its associated controls, enabling the calculation
of associated nodal powers (i.e., following the general form S = diag{V}(YV)* to compute the
nodal active and reactive power pertaining to the VSC. All the controls in the VSC given in
Table 3.1 are therefore mathematically represented in the OPF problem, as explicitly defined by
the equality constraint equations below. These equations, which represent nodal power balance
equations, are an additional set of equality constraints added to the original OPF formulation as

presented in (2.75).

1. Active power control:
g3, (@) = Real {S7(2)} = P =0, Vn € Jop U Jysc (3.8)

In this type of control, only two internal models can utilise it: transformer (i.e., PST) and
the VSC. The control variable, shift angle (655), can be adjusted to regulate the active power
at the ‘From’ DC side (Py). Here, n refers to the number of nodes, Jy;, represents a set of
PSTs and J,s. represents a set of all VSCs. It can be stated that n is a member of either
the set of shift angles or the set of VSCs, or it belongs to both sets.

2. Reactive power control (AC Side):
g8, () = Imag {8} ()} — Q™ =0, Vn € Jpee U Jear (3.9)

For this type of control, only transformer (i.e., CTT) and VSC are able to utilise this control.
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The control variable, referred to as modulation amplitude (m,) for the VSC and normal tap
for the transformer, can be adjusted to regulate the reactive power at the ‘To’ AC side (Q;).
Here, n refers to the number of nodes, J,s. represents a set of all VSCs and J..; represents
a set of CTTs. It can be stated that n is a member of either the set of VSCs or the set of
CTTs, or it belongs to both sets.

3. Reactive power compensation (DC Side):
96. (r) = Imag {S}L(aj)} — zero =0, Vn € Jyser (3.10)

This type of control is exclusive to the VSC and is also known as zero constraint, as it
ensures that there is no reactive power flow in the DC system. The control variable, variable
susceptance (Beg), can be adjusted to regulate the reactive power at the ‘From’ DC side (Qy)
to achieve zero constraint, ensuring zero reactive power in the DC system. Here, n refers to
the number of nodes, J,.s1 represents a set of VSC type I, indicating that this type of control

is only applicable for converter type I.

4. AC voltage control:
gy, = AV = V'Y, VN € Jyse U Jeet (3.11)

In this type of control, only two internal models can utilise it: transformer (i.e., CTT) and
the VSC. The control variable can be adjusted to regulate the AC voltage at the ‘To’ AC side
(V4), whilst simultaneously adjusting the reactive power. The Voltage Magnitude (VM) can
then be configured to the set point (VM) at the AC terminal. For the VSC, this control
variable is known as modulation amplitude (m,) and for the CTT it is known as controllable
tap ratio. Notably, the bus type at the node switches from PQ to PV when this control is
implemented. Here, n refers to the number of nodes, J,s. represents a set all VSC and J.
represents a set of CTTs. It can be stated that n is a member of either the set of VSCs or
the set of CTTs, or it belongs to both sets.

5. DC voltage control
ggf = {an - ‘/5275} ’ Vn € JUSCU C Juse (3.12)

This type of control is exclusive to the VSC, specifically control type II (refer to Table 3.1).
The control variable, variable susceptance (B.,), can be adjusted to regulate the DC voltage
at the ‘From’ DC side (Vy), and then the VM can be configured to the set point (VM3*')
at the DC terminal. Similar to AC voltage control, this control also switches the bus type
when implemented, changing it from PQ to PV nodes. Here, n refers to the number of nodes,
Juse,; represents a set of VSC type II and J, 5. represents a set of all VSCs. It can be stated
that n is a member of either the set of control type II VSC or the set of all VSCs, or it

belongs to both sets.
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. Voltage droop control:

g?Vdp (z) = — Real {S?(w)} + P;et(n) — kap (VM}’ — VMJScet(n)> =0

Vn € Juserr C Juse  (3.13)

This type of control is exclusive to the VSC, specifically control type III (refer to Table 3.1).
The control variable, shift angle (5p,), can be adjusted to regulate the DC voltage at the
‘From’ DC side (Vy), whilst simultaneously adjusting the active power flow (Pf). The VM
and active power can then be configured to the set points (VM J‘ﬁet and P;et) at the DC
terminal, as well as the droop gain (kgp). The parameter kg, represents the characteristic
of the linear slope for (vq. — Py), as shown in Figure 3.7. Notably, when this control is
implemented, the bus type at the ‘From’ DC side is set to PQ node. Here, n refers to the
number of nodes, Jysc,,, represents a set of VSC type III and J,s. represents a set of all
VSCs. It can be stated that n is a member of either the set of control type III VSC or the
set of all VSCs, or it belongs to both sets.

