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Abstract

Recent developments in voltage source converter (VSC) technology have led to an in-
creased interest in high voltage direct current (HVDC) transmission to support the
integration of massive amounts of renewable energy sources (RES) and especially, off-
shore wind energy. VSC-based HVDC grids are considered to be the natural evolution
of existing point-to-point links and are expected to be one of the key enabling tech-
nologies towards expediting the integration and better utilisation of offshore energy,
dealing with the variable nature of RES, and driving efficient energy balance over wide
areas and across countries. Despite the technological advancements and the valuable
knowledge gained from the operation of the already built multi-terminal systems, there
are several outstanding issues that need to be resolved in order to facilitate the deploy-
ment of large-scale meshed HVDC grids. HVDC protection is of utmost importance
to ensure the necessary reliability and security of HVDC grids, yet very challenging
due to the fast nature of development of DC faults and the abrupt changes they cause
in currents and voltages that may damage the system components. This situation is
further exacerbated in highly meshed networks, where the effects of a DC fault on a
single component (e.g. DC cable) can quickly propagate across the entire HVDC grid.

To mitigate the effect of DC faults in large-scale meshed HVDC grids, fast and
fully selective approaches using dedicated DC circuit breaker and protection relays are
required. As the speed of DC fault isolation is one order of magnitude faster than
typical AC protection (i.e. less than 10 ms), there is a need for the development of
innovative approaches to system protection, including the design and implementation
of more advanced protection algorithms. Moreover, in a multi-vendor environment (in
which different or the same type of equipment is supplied by various manufacturers),
the impact of the grid elements on the DC fault signature may differ considerably from
case to case, thus increasing the complexity of designing reliable protection algorithms
for HVDC grids. Consequently, there is a need for a more fundamental approach to
the design and development of protection algorithms that will enable their general
applicability. Furthermore, following successful fault clearance, the next step is to

pinpoint promptly the exact location of the fault along the transmission medium in
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an effort to expedite inspection and repair time, reduce power outage time and elevate
the total availability of the HVDC grid. Successful fault location becomes increasingly
challenging in HVDC grids due to the short time windows between fault inception and
fault clearance that limit the available fault data records that may be utilised for the
execution of fault location methods.

This thesis works towards the development of protection and fault location solutions,
designed specifically for application in large-scale multi-vendor HVDC grids. First, a
methodology is developed for the design of travelling wave based non-unit protection
algorithms that can be easily configured for any grid topology and parameters. Second,
using this methodology, a non-unit protection algorithm based on wavelet transform
is developed that ensures fast, discriminative and enhanced protection performance.
Besides offline simulations, the efficacy of the wavelet transform based algorithm is also
demonstrated by means of real-time simulation, thereby removing key technical barriers
that have impeded the use of wavelet transform in practical protection applications.
Third, in an effort to reinforce the technical and economic feasibility of future HVDC
grids, a thorough fault management strategy is presented for systems that employ
efficient modular multilevel converters with partial fault tolerant capability. Finally, a
fault location scheme is developed for accurately estimating the fault location in HVDC
grids that are characterised by short post-fault data windows due to the utilisation of

fast acting protection systems.
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Chapter 1

Introduction

1.1 Research Context

The global electric power grids are experiencing a significant transition phase driven by
the increasing electricity demands and the requirements for more efficient energy use
and higher security of power supply. In addition, in an effort to address the climate cri-
sis, several governments across the world have committed themselves to de-carbonising
the electric power system and increasing renewable energy penetration. This trend has
been supported by a plethora of laws, policies and directives, of which the primary aim
is to reduce greenhouse gas emissions arising from electricity generation [1-3]. Recently,
the European Union has set a 55% gas reduction target by 2030 by revising its renew-
able energy and energy efficiency targets with the ultimate aim of achieving climate
carbon neutrality by 2050 [3]. Considering the resource availability of renewable energy
sources for large power generation, harnessing the massive potential of wind energy is
seen as a key enabler for achieving such ambitious goals [4]. Nevertheless, by increas-
ing the share of renewable energy generation in the total energy mix, bridging the gap
between electricity demand and supply is becoming more challenging, leading to an
ever-greater need for growth of interconnection capacity between different regions and
countries. Moreover, the spatio-temporal variability of wind energy highlights the ne-
cessity for more efficient, safer, high-power and long-distance transmission over harsher
environments. HEspecially modern wind farms tend to be installed further and further
offshore and consequently, longer undersea electrical connections are necessary.

High Voltage Direct Current (HVDC) transmission system technology has proven
to be a viable economic solution for the integration of remote wind farms and the inter-
connection of AC systems [5]. High Voltage Alternate Current (HVAC) transmission
is associated with higher electrical losses and capital costs as transmission distance in-

creases and therefore, there is a critical distance beyond which the alternative option of
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HVDC becomes more efficient and economical [6]. This is especially true for submarine
power transmission, where HVAC becomes impractical due to the requirement for com-
pensation systems at various points across the cables to cope with the reactive power
demands. Moreover, when compared to HVAC transmission, HVDC transmission in-
troduces several advantages such as the capability for bulk power transmission over
longer distances, interconnection of asynchronous AC networks, reduced right-of-way,
greater stability benefits, and power flow controllability [6,7]. The difficulties in realis-
ing multi-terminal connections and the limited flexibility of the widely used for several
decades Line Commutated Converter (LCC) technology have been addressed by the
advent of Voltage Source Converters (VSC), which are capable of providing black-start
capability, independent active and reactive power controllability, voltage support and
connection to weaker AC networks [8,9].

To date, the vast majority of HVDC projects are point-to-point connections com-
prising of two converter terminals. HVDC grids are conceived to be the natural evolu-
tion of point-to-point links by deploying more than two station terminals (potentially
by using existing links), ultimately leading to highly meshed HVDC systems. HVDC
grids can further improve the cost-effectiveness of HVDC technology, smooth energy
variations of renewable energy sources, expedite the integration and better utilisation
of offshore energy, and drive energy balance over wide areas and across countries [5,10].
Moreover, VSC-based HVDC grids offer a plethora of additional attractive features
such as enhanced controllability, flexibility and redundancy, improved reliability and
security, lower investment costs, etc [6].

Various concepts for setting up highly meshed HVDC grids have been proposed
to interconnect AC systems internationally or even inter-continentally [11-17]. This
interest is also reflected in several European projects such as the TWENTIES [18],
MEDOW [19], Best Paths [20], and PROMOTioN [21] projects which are focused
around removing techno-economic and regulatory barriers blocking the implementa-
tion of HVDC grids in Europe. Currently, a few multi-terminal pilot projects have
been developed in China such as the Nan’ao three-terminal system [22], the Zhoushan
five-terminal system [23], and the Zhangbei four-terminal system [24] which is the only
meshed HVDC grid currently in operation. Multi-terminal systems are also under devel-
opment in Europe including the Moray Firth offshore HVDC hub in Scotland [25], and
the system that will be formed by the EuroAsia and EuroAfrica interconnectors [26,27]
in the Mediterranean sea. It is therefore evident that the HVDC grid concept is grad-
ually becoming a reality and that such grids are expected to play a key role in future
power networks.

Despite the technological advancements and the valuable knowledge gained from the

operation of the existing multi-terminal systems, there are several outstanding issues
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that need to be resolved in order to facilitate the deployment of large-scale meshed
HVDC grids. These issues concern aspects related to control, protection, operation,
regulation, financing, planning and modelling of HVDC grids [6]. The work conducted
in this thesis focuses around the challenges arising from DC faults, especially in terms

of HVDC grid protection and fault location.

1.2 Motivation of the Work

Effective protection systems and DC fault management are considered to be of utmost
importance towards the practical realisation of VSC-based HVDC grids [28]. This is
due to the fact that DC faults can place HVDC grids and their components under severe
stresses for which they are not designed to withstand. For instance, pole-to-pole faults
result in the collapse of DC voltages and in high over-currents that may damage the
sensitive components of the system, such as the power electronics devices of the VSCs
which cannot tolerate high fault currents. Therefore, protection systems are necessary
in order to isolate the faulted component promptly, guarantee safety of the HVDC grid
components, and minimise the severe consequences of DC faults.

The main challenges of DC fault management arise from the short available time
windows for fault clearance due to the fact that DC faults develop very rapidly. When
a DC fault occurs in a cable or an overhead line of a HVDC system, abrupt changes in
currents and voltages are provoked, leading to the generation of electromagnetic waves
at the fault point. These electromagnetic waves, which are also termed travelling
waves, propagate at high-speed along the medium to both directions until they reach a
discontinuity point such as a converter, a DC busbar, an inductor etc [29]. For instance
at a converter terminal, part of the incident wave is reflected back to the fault location
and part of it is transmitted to other feeders connected at the same terminal. This
process is repeated at each discontinuity point and consequently, the impact of DC
fault is quickly evident across the entire HVDC grid. This highlights the necessity
for the development of novel approaches to system protection as the speed of DC fault
isolation is required to be one order of magnitude faster than typical AC protection [30].

Rapid DC fault isolation in large-scale meshed HVDC grids is expected to be re-
alised through the use of DC Circuit Breakers (DCCBs) in conjunction with protection
relays at each end of all transmission mediums of the grid. Based on this fully selec-
tive approach, when a protection relay identifies a DC fault on the medium that it is
designated to protect, it sends a trip signal to its associated DCCB. Furthermore, only
the DCCBs of the faulted medium are required to be opened in an effort to permit
the operation of the remaining healthy part of the grid. To enable such high-speed

and selective fault isolation, careful design of fast, robust and discriminative protection
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algorithms is required. To meet the demanding time-scales, protection algorithms are
preferred to be based exclusively on local voltage and current measurements at the
relaying point, thus eliminating the need for telecommunication between different re-
lays [31]. These aims have led to a significant research activity in developing non-unit
protection algorithms based on travelling wave principles. Typically, these algorithms
are designed and validated based on offline electromagnetic transient simulation studies
performed on a single test network. This practice questions the universal applicability
of the developed algorithms to any HVDC network. Moreover, due to the absence of
a common framework for the design of non-unit protection methods, their functional
interoperability in terms of operation performance and compliance with speed, selectiv-
ity, reliability and other requirements, as well as their effective coordination with other
protection equipment (DCCBs, other local or remote relays etc.) cannot be guaranteed.

An additional desirable feature of non-unit protection is that the underlying pro-
tection algorithms need to be suitable for multi-vendor applications and ensure exten-
sibility and adaptability when grid parameters or conditions change. Currently, HVDC
schemes are usually built by a single manufacturer providing all equipment along with
complete control and protection systems [32]. However, the implementation of future
large-scale HVDC grids will necessitate the involvement of multiple vendors as is the
case in contemporary AC systems [30], especially if the grid is developed organically over
the years in a step-by-step manner. Therefore, HVDC grids will integrate equipment
such as power converters, DC breakers, series inductors, cables etc. of different tech-
nologies from different vendors. In a multi-vendor environment, the impact of the grid
elements on the DC fault signature may differ considerably depending on the technolo-
gies used and consequently, the complexity of designing generally applicable protection
methods is increased. Therefore, one of the primary objectives of this thesis is to estab-
lish a methodology for designing generalised travelling wave based non-unit protection
algorithms, and to demonstrate a practical non-unit protection solution that is suit-
able in a multi-vendor environment, thereby ensuring applicability for a wide range of
HVDC grid equipment.

For faster fault current interruption, fully selective approaches typically rely on
advanced DC circuit breaker topologies based on power electronic devices, which are
characterised by a large capital cost and footprint. The latter is a significant drawback
especially in offshore HVDC grids where the DCCBs are installed at offshore platforms,
the cost of which can rise significantly for increasing weight and volume of the DCCBs
[33]. The use of efficient HVDC converters with partial fault tolerant capability is
considered an attractive option for future HVDC grids, in which expensive fast acting
power electronics based DCCBs can be replaced with slower but inexpensive and less

bulky mechanical DCCBs. In such cases, due to the increase of active grid components
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that participate in the fault handling process, the development of a comprehensive fault
management strategy that coordinates the actions of protection equipment, converters
and other devices is essential. This thesis aims to explore this avenue in an effort to
reinforce the technical and economic feasibility of future HVDC grids.

An additional important task in HVDC grids is the determination of the DC fault
position along the faulted cable or line. Especially in cable-based systems, DC faults
are typically permanent leading to the prolonged disconnection of the faulted cable
until the section containing the fault is found and repaired. This may pose significant
limitations on the operation of large-scale HVDC grids, in which the disconnection of a
single unit can affect to a great extent the power exchange between the system nodes.
Therefore, timely and accurate fault location is of crucial importance in order to accel-
erate system restoration and inspection time, and diminish the repair and operational
costs and power outage duration. In the literature, most of the existing fault location
techniques for HVDC systems assume that there is a long time window of post-fault
measurements available. This assumption is not valid in the case of HVDC grids with
high-speed protection systems, which are characterised by short post-fault data win-
dows. In addition, there is currently a lack of consideration of the complexities that
are introduced in multi-vendor HVDC grids. Consequently, an additional objective of
this thesis is to develop a fault location solution specifically tailored for HVDC grids
that addresses the above challenges.

For the execution of protection and fault location applications, measuring instru-
ments are required to be placed on HVDC installations in order to capture the DC
fault transients. The proper function and performance of such DC fault detection and
location techniques is greatly dependent on the quality of measurements fed to the
protection and fault location devices by the corresponding measuring schemes. In the
current literature, much of the reported work is developed on a theoretical basis, while
practical aspects of the proposed methods including sampling frequency requirements
are neglected. Therefore, the capabilities of existing voltage and currents measuring
technologies in terms of bandwidth are appraised in this thesis in an effort to develop

practical guidelines for protection and location applications in HVDC grids.

1.3 Contributions to Knowledge
The core contributions of this work to knowledge are the following:

e Identification and review of the available voltage and current measuring instru-
ments from the perspective of enabling protection and fault location applications

in HVDC grids. This task in conjunction with a review of the existing protec-
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tion and location methods has offered meaningful insights for selecting measuring
equipment according to the desirable characteristics and requirements of state-

of-the-art HVDC protection and location functions.

e Design and application of a methodology that utilises frequency domain analysis
of travelling wave phenomena for facilitating systematic and flexible investiga-
tion of HVDC grid non-unit protection while avoiding the need for extensive
and complex time domain simulations. The methodology has assisted towards
the development of specific design guidelines for travelling wave based non-unit

protection algorithms.

e Design and implementation of a wavelet-based scheme for fast, robust and dis-
criminative HVDC grid protection. An analytical approach is developed for the
efficient and flexible configuration, optimised protection performance, and gen-
eral applicability of the scheme. The performance of the protection solution has
been demonstrated through both offline simulations in PSCAD/EMTDC and in
real-time hardware-in-the-loop configuration using a Digital Real Time Simula-
tor (DRTS) and a low-cost hardware prototype executing an algorithm based on

stationary wavelet transform, the first implementation of its kind.

e Development of a thorough realistic fault management strategy for HVDC grids
that incorporate efficient modular multilevel converters. The strategy supervises
and coordinates the actions of protection relays, DC circuit breakers, converters
and additional grid controllers. Extensive electromagnetic transient simulations
using PSCAD/EMTDC have demonstrated that the strategy enables continuous
operation during pole-to-ground faults, and fault-tolerant operation with mini-

mum power flow interruption during pole-to-pole DC faults.

e Development of an advanced single-ended fault location method that is suitable
for locating DC faults in HVDC grids that are characterised by short post-fault
data windows due to the use of high-speed DC breakers and other fast acting
protective actions. Offline simulations have validated the enhanced accuracy of
the method over a wide range of DC fault scenarios, and its ability in successfully

identifying the faulted segment in heterogeneous transmission line media.

1.4 Thesis Overview
A brief overview of the chapters in this thesis is provided below:

Chapter 2 begins with presenting the fundamentals of HVDC grids and proceeds
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with describing their main equipment. Converter technologies, DC circuit breakers,
HVDC grid configurations, grounding practices, transmission lines, and DC current
and voltage measuring devices are presented in detail. Special attention is given to
modelling aspects of HVDC grid components towards realising realistic and high-fidelity
but also efficient full-scale modelling of HVDC grids for the conduction of DC fault
transient simulation studies.

Chapter 3 describes the main challenges, requirements and design aspects asso-
ciated with HVDC grid protection and fault location systems. Moreover, the chapter
provides a literature review of protection and fault location algorithms for HVDC grids.
A case study is included to perform an analysis of transient phenomena that occur as
a result of DC faults. The contributions of this chapter include an investigation of ex-
isting HVDC measuring instruments for enabling HVDC protection and fault location.
This chapter effectively lays the foundation for the design and development of protec-
tion and fault location techniques proposed in this thesis, and provides the necessary
background knowledge to aid the reader to understand the remainder of the thesis.

Chapter 4 develops a methodology focused on frequency domain analysis of DC
faults for performing a systematic investigation of HVDC grid non-unit protection using
travelling wave theory principles. After analysing the impact of each grid and fault
parameter on DC voltage signatures, specific guidelines are proposed for the design of
robust and flexibly configurable voltage-based non-unit protection algorithms.

Chapter 5 presents an advanced wavelet transform-based non-unit protection so-
lution for HVDC grids using the guidelines and recommendations of the previous chap-
ter for enhanced protection performance. The chapter includes a brief description
of wavelet transform theory and considers practical facets in terms of computational
requirements and protection-related goals to reinforce the technical feasibility of the
method. Offline simulation results verifying the performance of the proposed protec-
tion solution are presented and further corroborated by dynamic validation using a
digital real-time simulator combined with a low-cost relay prototyping platform.

Chapter 6 introduces a fault management strategy for continuous operation of
HVDC grids using an efficient converter topology that demonstrates partial fault tol-
erant capability. The current limiting modes of the converter are explored, and the
objectives, functions and implementation procedure of the strategy are described in
detail. Rigorous parametric studies for different types of faults, sizes of current limit-
ing inductors, converter parameters, and DC circuit breaker operation times reveal the
underlying features, which render the proposed strategy an attractive option for the
technical and economical feasibility of future HVDC grids.