. Converter Losses:

g (@) = —Vi™WGn, +yii™ + gi +a =0

Vn € Jyse  (3.14)

This loss formulation is only related to the VSC station as it exchanges power (i.e., active and
reactive) between the converter and the AC system. The calculation of active power losses
in the FUBM uses a constant value G, as explained in detail in (3.2) to (3.5) in section
3.1.1. The parameter of interest is the current at the ‘To’ AC side (i;), which depends on the
no-load losses, constant losses (), linear losses (/3) and quadratic losses (), as shown in the
equation above. Here, n refers to the number of nodes, J,,. represents a set of all VSCs. It
can be stated that J,s. is the set of all VSCs with n being indexed over this set. It should be
noted that in the above equations, the subsets, Jysc, , Jvse;;, and Jyse,,, refer to the subsets
of VSCs in the system that are of type I, II, or III depending on their control configurations
as per Table 3.1.

Meanwhile, these equations are complemented by the following inequality constraints:

. Line limits (including limits for the MT-HVDC DC lines):

he, (x) = {PF(2)}* + {Qf(2)}* < {L§)?, VkeK (3.15)

hy, (@) = {Pf(2)}? +{QF ()} < {L§}?, VkeK (3.16)
Where h’gf and h’gt refer to the thermal limits at the ‘From’ and ‘To’ of line k pertaining to
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the complex power, L’gv refers to the thermal upper limit at line k£ pertaining to the complex
power. The variables P]’? and Q’; represent the active and reactive powers ‘From’ line k,
whilst PF, and QF represent the active and reactive powers ‘To’ line k, respectively. K is the

set of all transmission lines with £ being indexed over this set.

9. Upper and lower bounds on all state variables (for all VSCs and other internal models in the
FUBM):

I;ILlin <z, <™ YneN (3.17)

min

mun and

Where N is the set of all nodes with n being indexed over this set. The variables =

max

Tn,

refer to the lower and upper limits of the FUBM models.

3.3 Control Strategies in hybrid AC/DC system using VSC

The control strategy that applies to MT-HVDC links using the VSC in-model, represents an
advanced version of the conventional VSC control strategy. As stated earlier in this chapter,

the two variables, modulation amplitude (m,,) and shift angle (6,5,), represent the Pulse Width

a
Modulation (PWM) control of an actual VSC device. These variables can model the control
capabilities for individual active and reactive powers. The VSC in-model is able to compensates
for the reactive power flow at the DC side (i.e., From bus) using variable susceptance (jBeg).
This variable will be automatically adjusted in the OPF solution process to maintain zero reactive
power injection in the DC link. This means that the reactive power at the “From bus” side is
being monitored by this variable. This solution process is mathematically represented by the “zero
constraint” in the FUBM OPF formulation which is illustrated in Figure 3.3.

“From‘.' bus Transformer “To“.bus
(DC side) (AC side)

Pf Pt
Qs is being ) Only Q¢ at the VSC
monitored, Gsw jBeq terminal has a

and as a result, value, whilst Q¢ at
its value will the DC branch will
be zero. be zero.

Figure 3.3: Control in the VSC in-model

The VSC can be configured to operate in different control modes such as voltage control, active
power control, reactive power control or a combination of both powers and voltage. This specific
selection of control types depends on the operational and control requirements of the power system.
The OPF problem in the hybrid AC/DC networks can be effectively and mathematically solved
using the FUBM model. However, there are certain rules that must be adhered to in order to be

able to model and solve AC/DC networks with embedded MT-HVDC links using the FUBM VSC
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in-model. The first rule is that there needs to be one VSC acting as a reference converter (i.e.,
slack VSC), which can be either types II or III - this is functionally equivalent to the VSC station
setting a DC link voltage within an MT-HVDC link. Meanwhile, the slack VSC functions to ensure
that the DC voltages and power flows do not exceed the limits, thereby, the power systems can
remain stable and secure. The second rule states that if converter type II is chosen as the slack
VSC, the other VSCs must be of type I, and there should be only one VSC of type II within each
DC system. Morevoer, the third rule states that if converter type III is selected as a slack VSC,
there must be j converters type III and m converters set to type I, with only one converter allowed
to be designated as the slack VSC under this rule. The final rule sets out that type I converters
must be used if there is a connection to renewable energy sources (i.e., wind farms and photovoltaic

power plants).

Table 3.2: Rules for VSC in the FUBM model

Rule Explanation of the rules

One VSC needs to be a reference VSC, which can be
either type II or III.

Slack VSC type II:

One VSC is of type II, whilst the remaining VSCs are
of type I. There can only be one VSC of type II in each
DC system.

Slack VSC type I1I:
3 747 VSCs of type III and ”m” VSCs of type I
There can only be one slack VSC in each DC system.

Converter type I must be used if connected to the
4 renewable energy sources (i.e., wind farms and photo-
voltaic power plants)

The control in the VSC in-model can be divided into five types of control that are:

(a) DC Voltage Control.

This type of control related to assign one converter as a slack VSC.

(b) AC voltage control.

The variables that need to be set are AC voltage (V) and limits for the modulation amplitude

(ma)-

(¢) Active power control (DC Side).
The variables setting are active power control on AC side (P,.) and boundaries for the shift

angles (0sp,).

(d) Reactive power control (AC side).
The configuration variables are reactive power control on AC side (Qq.) and the modulation

amplitude limits(m,,)
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Table 3.3: Types of control and setting variables in the VSC in-model.

No Type of control Setting Variables
1 DC Voltage control Ve
2 AC Voltage control Vae and Mg, ma
3 Active power control P, and 6.y, Osn
4 Reactive power control Vae and Mg, ma
5 Droop control %’ Ve, Kap, E7 Beq and
Osh, Osn

(e) Droop control.
The configuration variables are active power control on AC side (P,.), DC voltage (Vg.),

converter constant (kqp), boundaries both for the variable susceptance (B.q) and shift angles

(Osh)-

This thesis employs three types of control strategies in the VSC model, which have been pro-
posed in many literature to investigate the operation of the hybrid AC/DC networks, specifically
the model with the MT-HVDC link, namely: a) DC voltage control; b) active power control; and

¢) droop control. These controls are subsequently classified into two primary types:
(a) Conventional control: A combination of a DC voltage control and an active power control
(b) Droop control: A generalisation of traditional control.

The aforementioned controls are discussed in detail in the OPF-FUBM formulation in section 3.2.

The next section will discuss these types of controls in further detail.

3.3.1 Conventional control

A conventional control in the VSC has two types of controls: a) DC voltage; and b) active power.
DC voltage control is considered as the most straightforward approach that assigns one VSC,
also known as a reference VSC or a slack bus at the DC node, to regulate the voltage within
a predetermined range (i.e., upper and lower bounds of voltage). Controlling voltage with the
reference VSC is essential, as it ensures that the total amount of active power entering the power
system (P2%c,) equals the sum of the power exiting the power system (P55) , accounting for losses

(Pioss)- This statement can be mathematically expressed as:

P’L)sc — vsCc Ploss (318)

enter exit

Equation (3.18) known as the VSC power balance equation, provides further insight into necessity
of maintaining the required active power in the DC system. Specifically, it states that the active

power required in the DC system must not exceed the active power rating of the reference converter
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in order to maintain stable operating conditions and promptly mitigate abnormal voltage conditions
(i.e., undervoltage or overvoltage) or alleviate congestion. [154][18]. Furthermore, the MT-HVDC
link is primarily dependent on the DC voltage regulation, which supplies and absorbs any power
imbalance in the power systems to ensure stable operation and power balance among all the
system’s buses (i.e., AC and DC nodes). Thus, the availability and capabilities of this type of
control is fundamental to the power balance in the MT-HVDC links [155][19].

The second traditional control is an active power control, which is the simplest technique similar
to the DC voltage control. This control also known as a power angle control, due to the fact that

angle is the main variable in controlling and maintaining the stability of the power system.