Chapter 7 presents the working principle and assesses the performance of a novel

single-ended fault location solution that combines travelling wave principles formulated
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in the frequency domain with a genetic algorithm driven routine. The method addresses
contemporary challenges arising from the utilisation of fast protection systems for DC
fault management in HVDC grids, and is applicable to heterogeneous transmission line
media (or hybrid media). The accuracy of the method in identifying the fault position
is confirmed for different types of faults, fault parameters, transmission line media,
signal-to-noise ratios, while the sampling frequency requirements are discussed.
Chapter 8 concludes the thesis by summarising the key outcomes and the principal
contributions of the presented research, and recommends several potential directions

for future research.
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Chapter 2

HVDC Grid Technologies and
Modelling

2.1 HVDC Basics

HVDC transmission is a well-proven and economic technology that offers a plethora of
functionalities and solutions to the problems of modern power systems. Some of the
major technical and commercial/economic advantages that render HVDC transmission

highly competitive are the following [6,9, 34-38]:

e Capability for long-distance bulk power transmission

e Flexible and efficient integration of renewable energy sources (particularly offshore

wind energy)
e Interconnection of AC networks operating at different frequencies
e Fast power flow control capability

e Enhanced controllability through the independent control of active and reactive
power (for VSCs)

e Connection to weak AC systems (for VSCs)

e High potential for enhanced grid support services such as frequency support,
voltage support and system stability improvement, power oscillations damping

blackstart capability etc.

e No need for periodic reactive power compensation and consequently, there is no

technical limit to the transmission medium length
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e Lower long distance losses

e Reduced right-of-way of DC circuits compared to AC circuits and more compact

towers

e Lower investment costs than HVAC for long transmission (after a break-even

point)

e Improved market efficiency (e.g.through market integration of separate regions

and reduction price spikes)
e Transmission constraints mitigation

e Less visual impact along the transmission route

HVDC grids consist of a variety of equipment that collectively facilitate the robust
and safe energy conversion and transmission. The typical structure and the equipment
used in HVDC grids are illustrated in Figure 2.1. At the heart of the HVDC grids are the
converters, which are responsible for converting the AC voltages and currents to their
DC counterparts and for transmitting active and reactive power from the HVDC grid
to the interconnected AC networks (or vice versa). Typically, each converter station is
terminated with a DC bus at which one or more DC transmission media are connected.
The main duty of the DC transmission media, which can be either cables or overhead
lines, is to accommodate the DC power flows across the entire HVDC grid. Depending
on the adopted HVDC grid protection philosophy, DC circuit breakers can be installed
at several locations of the HVDC grid. Current limiting inductors are typically utilised
in series with the DCCBs in order to slowdown the rise of DC fault currents and ensure
that the DCCB maximum current breaking capacity is not exceeded. In addition,
monitoring of the DC quantities (voltages, currents etc.) is essential for the proper
operation of the HVDC grid as well as for control and protection applications. DC
measurement is realised using voltage and current sensors, which determine the rate at

which the information is available to the corresponding equipment.

DC measurement DC Breaker Current limiting

inductor
i DC cable or line
:)—( () )—ﬂ[%&‘ ol %S—( () H:)
Converter

Converter

1,v E i,\"\ E i,v
~ . t
t
e

Figure 2.1: Typical structure and equipment of HVDC grids.
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The rest of this chapter reviews the main components of HVDC grids which are
shown in Figure 2.1, and presents the main control and modelling aspects that need
to be considered in order to perform comprehensive and efficient full-scale HVDC grid
modelling. The control and modelling aspects are presented from the perspective of
HVDC grid protection in order to ensure that the HVDC grid models that will be
developed later in the thesis are suitable for high-fidelity DC fault transient simulation

studies for the development of novel HVDC protection and location schemes.

2.2 VSC Technology

Line commutated converter technology has been widely used in HVDC bulk power
transmission for more than 50 years [6]. This technology relies on the use of line
commutated switching devices, mainly thyristors, which turn off at current zeros and
depend on the pre-existing AC voltage to commutate the current from the outgoing
device to the incoming device [39]. LCC is also known as Current Source Converter
(CSC), because it can be seen by the grid as a constant current source. It is a very
robust technology and offers high reliability and resiliency to DC faults [36].

Nevertheless, LCC HVDC technology suffers from several well-known drawbacks,
which have resulted in its very limited utilisation in modern HVDC transmission [40].
One of the most important limitations is that the converter requires large amounts of
reactive power to retain unity power factor, due to the inherent delay between current
and voltage waveforms. Moreover, the requirement for reactive power consumption
hinders the use of LCCs in weak AC neworks. Another major drawback of LCC tech-
nology is the generation of significant low-order harmonic distortions and consequently,
there is a need for large and costly AC and DC filters. In addition, LCC necessitates
the use of sizeable DC link inductors to achieve continuous DC current. In the context
of HVDC grids, the most important drawback of LCC technology is that DC voltage
polarity needs to be reversed in order to perform power reversal, which complicates the
coordination between converters in a HVDC system with multiple terminals.

The above limiting factors have led to the gradual replacement of LCCs with a new
emerging technology based on VSCs, which offers new capabilities and facilitates the
deployment of HVDC systems over a wider range of applications. VSCs are based on
semiconductor devices that can turn on and off without the need for live AC voltages. In
addition to the full controllability of these devices (mainly via external driver circuits),
VSC-based systems offer the capability of independent control of active and reactive
power. The latter feature is very important, since it significantly mitigates the need for
massive and costly reactive power compensation that was required in LCC-based HVDC
systems [39]. Moreover, VSC HVDC presents the additional advantages of reduced
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operating costs, black start capability, fast power reversal, smaller converter station size,
voltage waveforms with low harmonic distortions and hence, smaller station footprint
due to the greatly reduced size of AC and DC filters [6,36]. The aforementioned
advantages render the VSC technology a well-suited option for HVDC grids, in which
the power direction can be easily changed without the need for reversing the voltage
polarity. The rest of this section aims to introduce the main VSC topologies and present

important control, operation and converter modelling aspects.

2.2.1 Classic Two-level VSC

The first VSC HVDC schemes that were developed, were based on the classic two-level
VSC concept (Figure 2.2). As depicted in the figure, a two-level converter composes of
six arms, that employ Insulated Gate Bipolar Transistors (IGBTs), with each pair of
arms constituting a phase leg. It is worth mentioning that in high voltage transmission,
one single IGBT cannot handle the full magnitude of the voltage. To enable opera-
tion at high voltage, a large number of IGBTs must be connected in series to ensure
even voltage sharing between individual IGBTs during turn-on and turn-off [41]. Large
physical volume and relatively high conversion losses are the main limitations of this
converter. The integrated converter control is responsible for turning on all the series
devices simultaneously and making them behave as a single coordinated valve. For this
purpose, Pulse Width Modulation (PWM) is usually adopted to control the gate sig-
nals of the IGBTSs for reduced filtering requirements and better dynamic performance.
According to this method, the width of the resulting pulse is produced based on the
comparison between a usually sinusoidal (SPWM) reference waveform and a triangular

carrier waveform.
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Figure 2.2: Classic two-level converter.
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2.2.2 Neutral Clamped Converter

The conventional PWM control of the classic two-level converter can be adjusted and
used in multilevel converters such as the Neutral-Point Clamped (NPC) converter [42].
Figure 2.3 illustrates the firstly introduced NPC multilevel topology, which is the well-
established three-level NPC converter that has been widely used in AC motor drive
applications such as pumps, fans, mills and conveyors [43]. The converter is named after
the fact that the midpoint of the switches in each phase is connected to the neutral
point of the topology using clamping diodes. The topology can generate a voltage
waveform with three different output levels at +Vdc/2, 0, and - Vdc/2 depending on
the operation mode (switching states). The converter is based on a modification of
the classic two-level converter with the addition of two extra power semiconductors per
phase. Each device has to withstand half the voltage compared to the devices in the
classic two-level topology (for the same DC-link voltage) and consequently, if the same
power devices are used, the input voltage can be doubled. NPC converter demonstrates
better harmonic performance, but the circuit relies on the simultaneous operation of

two devices to generate each voltage level, which compromises the overall converter

efficiency [35].
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Figure 2.3: A typical three-level neutral-point clamped converter.

The same philosophy can be extended for NPC converters with more output voltage
levels, but the associated operation and construction complexity increases substantially,
since there is a quadratic relationship between the voltage levels and the required num-
ber of clamping diodes [35]. Moreover, critical failure propagation might be presented
when the number of levels increases. Another drawback of this topology is that the
number of capacitors is not minimised while also, under certain operating conditions
the capacitors may experience voltage unbalances that might cause a voltage potential

between the neutral point and ground, leading to distorted voltages.
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2.2.3 Modular Multi-Level Converter

Some of the limitations of two-level and NPC converters were addressed with the ad-
vent of the relatively new and promising concept of Modular Multi-level Converters
(MMC). This converter topology was firstly introduced in the Trans Bay cable connec-
tion by Siemens [44]. The fundamental difference between MMC and classic VSC is
that the latter offers two or three potential voltage levels per phase, while the former
can theoretically achieve an arbitrary number of voltage levels (or steps) and hence,
the AC voltage can be better approximated [7]. The fundamental component of the
MMC is the sub-module (SM) or cell, which consists of semiconductor switches that can
be arranged in various topologies, such as half-bridge (HB), full-bridge (FB), mixed-
cell (MC) etc. [45]. The sub-modules are connected in series and the same number of
sub-modules is connected to each phase, thus forming three identical legs. Moreover,
each phase leg can be further divided to an upper and a lower arm that contain the
same number of sub-modules. This kind of configuration, along with the most typical

sub-module topologies are shown in Figure 2.4.
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Figure 2.4: Three phase modular multilevel converter with HB or FB sub-modules.

One of the main differences between the MMC and two-level and NPC converters,
is the absence of a central DC-link capacitance. Instead, each MMC arm incorporates
distributed capacitors in each SM, and the voltage rating of each capacitor is limited to a
fraction of the nominal DC voltage (Vg.). Therefore, MMCs can generate AC voltages
by connecting or disconnecting the distributed capacitors, which results in multiple
potential voltage levels. Consequently, as the number of SMs per arm increases, higher-
fidelity near-sinusoidal AC voltages can be generated leading to substantially reduced
harmonic content. In addition, the MMC can provide several attractive features such

as, high modularity, better voltage output performance, lower switching frequency and
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improved efficiency and reliability [45]. For all these reasons, MMC technology has
evolved into the preferred option for recent and future HVDC systems. It is worth
noting that all multi-terminal VSC-MTDC systems mentioned in Section 1.1 are based
on the Half-Bridge MMC (HB-MMC).

2.2.4 VSC Control

The most widely used control strategy for VSCs is the current vector control that is
realised using park transformations of the AC system voltages and currents at the Point
of Common Coupling (PCC) [46]. In this way, the AC variables are projected on the
synchronous direct-quadrature (d-q) rotating frame that is synchronised with the AC
voltage. A Phase-Locked Loop (PLL) is utilised in order to synchronise the rotating
frame with the AC grid voltage by tracking its phase. Moreover, it generates the angle
reference 6 and velocity w based on the three-phase voltages at the PCC that are used
as inputs for the mathematical transformations of the control variables. The resulting
d-q components of the AC variables appear as DC quantities that allow the application
of linear control concepts. Independent control of the active and reactive power is
possible since the PLL locks the system voltage along one of the axes of the frame.

The general architecture of current vector control in grid-following mode (synchro-
nised with the AC grid) for two-level converters is shown in Figure 2.5. The overall
control structure is based on cascaded Proportional Integral (PI) controllers that are
classified into outer and inner controllers. The outer controllers are responsible for
generating the references for the inner current controllers. For a two-level converter,
these PI controllers form the upper-level control of a VSC, while the modulation tech-
nique (e.g. PWM) constitutes the lower-level control. A PI controller is applied at
each component of the d-q frame to generate the i and i; reference currents, which are
associated with active power loop and reactive power loop respectively. In detail, the
d outer controller can directly control either the active power or the DC voltage, while
the g outer controller can directly control either the reactive power or the AC voltage.
The dynamics of the outer controllers are typically one order of magnitude slower than
the inner current controllers [47].

Inner current controllers are based on fast PI controllers which aim to track the
reference currents produced by the outer controllers. The terms wlLiq and wLi, are
added to the ¢ and d components respectively to decouple the two controllers. The
inner controllers generate the reference voltages Uy and Uy, that are fed to the lower-
level control that is responsible for developing the firing pulses of the IGBTs. In the
case of a two-level converter, PWM is commonly used at the lower-level control to

produce the IGBT switching pulses.
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Current vector control is also employed in the upper-level control MMC topologies,
including the HB-MMC. However, the upper-level control of the HB-MMC is more
complex (Figure 2.6). Depending on the control objectives of the converter, a nega-
tive sequence current controller might be incorporated in the upper-level control along
with the positive sequence current controllers. The architecture of both controllers is
identical and is based on the current vector operation principles described before. If
maintaining balanced three-phase currents is required, the reference currents of the

negative-sequence controller are set to zero [48].

DC voltage control

Inner current controller

Gate
signals

Y

Figure 2.5: Current vector control for two-level converter (grid-following mode).

Horizontal and vertical capacitor voltage balancing controllers are also incorporated
at this level [49]. The former ensures equal voltage distribution across phase legs, while
the latter is responsible for ensuring that the sum of the upper arm capacitor voltages
are equal to the sum of the lower arm capacitor voltages. These controllers also improve
the dynamic response of the MMC as changes in DC voltage or active power orders
do not result in significant changes in the energy level of the SM capacitors [48]. In
addition, the circulating current suppression controller is used to suppress the second
order harmonic in the currents of the arms of the MMC.

In the most inner control level of the MMC, capacitor voltage balancing and modu-
lation are the main operations that are performed. Capacitor voltage balancing ensures
that the distributed cell capacitor voltages remain balanced and equal to their nominal
value. Towards this aim, a voltage balancing algorithm is employed which sorts the SM
capacitor voltages in an ascending order, and depending on the current direction, the
cells with the higher voltage levels (lower voltage levels) are prioritised to be inserted

(bypassed) when the current is positive (negative). This process ensures equal voltage
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Figure 2.6: Upper and lower level control of HB-MMC.

sharing across the cells in each converter arm. The modulation process determines
the number of SMs that are bypassed or inserted in the conduction path at each time
instant. Nearest-Level Modulation (NLM) is the simplest modulation technique that

remains effective for large numbers of levels of the MMC [50].

2.2.5 Converter Modelling

Efficient and accurate representation of HVDC converters is of paramount importance
for the conduction of electromagnetic transient simulations and the investigation of
transient phenomena during DC faults. Detailed modelling of two-level and NPC con-
verters is relatively straightforward, since each series of IGBTs in each converter arm
can be represented by a single power electronic element (in a similar structure as the
circuit of Figure 2.2) [51]. Nevertheless, full scale modelling of MMC topologies is
a significantly more complicated and demanding task, computationally and memory-
wise. Such challenges are introduced by the large number of switching elements and
distributed capacitors in each arm of the MMC that affect the converter’s operation and
result in a large number of electrical nodes and matrices that need to be computed in
each simulation time step. This effect is further exacerbated in large-scale MMC-based
HVDC grids, where the computational effort and time required even for the simulation
of a small time-scale event is prohibitive.

Several modelling techniques with varying degree of accuracy have been developed
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in an effort to overcome the above issues [52-59]. It is worth noting that the level of
detail of the selected model is dictated by the requirements, the objectives and the
required depth of analysis of the intended study. The MMC model that is selected and
used in the studies of this research is the average MMC model that is illustrated in
Figure 2.7. The aim of the model is to reduce drastically the number of nodes and
achieve a trade-off between computational efficiency and level of detail of converter
dynamics without compromising the accuracy for DC fault transient studies.

Figure 2.7 shows the averaged model for the HB-MMC for a single leg (phase) of the
converter, in which controlled voltage and current sources replace the SMs in each arm.
In the following analysis, Ngy is the number of SMs per arm, Vgyy; is the capacitor
voltage of the j™ sub-module (with j € [0, Nsas]), and symbols U and L refer to the
upper and lower converter arm, respectively. Since the analysis is valid on a per phase
basis, the phase notation (A,B and C) is omitted. The switching voltages across the
upper arm and lower arm of the MMC, V.., and V.1, can be represented by their

average voltages, which are given by [48,60]:

Varmu = Z;\S{VI VSMUj ~ %‘/cm‘mU[l - mSin(Wt + 6)] ~ Vearmumu

VarmL - Zj\fzslz\/[ VSMLj ~ %V;:armL[l + mSin(Wt + 5)] ~ ‘/carmLmL

(2.1)

where m is the AC modulation index, and V.4, is the total blocking voltage of the
HB-SM capacitors in each arm, which is given by Vigmm = Z;V:S{” Vsm; = Vpe-

In the average model, the inter-sub-module dynamics of the converter are neglected
and the SM capacitor voltages in eah arm are considered to be balanced and oscillating
together. Therefore, assuming Cgys is the cell capacitance, the upper and lower arm
equivalent capacitances are Cyrmu = Csnr /Ny and Cypmr, = Csar /N, respectively,
where Ny and Ny, is the number of SM capacitors that are inserted in the power path

from the upper and lower converter arm. Ny and Ny, are approximated by:

Ny ~ $Nsu[l — msin(wt + 6)] ~ Ngymy (2.2)
Np ~ $Nsum[l + msin(wt + 6)] &~ Neymy, |

Based on (2.2), the dynamics of the upper and lower SM capacitors are given by:
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Figure 2.7: Illustration of one phase of the HB-MMC average model.
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where Cy,p, is the equivalent capacitance for each arm. From (2.3) and (2.4), the upper

and lower equivalent arm capacitor currents are approximated by:

. - d - .
teapt 2 Carm - Evvcm'mU ~ MyularmU

. -~ d - .
YeapL = Carm - E‘/carmL ~ MLlrmL
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Equations (2.1) to (2.5) describe the operation of the converter under steady-state
conditions, during which the IGBT elements Sy and Sy, (shown in Figure 2.7) are in
the on-state. Since V., and Vg1 are always positive, the diodes Dy and Dy, are
reverse biased. Nevertheless, the additional IGBTs and diodes are included to represent
the converter’s behaviour in the blocking state by providing the necessary conduction
path. In detail, taking the upper arm as an example, when the HB-MMC is blocked,
the IGBT Sy is turned off and my; is set to 1 to quench the arm current. In this case, if
the arm current is positive (with the direction shown in Figure 2.7), it will flow through
the anti-parallel diode of Si7, and the arm voltage will be the combined voltages of the
SM capacitors. On the other hand, if the arm current is negative, it will flow through
Dy that bypasses the SM capacitor and consequently, the arm voltage will be zero.
With the additional elements, all states of the HB-MMC can be simulated, including
the blocking state of the converter that is invoked during DC faults.

The model is not capable of reproducing the inter-cell dynamics and therefore,
it is not suitable for detailed power electronic studies (component sizing, switching
characteristics etc.). Nevertheless, the MMC average modelling technique has been
validated and benchmarked against more detailed models (Thevenin equivalent and
switching function model) using EMT-type software [60] and a real-time simulation
platform [61], where it has been demonstrated that it can produce practically identical
response with much greater simulation efficiency over a wide range of studies, including

DC fault transient studies.

2.3 HVDC Grids Layout

VSC-based HVDC grids utilising any of the converter topologies presented in the pre-
vious section can have different layout in terms of system configuration and grounding
options. HVDC grid configuration refers to the way the VSC stations are configured
and interconnected with each other, and has a direct influence on protection require-
ments. Furthermore, the type of grounding system and the number of grounding points
also influence the system’s behaviour during DC faults. Therefore, the remainder of this
section presents in detail the most common HVDC grid configurations and grounding

practices, and their corresponding impact on DC fault behaviour.

2.3.1 HVDC Grid Configurations

The three basic configurations of HVDC grids that incorporate VSCs are the asymmet-
rical monopolar, the symmetrical monopolar and the bipolar configuration. Each one

of these, presents its own advantages and disadvantages. This section aims to describe
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these topologies and the earthing practices that can be applied.