Vs 20, V129,

Generator

I s Transmission line S,=P.+jQ,
— . Load
Ss= B +j0s Z=R+jX

|

sending receiving

Figure 3.4: Two bus system

The transmission model (refer to Figure 3.4) can be mathematically expressed as below, in

terms of sending (s) and receiving (r) voltages, currents and phase angle.

V, = Ve 90 (3.19)

V, = Ve 0 (3.20)

where Vg, 0,, V., 0, are the voltage sending end, phase angle sending end, voltage receiving end
and phase angle receiving end, respectively. The complex impedance (Z) and current (I;) are
expressed in the form of:

Z=R+3jX (3.21)

ViV,

Iy, 7

(3.22)

where R and X are the resistance and reactance (i.e., a capacitor or inductor), respectively. The

complex AC power at both sending and receiving ends can be calculated as follows:

The power transfer across the transmission line can be calculated using the formula provided
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below.
. Vi=V.]"
S=V.I"=V, []X] (3.25)
ViVi . Ve (VsV,
S = e sm5—|—jX< ~ COS(S—Vr) (3.26)

The active and reactive power transfers in (3.26) for the transmission line can be formulated
as:

_ WllVel
= S11

P 5 (3.27)

Q=% (Vecoss— V) (3.28)

From (3.27), it can be inferred that the transmission angle (0) is an important variable, as
it defines the amount of power transmitted between two buses and also affect the stability of
the overall power system. This expression also states that power will only flow when there is a
phase difference between the voltages at the sending and receiving ends. Figure 3.5 illustrates
the relationship between power and transmission angle. In this curve, power transmission needs
to be controlled to keep the transmission angle (4) within safe limits, which are below P™%*,
In theoretical limit, the maximum power (P™%) occurs when the transmission angle (§) is 90°,
representing the steady state stability limit. If the transmission angle (4) exceeds 90°, the whole
power system becomes unstable and can lead to sudden power loss. In the worst-case scenario,
the power system can collapse, resulting in a blackout. However, the power transfer capability of
the transmission line is always constrained by various other factors, such as thermal loading limits

and temperatures not solely relying on differences in the transmission angle [156]

Power versus transmission angle
[

Steady state stability limit

Power transfer (MW)

0 90 180
Transmission angle, 4(°)

Figure 3.5: Power versus transmission angle
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3.3.2 Droop control

Droop control is a proportional type of control for power sharing mode among the converters.
The principle of this control is similar as frequency droop control, which is to achieve a distributed
frequency control in the synchronous generator in conventional AC system. Droop control normally
refers to Voltage Droop Control (VDC), which has been receiving attention, especially in research
related to the MT-HVDC link, due to its advantages over other controls, such as: a) higher
reliability and robustness resulting from less requirements for a communication infrastructure [157];
and b) the minimal impact on the transmission system due to a continuous and smooth relationship
between voltage and power. However, the drawback of this control is the stable voltage rises as
the proportional constant (i.e., converter constant) increases. There are various types of droop
characteristics under this control, namely voltage-power (V — P), voltage -current (V' —1I), adaptive
control and voltage droop with different dead-bands and limits [158] [159]. Figure 3.6 shows several
characteristic curves associated with these droop control types. The development of VDC aimed
to overcome the difficulty of achieving efficient power sharing among converters operating within a
shared DC system.. The structure of this control is similar to the master-slave configuration, except
the converter constant (kqp) is added in the voltage deviation input for the power flow equation.
This constant is the key to determine the proportion sharing of power among the converters. The
higher the power sharing, the higher the converter constant and vice versa [160]. Therefore, it can
be stated that the converter constant is vital to optimising the operation of the power system.
Normally, this constant is preferred to be higher in order to avoid large voltage deviation, but if it
too high it can lead to non-linearity in the power control circle, potentially causing instability or

inefficiency in the power control mechanism.

Ve Q/Sbase(p.u)

A A
set Quax Dead band
v

dc T CRR— »

B
Vie | VH V/Vb:se(p.u)

: Vi Vdbd,low Vdbdigh
| I¢
| ’ Qmin

(a) (b)

Figure 3.6: Characteristic curve of droop control: a) vg. — Iy. b) voltage droop with dead-band
and limit.