Asymmetrical Monopolar Configuration

The simplest architecture for HVDC networks is the asymmetrical configuration shown
in Figure 2.8, in which a single converter is used at each terminal. One pole requires
a fully insulated high voltage conductor rated at the nominal system voltage and the
other one is grounded, lightly insulated (it only needs to withstand the voltage drop
across the line) but rated for nominal current. Due to the use of a single fully rated DC
conductor, the asymmetrical monopole is the least expensive option. This topology can
either have earth return or metallic return with low insulation requirements. The earth
return is preferable since it significantly reduces the cost by eliminating the need for
installation of an additional cable or line. However, due to considerable environmental
concerns, in most cases a metallic return is also installed to avoid a continuous current
flow through the earth or sea (in case of sub-sea systems) but at the expense of higher
costs and transmission losses [34]. A loss of a converter or a DC line can lead to the

complete disruption of power transfer between the terminals.
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Figure 2.8: Asymmetrical monopolar configuration.

Symmetrical Monopolar Configuration

Symmetrical monopolar configuration (shown in Figure 2.9) is the most widely used
option, especially for point-to-point HVDC transmission links. The two poles of the
system operate at an equal voltage magnitude but with opposite polarity. The steady

state voltage for each conductor is the half of the full converter voltage.
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Figure 2.9: Symmetrical monopolar configuration.
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Pole-to-ground faults expose converters to limited and short duration of over-current
and healthy DC cables to excessive high voltage levels and therefore, both conductors
need to be appropriately insulated. On this basis, this topology is significantly more
expensive than the asymmetrical monopolar configuration. Similar to the previous
topology, the loss of the transmission medium can lead to the disruption of the entire

power transfer across the associated link.

Bipolar Configuration

The bipolar configuration can be considered as two asymmetrical monopoles connected
to each other while sharing the same return (Figure 2.10). Two converters of equal
voltage rating are utilised at each terminal, one is connected between the positive
pole and ground and the other between ground and the negative pole. In normal
operation, there is no current flowing through the return and the poles are operating
at the same voltage level as the converters but with opposite polarity. In analogy
to asymmetrical monopolar configuration, the system can have either earth return
or metallic return, which operates at zero current during balanced and symmetrical
operation. This configuration presents the higher transmission capacity and provides
the highest level of reliability, flexibility and redundancy because of the independent
operation of each pole [62]. In case of pole-to-pole DC faults, the converters and DC
links connected to the faulted pole experience high fault currents. Nevertheless, the
system can retain operation at 50% of the transmission capacity, if the faulted pole
is isolated. On the downside, this configuration involves the highest costs. The use
of bipolar configuration for HVDC grids is considered more practical, especially when
overhead lines are to be adopted, in order to allow for higher pole-to-ground DC voltages
(500 kV or more) and increase power handling capacity beyond that of the symmetrical

monopolar systems.
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Figure 2.10: Bipolar configuration.
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2.3.2 Grounding Practices

The selected grounding scheme for HVDC grids is of critical importance because it
influences to a great degree the system operation and protection requirements. HVDC
grids can be grounded either through low or high impedance. During pole-to-ground
faults, low impedance grounding results in lower voltage disturbances at the healthy
pole but high over-currents, while high impedance grounding results in low over-currents
and high voltages at the healthy pole. Common grounding options include a) direct, b)
resistive, ¢) inductive, and d) capacitive grounding, as wells as e) absence of grounding
[6]. These grounding options can be realised at the converter stations as shown in

Figure 2.11 for the case of asymmetrical or symmetrical monopoles [62].
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Figure 2.11: Grounding options.

Low impedance grounding can be formed through solid or low-resistive grounding.
Inductive and capacitive grounding are frequency dependent. At low frequencies, in-
ductive grounding forms a low impedance path while capacitive grounding forms a high
impedance path. For high frequencies, inductive and capacitive grounding form a high
impedance and a low impedance path, respectively [63].

Asymmetric monopoles typically use solid grounding (low impedance grounding)
in order to mitigate the voltage rise on the metallic return conductor and retain its
voltage near zero. In this way, when a pole-to-ground fault occurs, the voltage at the
healthy pole does not exceed the nominal value but the fault current demonstrates a
steep increase and might reach extreme values. Alternatively, a low-ohmic resistance
or an inductance could be used to ground the system. The inductor does not affect the
steady-state fault current but limits the current rise during the initial stage of the fault.

To avoid earth currents in normal operation, only one converter can be grounded.
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A symmetric monopolar system can be solidly grounded at the mid-point of DC
capacitors at each converter as shown in Figure 2.9. Regardless of the grounding option
used, the system is effectively high impedance grounded [6]. Assuming a pole-to-ground
DC fault on the positive pole, a short circuit path is created through ground, the upper
capacitor and the faulted pole, resulting in short duration high current (associated
with the upper capacitor discharge) and doubling of the DC voltage across the lower
capacitor, which is connected between ground and the healthy pole. In this way, the
pole-to-pole DC voltage remains intact and the healthy pole is exposed to over-voltage
causing a significant risk of insulation failure.

Bipolar HVDC grids can be either high or low impedance grounded. If the system
is required to support monopolar operation in case of a faulted pole, it should be either
directly grounded at all terminals, or if high impedance grounding is employed, a metal-
lic return should be used and grounded at one terminal [62]. With direct grounding,
when a pole-to-ground fault occurs, the postfault voltage of the healthy pole is limited
at the nominal converter voltage. On the contrary, when high impedance grounding is
used, the voltage of the metallic return can increase up to the nominal converter voltage
and consequently, the healthy pole voltage can rise up to two times the rated voltage.
It can be concluded that in terms of protection requirements and grounding perfor-
mance, a bipolar grid can behave either as an asymmetric or a symmetric monopolar

grid depending on whether low or high impedance grounding is employed.

2.4 HVDC Grid Control

HVDC grid control strategies can significantly affect the behaviour of HVDC grids
during transient events such as fault condition and post-fault recovery. Hence, a basic
understanding of such control strategies is required when developing HVDC grid models
for DC fault transient simulation studies. Due to the increased controllability of VSCs
and especially MMCs, there is a growing interest in HVDC grids providing ancillary
services to the AC networks such as power oscillations damping, frequency support etc.
To fulfil these objectives, the HVDC grid is controlled based on a hierarchical structure
[64]. The levels of the hierarchical structure, from the slowest to the fastest control
level, are organised as power dispatch control, secondary control, primary control and
current control [65]. The characteristics and the aims of each level are outlined below.
Power dispatch control: This level focuses on the long-term operation of the HVDC
grid, where the power injections of each terminal are determined based on technical
aspects and economics. Optimal power flow techniques can be employed at this level
to minimise the total system operational losses and costs.

Secondary control: This level acts as a link between tertiary (power dispatch) and
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primary control. It is responsible for accomplishing the power exchanges among termi-
nals based on the power references set by the tertiary control. If necessary, this level
may adjust the power setpoints as corrective actions following contingencies.
Primary control: Primary control refers to the controller that is responsible for
adjusting the DC voltage. Its aim is to regulate the DC voltage within certain limits
based solely on local measurements.
Current control: Current control is the lowest level of the structure and it is respon-
sible for current regulation at each VSC station as described in Subsection 2.2.4.
Power dispatch control level is not considered in this thesis since its associated time-
scales (minutes to hours) exceed those of DC fault management (up to few hundreds
milliseconds). The rest of this section focuses on the primary control level that is
implemented through the individual converter control strategies, and the secondary
control that is based on the coordination of these strategies towards achieving power

sharing among the grid terminals.

2.4.1 Basic Converter Control Strategies

The primary control of the HVDC grid hierarchical control structure can be imple-
mented by the converter control strategies shown in Figure 2.12. The converter control
strategy is part of the outer loop of the current control that is typically employed by
VSC topologies. As a result, converter control strategies operate in a decentralised
manner, since their implementation is made at each individual terminal station and re-
lies only on local voltage and current measurements. The global behaviour of the grid
is dependent on the proper coordination of the controllers implemented at this control

level. The different configurations of these controllers are subsequently explained.
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Figure 2.12: Basic converter control strategies.
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Voltage droop control: Voltage droop control originates from frequency-power droop
control that is used in AC systems. A voltage droop controller commands the converter
to inject power in or out of the DC grid based on a proportional function of the DC
voltage error. Therefore, voltage droop control represents a linear relationship between
power and voltage, as shown in Figure 2.12. As the slope of the relationship increases,
the control becomes less sensitive to voltage variations. The slope is determined by the
droop value, which highly impacts system operation.

Constant power control: This control scheme ensures that the converter maintains a
constant power injection regardless of the DC voltage at the local bus. VSCs operating
in this mode usually correspond to converters integrating power sources, such as wind
power plants. This case can be considered as a limiting case of voltage droop control,
in which its associated droop value approaches infinity [66].

Constant voltage control: In this case, the converter controls the local DC voltage
to a specific operating set-point. Converters operating with constant voltage control
(also referred to as slack buses) are responsible for guaranteeing the grid power balance
by accommodating the injected power flows while maintaining a constant DC voltage.
Constant voltage control can be considered as a limiting case for voltage droop, in
which the droop constant approaches zero [66].

Voltage margin control: This scheme is a combination of constant power and con-
stant voltage control. The converter operates on a constant power basis as long as the
voltage remains within the normal operation range. Outside this range, the converter
switches to constant voltage control by regulating the power accordingly.

Voltage dead-band control: Another approach to DC voltage control is the voltage
dead-band control, which is a combination of voltage droop and constant power control.
Within a specified voltage range, the controller maintains the power constant. If a high
voltage deviation occurs, the controller switches to voltage droop control. This control
scheme allows the converters to make small power adjustments.

Voltage undead-band control: This control scheme is based on different droop
constants that are used in different regions of the voltage-power characteristic. In this
way, the control can distinguish between normal and disturbed operation and react in

a different way in each case by adjusting the droop constant.

2.4.2 Power Sharing Control Schemes for HVDC Grids

Coordination of the individual converter control strategies on a system level is an
important task for ensuring effective power sharing between the grid terminals. Similar
to the frequency in AC systems, DC voltage in HVDC grids provides an indication

of the power imbalance with the main difference being that the DC voltage is not a
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global variable and it is largely influenced by the total DC grid power balance and the
energy flows between terminals. Hence, DC voltages differ from terminal to terminal
and consequently, a strategy is required for power sharing control schemes (through
DC voltage management) in such a way that the desirable power flows are achieved,
and the system operates smoothly.

Traditionally, in point-to-point links, the existing practice entails operation of one
terminal in constant power control, and operation of the other in voltage control [47].
Similarly, in HVDC grids different terminals can employ different control strategies,
and a mixture of the strategies presented in the previous subsection can be utilised to
form either centralised or decentralised power sharing schemes. The main schemes that
have been designed for DC voltage control in HVDC grids are the a) leader-follower

control, b) hierarchical voltage margin control and c) distributed droop control.

Leader-follower Control

In analogy to the common practice followed for point-to-point links, the leader-follower
control concept has been proposed for HVDC grid control. In this scheme, only one
station is responsible for DC voltage regulation, while the rest converters employ con-
stant power controllers. This scheme is also known as centralised voltage control, since
only one converter is responsible for accounting for all grid disturbances. The imple-
mentation of such control is relatively simple and offers a well-defined operating point,
but its reliability is limited because the successful operation of the entire HVDC grid
is dependent on the proper control of the leader-station. In addition, large grid dis-
turbances may lead to the capabilities of the leader converter being exceeded leading
to loss of grid control. As a result, controlling all DC network voltages from a single
terminal is not desirable and hence, a distributed approach to DC grid control or at

least a backup control scheme in case of severe disturbances is required.

Hierarchical Voltage Margin Control

In the hierarchical voltage margin control strategy, the task for controlling the voltage
profile can be shifted among several converter stations. This strategy remains a cen-
tralised approach to DC grid control, but backup control mode is included. The backup
control is provided by another converter station that takes over the task of DC voltage
regulation in cases of outage or failure of the master-converter or in case the master-
converter reaches its capabilities limits (e.g. maximum power limit). If this backup
station malfunctions or reaches its respective limits, an additional converter can offer
further backup control and take over as the new master-station. In a similar manner,

backup control can be provided by all stations of the HVDC grid. The coordination
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between the converters can be achieved either via means of communication or with the
use of distinct operating voltage setpoints for each converter. This hierarchical control
scheme between terminals is utilised in Zhoushan MTDC system [23]. A drawback of
this method is that the shifting of master converter may cause significant oscillations
in the DC voltage [46].

Distributed Droop Control

Distributed droop control is implemented by applying voltage droop control to more
than one terminal of the HVDC grid. The voltage droop-controlled stations share
the responsibility of regulating the DC voltage while the other stations are set to
maintain constant power. The droop value used in droop-controlled station determines
the amount of contribution and the responsibility each converter has on sharing the
power imbalances. The droop-controlled converters can be based on any of the voltage
droop control schemes that were presented in Subsection 2.4.1. Distributed droop
control offers high reliability and has evolved into the most promising HVDC grid
control scheme. Moreover, with this type of control, converters with lower power rating
can effectively manage large power imbalances or variations [65]. In [22], it is mentioned
that control of the Nan’ao multi-terminal system is based on distributed droop control,

in which two converter stations are responsible for manipulating the DC voltage.

2.5 HVDC Circuit Breakers

Secure operation of HVDC grids relies largely on the capability to quickly interrupt DC
fault currents. Similar to AC systems, DC circuit breakers can be used to isolate DC
network faults and at the same time facilitate the continued operation of the healthy
part of the network. For this reason, high-voltage DCCBs are considered one of the key
enabling technologies towards the realisation of HVDC grids. Consequently, significant
research has been performed in an effort to develop efficient fast operating breakers that
can protect DC networks [67-71], while also several manufacturers have invested sub-
stantially in developing commercial products [24,72-74]. In contrast to fault currents
in AC systems, DC fault currents do not experience zero crossings, thus making the
development of additional dedicated mechanisms a necessity towards achieving similar
attributes and performance achieved with AC CBs. Generally, successful interruption
of a DC current from a DCCB requires the following [75, 76]:

a) Production of an artificial current zero crossing for local interruption.

b) Insertion of a counter voltage, which is typically larger than the nominal voltage
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in order to drive the fault current to zero. This can be done either by introducing

a counteracting voltage, or by injecting a reverse current.

c¢) Dissipation of the energy stored in line inductances and DC reactors during the
fault.

d) Establishment of sufficient dielectric strength of the medium between the breaker’s

contacts in order to withstand the transient recovery voltage.

Various concepts of DC breakers that achieve these objectives have been proposed.
All of these topologies involve a main branch or load path, an auxiliary branch or
commutation path and an absorption path. During normal operation, the current
flows through the load path and when a DC fault occurs, the current is diverted to the
commutation path that is responsible for creating the current zero crossing. Finally,
the absorption path is used to dissipate the stored energy. The selection of the suitable
DCCB technology depends on a plethora of characteristics and requirements such as,
the breaker operation speed, DCCB current capacity, cost, losses, size, expected level
of energy absorption etc. The most common HVDC breakers can be classified into: a)
mechanical breakers (passive or active resonance breaker), b) solid-state breakers and
c¢) hybrid breakers.

2.5.1 Mechanical Circuit Breakers

Mechanical resonant DC breakers have been developed based on conventional AC gas
circuit breakers. The commutation path is formed by an additional resonant LC circuit
that is placed in parallel to the main load path. Resonant DCCBs can use active or
passive resonant circuits (Figure 2.13 a) and b) respectively) to force the DC fault
current to zero and allow the breaker to open without the risk of an electric arc. The
additional branch in the passive configuration gives rise to an oscillating current that
is superimposed to the fault current flowing through the main path. The oscillating
current results in a current zero crossing in the load path that can be exploited for
current interruption by the CB.

The active resonant breaker uses a pre-charged capacitor to inject a negative current
into the load path and is generally faster than the passive equivalent one. In both
configurations, Metal Oxide Arresters (MOA) or else, Surge Arresters (SA), are placed
in the absorption path. The current is commutated to the absorption path when the
threshold voltage of the SAs is exceeded (1.2-1.5 Vdc) and subsequently, the CB voltage
rises rapidly. The fault current starts to drop when the voltage across the breaker
is larger than the system voltage. A fast acting switch or residual current device

(RCD) might be included in front of the main hybrid breaker to eliminate the residual
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current flowing through the arrester banks. Recent advancements in mechanical DCCBs
have led to implementations with an opening time of 7-10 ms and an interrupting
capability of 16 kA [77,78]. Furthermore, 160 kV active injection mechanical DCCBs
have been installed in Nan’ao multiterminal HVDC system, which achieve fault current

interruption in less than 5 ms with interrupting capability of 9.2 kA [79].
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Figure 2.13: a) Passive and b) Active Mechanical DC breakers.

2.5.2 Solid-state Circuit Breakers

The relatively high interruption time of mechanical DCCBs can be significantly reduced
if solid state DCCBs are utilised. A typical solid-state DCCB is shown in Figure 2.14
which is based on quick power semiconductor devices such as IGBTs or Gate Turn-Off
thyristors (GTOs). This breaker technology relies on the placement of power electronic
switches in the main breaker unit which is also part of the main conduction path, hence
resulting in high costs and constant on-state losses [75]. The power electronic devices
can switch off rapidly and upon their deactivation the fault current is commutated first
to the parallel snubber circuits, which are responsible for equal voltage sharing between
the IGBTs/GTOs during current breaking. Finally, similar to the mechanical breakers,

the current is commutated to the SAs in the absorption path to be extinguished.
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Figure 2.14: Solid-state DC breaker.
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Due to their increased losses, solid-state DC breakers have not been used in HVDC
applications even though the decrease in fault current interruption time is substantial,
i.e. less than 1 ms [75]. Potential future developments in solid state device technology
such as, reduction of on-state device forward voltage, may lead to their integration in
HVDC grids.

2.5.3 Hybrid Circuit Breakers

Towards the aim of reducing the on-state losses of solid-state breakers, certain proposals
were made to use fast-acting mechanical switches in the main branch, thus creating a
hybrid topology. A typical hybrid DC breaker (Figure 2.15) consists of the load path,
the commutation path and the absorption path, with the latter two forming the main

current interruption unit [80].

Load path

I 7 T T |

L UFD % =LCS™= |

CLI o _____ManBreaker 1

— YY"\ __— : I_KI_IU N 4 : °

RCD Jd-—____ | __ |- ____"__ 5

[0 [ Al

s Cs& 1+

| |

__________ Absorptionpath

Figure 2.15: Typical hybrid HVDC breaker.

The main load path through which the DC current flows under steady state con-
dition consists of a mechanical Ultra-Fast Disconnector (UFD) in series with a low
voltage semiconductor switch referred to as Load Commutation Switch (LCS). The
main breaker unit or auxiliary branch is designed to carry the fault current for a lim-
ited period, and it consists of several power electronic switches. When the fault is
detected, the low voltage switch in the main load path is turned off while the power
electronics components of the main breaker are switched on and consequently the fault
current is commutated to the main breaker path, allowing the mechanical disconnector
to open at almost zero current. Nevertheless, the breaker needs to dissipate the induc-
tive energy that drives the fault current and hence, the absorption branch is employed
to provide a back-emf of greater magnitude than the rated system voltage that drives
quickly the DC current to zero using SA banks [80]. As in most DCCBs, a current lim-
iting inductor (CLI) is placed in series with the hybrid breaker to limit the magnitude

of the fault currents.
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This breaker configuration combines the low steady-state losses of mechanical DC-
CBs with the short current interruption times of solid-state breakers. Nevertheless,
the hybrid DCCB topology cannot interrupt the fault current as fast as the solid-state
breaker, since after commutation of the fault current to the main breaker unit, the
DCCB cannot interrupt the fault current until the UFD has established sufficient di-
electric strength to withstand the transient recovery voltage. Recent developments in
HVDC breakers have led to interruption times of 2-3 ms and current breaking capabili-
ties of 15-25 kA [72,74]. Finally, a 500 kV hybrid DCCB prototype has been developed
and installed in Zhangbei HVDC grid in China that demonstrates a breaker operation
speed of 2.6 ms and 26 kA maximum breaking capacity [24].