The FUBM model utilises a voltage-power (vq. — Py) droop characteristic, whilst the VSC
in-model classifies this control as type III (refer Table 3.1). In this type of control, the active
power (Py) and voltage magnitude (V;,) are obtained from the “From bus” at DC side of the VSC

in-model (refer to Figure 3.3). The power controlled in the converter at bus ‘n’, as determined by
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this control, can be expressed using the following equation:

=Pty + Pyt = kap (Vi) = Vi) =0, Vn €N (3.29)

Where N is the set of all nodes, with n being indexed over this set, and the voltage and power
references of the droop line are denoted by V;l‘}l(n) and P(cﬁ(ln)). This equation indicates that the
voltage magnitude at the “From bus”at DC side (V;,f(n)) is varied in proportion to the active
power (Py(,)) being exchange between the generators. As active power increases, the magnitude of
the voltage decrease and vice versa, maintaining a proportional balance between power generation
and demand. The converter constant (kg,) quantifies the sensitivity of the converter’s output
power to the local DC voltage source. This constant defines the linear slope that characterises
the relationship between the converter power and the DC voltage, as illustrated in Figure 3.7 and

described by (3.29).

A Vdc

| =

. ,_;r,s:*,_—,‘—,_:: —

|
|
|
|
| iy

Figure 3.7: Characteristic curve of linear slope: v4. — Pf

3.4 Case Study: Flexibility in the MT-HVDC Link through

Control Strategies

This section presents the simulations of the VSC model in the MT-HVDC link that attempt to
solve the OPF problem in a three-terminal MT-HVDC link. The system is connected to three
OWFs (i.e., Wind Farms A, B and C) as illustrated in Figure 3.8. The AC system is an IEEE30
bus system consisting of six generators, 41 transmission lines and 24 loads. The data for this
system is available in an open-source programming package called MATPOWER [130] [12], which
is also provided in Appendix B. The DC system highlighted by red line consists of six DC lines (i.e.,
B001, B002, B003, B004, B005 and B006), three transformers (i.e., Tx1, Tx2 and Tx3) and three
converters (i.e., VSC1, VSC2 and VSC3). For this case study, the transformers and converters
located after all the wind farms are not considered in the simulation. Therefore, the wind farms
(i.e., Wind Farm A (WFA), Wind Farm B (B) and Wind Farm (C) are directly connected to the
lines (i.e., WFA to line B004, WFB to line B005 and WFC to line B006). This modified system (i.e.,
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the MT-HVDC link) has been used as a model to address hybrid AC/DC network optimization
problems. There are nine parameters in the MT-HVDC, which are listed below. Table 3.4 provides

the setup values for each parameter.
(a) Voltage rating for the VSCs and DC lines.
(b) Maximum and minimum DC Voltage.
(c) Maximum and minimum variable susceptance (jBeq).
(d) Resistance (rs) and reactance (x;) for each VSC.
(e) DC line Resistance (ry).
(f) Loss coefficient for the VSCs (quadratic loss («), linear loss () and constant loss (7))
(g) The upper power limit of the VSC

(h) Thermal limit (i.e., transmission limit) for the DC line

| | [ | ’ ’ /
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Figure 3.8: MT-HVDC system

There are four cases considered in this study: a) Basecase; b) DC voltage control; ¢) 20%
increase active power control; and d) droop control. Table 3.5 provides the control settings for

VSC variables, with VSC 1 (i.e., the reference VSC) designated as type II with mode 4 in the base
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Table 3.4: Parameters of the converter and DC grid.

Parameter Values
Rating VSC/DC Voltage 100MVA 200kV
Max/Min DC Voltage 1.15p.u 0.9p. u
Ma (Max/Min) 1.2 0.8
Beq (Max/Min) 0.5p. u -0.5p. u
VSCs (rs/xs) 0.0001p.u 0.1643p.u
DC lines (rs) 0.05p.u
VSCs loss coefficient a = 0.0001, 8 = 0.015, v = 0.2
VSC’s upper power limit 100MVA
D(Cs transmission limit 200MVA

case scenario. Whilst, both VSC2 and VSC3 are classified as type I with mode 3. DC voltage and
DC active power are the control constraint variables for these VSCs (i.e., VSC2 and VSC3), and
their respective setup are as follows: VSC1: V; = 1.0p.u; VSC2: Py = 25MW; and VSC3: Py
= 15MW. For both the DC voltage control and the 20% increase in active power control cases,
the designated VSC types, modes and control constraints follow the basecase scenario. The setup
parameter values for DC voltage are as follows: VSC1: V; = 0.98p.u; VSC2: Py = 25MW; and
VSC3: Py = 156MW. For active power control, the parameter values are as follows: VSCI: ; =
1.0p.u; VSC2: Py = 30MW; and VSC3: Py = 18MW. In the case of droop control, VSC1 is chosen
as a slack VSC with type III, whilst the other VSCs are type I. As for the chosen mode, VSC1
is set to mode 7, while VSC2 and VSC3 are set to modes 3 and 2, respectively. The parameter
settings for all VSCs are shown in Table 3.5.

3.4.1 Result and Discussion

Each simulation case has successfully converged. Tables 3.6, 3.7, and 3.8, as well as Figure 3.9 and
3.10 show the results pertaining to convergence times, generation costs, voltage and power profiles,
respectively. Table 3.6 shows the results of the convergence time, indicating that the fastest
convergence (131.6 seconds) occurs during DC voltage control, whilst the slowest convergence time
is 196.7 seconds, which occurs when droop control is adopted. Meanwhile, the basecase converged
at 177.76 seconds, whilst the active power control converged at 151.29 seconds. Convergence time
(i.e., computational time) is an important factor in solving PF and OPF problems, especially given
that power system topology changes frequently during the short-term or long-term operational
planning [161]. Faster convergence is crucial because it reduces the computational time needed

to obtain solutions for optimization problems in power systems. Using an unsuitable method can
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Table 3.5: Settings for the VSC.

No Type of control Converter Type Mode Control constraint
VSC1 II 4 Vi{=1.0p. u
1 Basecase VSC2 I 3 Pf = 256MW
VSC3 I 3 Pf= 15MW
VSC1 II 4 V{=0. 98p.u
DC voltage
2 VSC2 I 3 Pf = 256MW
control
VSC3 I 3 Pf= 15MW
VSC1 II 4 Vi{=1.0p. u
Active power
3 VSC2 I 3 Pf = 30MW
control (+20%)
VSC3 I 3 Pf= 1MW
Vi{=1.0p. u,
VSC1 111 7 Pf = 256MW,
4 Droop control Kdp =-0.1
VSC2 I 3 Pf = 256MW
VSC3 I 2 Qt = 25MW

prolong the processing time for solving optimisation problems, which poses a significant challenge
in the real time operations involving large power systems. Based on these findings, DC voltage
control demonstrated fast convergence followed by active power control. This implies that the
conventional method performs better in terms of computational efficiency compared to the basecase
and droop control. It is important to highlight that, when formulating any OPF problems, it is
fundamental to carefully consider which optimal controls are appropriate for the objectives and
application problems. Whilst accuracy, feasibility and robustness are key factors to consider, the
rapid convergence (i.e., related to hardware and algorithm) [162] of the OPF modelling solution

provides a significant advantage in the MT-HVDC link.

Table 3.6: Time converged and generation cost.

DC Voltage Active power
Case Basecase Droop control
Control control (+20%)

Converged

177.86 131.6 151.29 196.47

(Second)

Generation

472.54 469.46 476.89 475.07
cost ($/hr)

The objective function, as outlined in the standard OPF formulation in (2.74) in Section 2.5.2,
is to minimize the overall generation cost of power in this case study, which includes the costs of
fuel consumption as well as the operation and maintenance of conventional generators. For a ther-