2.5.4 DC Circuit Breaker Modelling

For DC fault studies in HVDC grids, if monitoring of the internal DCCB components
is not a requirement, a simplified DCCB model can be used. The basic functionality
of a DC circuit breaker is to introduce a counter-voltage that drives the fault current
to zero and to dissipate the energy that is stored in the DC system during DC faults.
In addition, each DCCB technology has its own breaker operation speed.

A simplified DCCB model that achieves the above functionalities is shown in Figure
2.16 [81]. This model comprises of a switch in parallel with a surge arrester that
is responsible for providing the counter-voltage and absorbing the energy in the DC
grid. The switch is simulated to open after a certain time delay has elapsed from the
generation of a trip command, which can be issued either by a protection relay or by
the breaker itself (e.g. self-protection in case of over-current). The time delay can be
flexibly adjusted to mimic the operation of hybrid DCCBs (2-3 ms), mechanical DCCBs
(7-10ms) or any other DCCB technology. It is worth noting that most EMT-type
software, like PSCAD/EMTDC, offer the capability to model several other parameters
related to circuit breakers, such as the on-state losses, maximum current breaking

capacity, residual current for current interruption etc.
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Figure 2.16: Simplified model for HV DCCBs.
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2.6 Transmission Line Models

DC overhead lines and cables can both be used for HVDC power transmission, however,
due to the fact that HVDC technology is widely used for the integration of offshore
wind energy, DC cables have been installed in the vast majority of existing VSC-based
HVDC systems. The most notable exceptions are the Zhangbei HVDC grid [24] and
the ULTRANET project [82], which incorporate overhead lines.

The two main types that are commonly used for HVDC cable transmission are
the mass-impregnated and the extruded cables [6]. The latter are typically polymeric
cables with cross-linked polyethylene (XLPE) as the main insulating material. XPLE
cables are particularly well-suited for VSC-HVDC transmission, in which power can
be transferred bidirectionally without changing the voltage polarity, while in addition
they offer several advantages such as, simpler construction, lower cost and higher power

rating per mass when compared to mass-impregnated cables [83].
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Figure 2.17: Transmission line models.

Accurate representation of the transmission lines is of paramount importance for
the conduction of transient simulation analysis. Depending on the power system study
and the required degree of accuracy, several transmission line models can be employed
for conducting such studies. The available models are summarised in Figure 2.17. The
simplest transmission line representation is the R-L. model, in which the capacitance
is neglected or considered to be of minimal significance with respect to the nature
of the simulation study. Lumped resistance and inductance are placed in series to

simulate the total impedance of the line. This model is appropriate mainly for load
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flow studies, while it has also been widely used for transient studies in LVDC systems
where the cable capacitance is negligible, and the length of the feeder is limited to a
few kilometres. Alternatively, a II model can be used in which the capacitance of the
transmission medium is also taken into account and is split into two equal components
lumped at both ends of the medium. Il-sections provide a simplified means of repre-
senting transmission systems for steady-state studies. This model can be suitable for

the investigation of interactions between a power system and control systems [84].

2.6.1 Distributed Parameter Models

For HVDC systems, especially those that include undersea cables, the capacitance plays
a pivotal role in the transmission medium behaviour especially under fault conditions
and therefore, models that incorporate such elements are required. Moreover, for the
investigation of transient phenomena in HVDC systems, such as DC faults, transmission
line models that operate on the travelling wave principles are desirable. Travelling waves
that are generated at the point a disturbance occurs, propagate in both directions of
the medium (e.g. assuming a DC fault at some point across a DC cable) with a finite
propagation velocity that depends on the medium geometry. Hence, not all points of
the transmission system experience the effect of the disturbance at the same time. This
is the reason why distributed parameter representation is generally preferred against
circuits with lumped components due to the increased lengths associated with HVDC
transmission lines and cables.

One such model can be developed by cascading several II sections in series to sim-
ulate the distributed behaviour of the medium. This type of model is only appropriate
for very short line segments, where travelling wave-based models cannot be used due
to time step constraints.

Another distributed parameter model is the Bergeron model (Figure 2.18), which
can be considered as equivalent to the cascaded II sections model with infinite sections
with the exception that the line losses are approximated by lumped resistances. In
particular, the ‘lossless’ distributed parameter line is split into two segments, both of
which are terminated by a R/4 resistance at each end. The Bergeron model is generally
preferred against the IT model for the representation of transmission systems with over
15 km in length [84]. However, in its basic configuration, the Bergeron model can
represent transmission system parameters at a single frequency and therefore, it is
only appropriate for studies where frequencies other than the fundamental are of little
concern. Models that assume constant parameters (single frequency) cannot adequately
simulate the response of a transmission line over the wide range of frequencies that are

present in the signals during transient conditions (including DC faults).
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Figure 2.18: Bergeron model.

2.6.2 Frequency Dependent Models

One of the most important aspects that needs to be taken into account in the modelling
of DC cables and overhead lines is the frequency behaviour of the system parameters.
The resistive and inductive components of the medium are heavily dependent on fre-
quency and have different values depending on system conditions (steady state, fault
conditions etc.). Frequency dependent models are thus required to adequately simu-
late the response of a transmission medium over a wide frequency range. This can be
achieved by solving the equivalent system equations at various frequency points.

Frequency dependent transmission line models can be further divided into Modal
Domain and Phase Domain frequency dependent models. The former utilises a con-
stant frequency-independent modal transformation matrix to decouple multi-conductor
systems into separate modes through modal decomposition techniques [85,86]. In this
way, each mode can be treated as a single conductor. This model provides accurate
results for geometrically balanced transmission systems but is deemed unreliable for
systems with unbalanced line geometry. Moreover, in cable systems, the frequency
dependency of the modal transformation matrices cannot be neglected.

The drawbacks of the modal domain model are addressed by the phase domain
frequency dependent model. Despite the increased computational burden, distributed
parameter frequency dependent phase model can be used to model any type of trans-
mission medium with satisfactory accuracy [87,88]. The phase domain model operates
on the basic principle that the frequency dependence of the medium can be sufficiently
described by two matrix transfer functions: i) the propagation function H and ii) the
characteristic admittance Y.. The frequency dependency of functions H and Y, can
be approximated by calculating their values at various points in the phase domain to
derive a set of frequency domain response points. The sets are in turn approximated
by low-order rational functions using weighted vector fitting techniques. The frequency
domain model can then be used to create a time domain model with high accuracy.

Owing to the high fidelity offered by the phase domain frequency dependent model
in representing any line or cable geometry, this approach is selected for modelling
the DC transmission mediums for the purposes of the transient simulation analyses

conducted in this thesis. In addition, the mathematical formulation of this model is
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utilised for the design of the HVDC protection and fault location solutions presented in
later chapters. Therefore, the process for deriving the functions H and Y, is described

in detail in the following subsection.

2.6.3 Mathematical Formulation

Any transmission medium can be described as a multi-conductor system with n con-
ductors of length [, as shown in Figure 2.19, which also illustrates the voltages at both

ends of the lines.
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Figure 2.19: Multi-conductor transmission system.

To facilitate the analysis in this section, a small dx section of a single conductor at
an arbitrary location z¢ is used (shown in Figure 2.20) in which Rdz, Ldz, Cdz and
Gdx represent the per-unit length resistance, inductance, capacitance and admittance

of the conductor.
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Figure 2.20: Transmission line section.
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Assuming U as the voltage across the section dx, and I as the current flowing

through section dx, the line equations in the frequency domain can be expressed as [89]:

du
= (Rt jwD) = ~ZI (2.6)
% — (G jwC) = —Y,I (2.7)

where Y is the per-unit-length shunt admittance matrix and Z; is the per-unit length
series impedance, which are dependent on the line or cable geometry. These are nxn
matrices in which the diagonal elements correspond to each conductor and the off-
diagonal elements represent the coupling between different conductors. Moreover, U
and I are column vectors with a dimension of nx1 that represent the voltage and
current at each conductor at the arbitrary location z, respectively. Combining the

above equations, the voltage and current propagation equations can be obtained:

d*U
a (ZsYs)U (2.8)
d*1
e (YsZs)I (2.9)

The solution of equations (2.8) and (2.9) lead to:

Vpy=e "IT + et~ (2.10)

Iy =e VT ey (2.11)

where IT and VT are the forward current and voltage travelling waves, I~ and V ~are
the backward current and voltage travelling waves, and v = \/Z,Y; is the propagation
constant that represents the attenuation travelling waves experience while travelling
through the transmission system. The relation between voltage and current waves is

given by:

Vo= Z(e [T — eI = Y, e T — e™7]7) (2.12)

in which Y, is the characteristic admittance, Z. is the characteristic impedance, and H

is the propagation function, which are calculated based on Zs and Y; as [90]:
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Z. = é (2.13)
H B_VYQZSZ

Transients Line Model

For the analysis of electromagnetic transients in transmission lines in time domain sim-
ulations, the equivalent circuit of Figure 2.21 can be used, in which a single conductor
is considered [85,91]. Assuming that the travelling time of the waves is greater than
the simulation time step A7, the model makes use of the decoupling effect between the

sending and the receiving end of the transmission line.