mal unit, the generation cost is represented by a quadratic function of fuel consumption, measured
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in British thermal unit per hour (Btu/h or M Btu/h). This cost is expresses in terms of dollars
per hour ($/h) and includes operating cost such as labour, maintenance and fuel transportation.
However, due to the complexity of directly modelling these costs as a function of the thermal unit’s
output, these costs are included as a fixed portion of the overall operating cost [163]. Minimizing
the power generation cost is a prominent goal in the power system, as it offers significant advan-
tages, including economic efficiency for businesses, affordable electricity prices for consumers, and
investment in infrastructure. Furthermore, it helps energy companies operate their resources and
equipment at appropriate levels, avoiding both overutilisation and underutilisation. This can also
optimise energy usage and prevent energy spillage (i.e., the wastage of energy in the power system).
Table 3.6 provides the results of this objective for four different scenarios. From this table, it can
be observed that the active power control has the highest generation cost, 476.89%/hour, followed
by the droop control and basecase, with production costs 475.07$/hour and 472.54$/hour, respec-
tively. The lowest overall cost for electricity occurs when the DC voltage control is activated, with
a price of 469.46%/hour. The overall generation cost is higher in active power control because all
generators in this case injected more active power (i.e., a 20% increase) into the power system to
satisfy the demands. Conversely, the DC voltage has the lowest generation cost due to the fact

that this type of control focuses only on voltage stability.

Figure 3.9: Voltage Magnitude result

Figure 3.9 presents the results of the voltage profile (i.e., VM), which shows that all voltages
are within their boundaries, with the upper and lower values being 1.02 p.u. and 0.95 p.u.,
respectively. It also can be observed that the highest voltages occur by far at buses 5 and 6 in
all cases. The most surprising aspect of this result is that the voltage values are lowest in the
droop control case compared to other cases. The concept of Voltage Droop Control (VDC) is
not the same as the voltage drop, even though this control allows for a controlled reduction in
voltage, by creating proportional relationship between voltage and the control base (e.g., power
or current) [164]. This is because this control primarily focuses on adjusting the output power of

converters in response to changes in demand, as discussed in section 3.3.2. It involves dividing
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demands in proportion to their output power based on the converter constant (kqp) value. This
constant value indicates how much the voltage levels differ from their nominal values in response
to changes in power demands, ensuring that the power system can effectively respond to varying
levels of demand while maintaining stability. Consequently, when demand increases, the converters
with this control slightly reduce their voltage output, allowing power to be distributed among the
various demands, which results in a lower overall system voltage. The DC voltage control has the
second lowest voltages compared to other cases, as its function is to regulate the voltage within a
predetermined range at the reference converter, ensuring the balance of active power (i.e., power
in equals power out plus losses) in the DC system. DC voltage is also a vital control to keep the
power system operating under stable conditions, ensuring that the power flow does not exceed the
ratings of the reference converter and avoiding abnormal voltage conditions (i.e., undervoltage and
overvoltage). The last control is active power control, which has a voltage profile slightly similar to
the base case. This type of control involves managing the active power output of the converters to
maintain stability and meet the demands.Stability is an important criterion in the power system
operation, defined in [82] as, the ability of an electric power system, for a given initial operating
condition, to regain a state of operating equilibrium after being subjected to a physical disturbance,
with most system variables bounded so that practically the entire system remains intact. In hybrid
AC/DC networks, stability operation is classified based on rotor angle, frequency and voltage as
well as two new stability introduced in [165]: converter-driven stability and resonance stability.
However, this thesis focuses on the standard classification of voltage stability, defined as the ability
of a power system to maintain steady voltages near nominal values for all buses, particularly during
outages (N —1 or N —k), and the capacity of generation and transmission systems to supply power

to meet electricity demand [166].

Table 3.7: Voltage Angle result.

Basecase Control
Branch DC Active power Droop
Voltage (4+20%) control
PF (MW) PF (MW) PF (MW) PF (MW)
1 -1.357 -1.551 -2.376 -4.524
2 -1.357 -1.551 -2.376 -4.524
3 -1.357 -1.551 -2.376 -4.524
4 -1.357 -1.551 -2.376 -4.524
5 -1.357 -1.551 -2.376 -4.524
[§ -1.357 -1.551 -2.376 -4.524

Table 3.7 shows the Voltage Angle (VA) results, which have the same values at all buses for
each case. These values are expected to be the same because the FUBM model only allows active
power flows in the DC links. This means that there is no injection or absorption of reactive powers
in the links due to the activation of zero-constraint, as stated in the OPF-FUBM formulation.

Additionally, these angles are constant because the FUBM model is notionally derived from the AC
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