T oo |-

Figure 2.21: Frequency domain transients line model.
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Based on the travelling wave principles, the forward waves (waves that have the

same direction as currents [ and I,,) at each line end can be expressed as:

F =V, + Z Iy (2.14)

Fr = Vi + Zelm (2.15)

The voltage sources B, and Bj can be related to the forward travelling waves as

follows:

B = H(Vip + ZoIn) (2.16)

By = H(Vy + Z.Iy) (2.17)

The above equations can be interpreted as follows: taking as an example equation
(2.16), the source By, transmits a current and voltage at node k (given by equation

(2.17)), onto node m but influenced by the propagation function H.
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In the frequency domain, the voltage/current relationship at both ends of the line

are related to each other through the following formulas:

Iy =Y Vi — HY: Vi + L) (2.18)

I =Y.V — HY. Vi + 1) (2.19)

The meaning of these equations is that the waves which enter the transmission line
at one of its ends, appear at the other end influenced by the propagation function H.
Generally, the propagation function consists of both real and imaginary parts, which
describe the attenuation and the delay travelling waves experience while propagating
across the transmission medium. Migration of these equations to the time domain

yields:

I = Ye * Vg — h % Uy, (2.20)

I = Ye % Um — h * ug (2.21)

where the symbol (%) denotes the mathematical operation of convolution. In theory,
numeric convolution using the time-domain counterparts of the characteristic admit-
tance and the propagation functions is feasible, but the solution is computationally
inefficient and time consuming. The modelling of the transmission line becomes more
efficient and easier when the solution is modulated in the phase domain. The propaga-
tion function H is first fitted in the modal domain and followingly, the results are used
for fitting in the phase domain. On the other hand, the elements of the characteristic
admittance Y, are a smooth function of frequency and can be directly fitted in the
phase domain [87]. The approximation of the two functions with low order rational
functions in the phase domain facilitates the migration to the time domain through

means of recursive implementation of convolutions [92].

Vector Fitting

The method that is used for the low-order rational fitting is called vector fitting [92,93].

The objective of this technique is to obtain a function of the form:

N
f@):d+sh+§:SfZ (2.22)
n=1 n
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in which p,, are the poles and ¢, are the residues of the function, while d and h are
constant numbers. This non-linear problem can be solved in a least square sense.
Assuming an initial reasonable set of poles p,, an auxiliary underdetermined function

o(s) is assumed and expressed as [84,89]:

N C
s):ZS_N
n=1

Moreover, the function F'(s), which serves as an approximation to f(s) is given by:

(2.23)

F(s)=o(s)- f(s )—d+sh+z

S_pn

N N ~
— <d+sh+z pn> = (Z&fﬂ) - f(s)

n=1

(2.24)

or equivalently:

N N ~

d+ sh+ Z =S f(s) = £(s) (2.25)

5—Pn ) S —Pn
Selecting M frequency points over the frequency spectrum of interest (typically

from DC to 1 MHz), M equations of the form given in (2.24) can be written in the
form of A-x = B. For the k'™ element (s, = jw;, with K < M), A, = and B matrices
are defined as:

P B S S 1) R A1)

Sk—DP1 Sk —DPn Sk—p1 Sk —DPn
r = [017627"'7cn7d7 h’u 017627"'7071] (226)
By = f(sk)

where B is a vector with M elements which correspond to the response of the prop-

agation function in the phase domain at the corresponding frequency points. M also
corresponds to the number of rows of matrices A and B, which are Mx(2N+2) matri-
ces. Provided that the number of frequency points is higher than 2N+2, then we have
an overdetermined system with more equations than unknowns. Therefore, this system
can be solved as a least squares problem.

Moreover, equation (2.24) can also be written as:

(@) pit(s) = oit(s) - f(s) (2.27)

Solving in terms of f(s) we get:
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F(s) = (O'f)‘fit(s)
7sie(s) (2.28)
— sy = Dama(s—cn) |
HnNzl(S —cn)

Hence, the poles of f(s) are the zeroes of o(s) and the initial estimates of poles
cancel out. Therefore, the poles of f(s) are determined more efficiently by instead
solving the zeros of o(s). The same procedure can be used to solve for the residues ¢,

of f(s). If a zero of o(s) has a positive real part, it is reversed to a negative value [84].

Propagation Function Fitting

For a multi-conductor system, the propagation function matrix contains several propa-
gation modes that are characterised by different modal propagation delays. Therefore,
the frequency dependent phase domain model uses a multiple-delay approach. In doing
so, the decoupled modes of the propagation function are obtained in order to derive
the corresponding modal delays. Then, a solution is obtained in the modal domain
and the results are used for fitting the propagation function in the phase domain. This

procedure can be performed analytically in the following three steps [88,94].

Step 1

The modes of the propagation function H(s) = e=VY3Zsl are calculated with the use
of a frequency dependent transformation matrix 7" that is derived using the Newton-
Raphson approach as described in [95]. Then, the time delays for each mode are
extracted. Modes with very similar time delays are replaced by a single mode that
represents the average of the grouped time delays to effectively reduce the total number
of modes and increase the speed of the curve fitting technique for H(s).

The new time delays of the grouped modes are then used to 'back-wind’ each re-

spective delay group. The back-wound modal propagation function is then fitted as
follows [84,96]:

N
TH =Y (2.29)

S — DPn

n=1

where 7 is the calculated modal delay and H" is the propagation function in the modal
domain.

Alternatively, a real constant modal transformation matrix evaluated at a high

frequency (e.g. 1 MHz) can be used without significantly impacting the accuracy of

the method [94]. In particular, based on the per unit series impedance and shunt
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admittance of the cable, the following nearly diagonal matrix is calculated:

A=TY,Z,T, (2.30)

in which T, is an approximation of the modal transformation matrix.

Step 2

Next, the off-diagonal elements of matrix A, are discarded to obtain matrix A. For
each diagonal element of this matrix, a delay time is extracted and used for the fitting

in the modal domain of the corresponding diagonal element ¢ in H!™(s) = e*ﬂl.

Step 3

The calculated poles from step 2 are used as starting poles for fitting H(s) in the phase
domain, while the calculated residues are discarded. In this case H(s) is expressed in

a similar manner as equation (2.22). The final propagation function is given by:

H(s) = i (g: o )e_STm (2.31)

S J—
m=1 “n=1 Pn

where ¢, is the number of group delays, N is the order of the transfer function and
Tm is the modal time delay of group m. The residues ¢, of the propagation function
are calculated for each group delay by solving the least squares problem as explained

in the previous section.

Characteristic Admittance Fitting

The elements of the characteristic admittance matrix Y, are generally smooth functions
of frequency and therefore, the application of vector fitting directly in the phase domain
is possible by approximating each element by M™ order rational functions [87]. In
particular, all matrix elements share the same set of poles but different residues. This

can be mathematically expressed for each element (,7) of the matrix as:
n(i,
Youp(s) =day+ Y - _; (2.32)
n=1 "

2.7 DC Voltage and Current Measurement

Reliability and accuracy of DC voltage and current measurement are significant re-
quirements for HVDC control and protection purposes. Therefore, voltage and current

sensors are essential in modern HVDC switchgear and their primary aim is to provide
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to protection relays low amplitude signals, which should be accurate representations
of the original measurements. Figure 2.22 illustrates the schematic block diagram of a
typical measuring instrument. The high voltage setup comprises of a primary sensor
and its associated primary converter, which sends the current or voltage measurements
by means of a transmitting system to the secondary converter. The sampled values are
converted by the secondary transformer into either low energy analogue, high-energy
analogue or digital signal for further processing within the protective relays [97, 98].
For digital interfaces, the output of the measuring instrument is sent to a merging unit
that is responsible for reformatting the signals in a form that can be used by the protec-
tion relays. The rest of this section describes the main voltage and current measuring

instruments that are typically employed in HVDC applications.

,] Primary Primary »| Transmitting | _} Secondary [ __, Output

sensor converter system converter signal
Primary
Voltage/current :
Primary Secondary
power power
supply supply

Figure 2.22: Schematic block diagram of measuring instruments [99].

2.7.1 Voltage Measuring Technologies
Resistive-Capacitive Voltage Divider

In VSC-based HVDC systems, measurement of voltage is usually obtained using a
resistive-capacitive voltage divider [6], as shown in Figure 2.23. The resistors connected
in parallel to the capacitors are designed to guarantee an extremely low resistance
variation through time, electrical stress and temperature [100]. Single- or double-
shielded coaxial cables are used to transmit pulses from one end to another, preserving
the information in the signal. To prevent any possible reflection phenomena (occurring
mainly during fast transients), the coaxial cable is usually terminated with an external
burden impedance. Resistive-capacitive voltage dividers output an accurate voltage
representation over a wide frequency band (typically from DC up to 500 kHz) [100,101].

Considering the design depicted in Figure 2.23, the voltage V5 obtained at the low-
voltage side of the RC divider can be given by:

Va Ry 1
Vie R+ RiFHREC: — ¢ 4 ¢, It1/RainCs 2
c 2 1 1+ R1jwCh 1+ QW

Expression in (2.33) is valid considering that the following design criterion is met:
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Figure 2.23: Resistive-capacitive voltage divider.

R1-Cy=Ry-Cy (2.34)

The features of RC dividers which make them a very compelling option for mea-

surement of voltage are listed below [100,101]:

e Excellent transient characteristics

e Conform to microprocessor-based secondary technology
e Ferroresonance-free (for saturable cores)

e Short-circuit proof design

e Disconnection during commissioning tests on site not necessary, e.g. in case of
DC-tests (cable tests)

e Significant size and weight reduction

Optical Voltage Sensors

An optical electric sensing technology which is suited for high voltage measurements
in DC applications based on Pockels effects is presented in [98,102-105]. Such optical
voltage sensors are used in applications where a wide frequency range is required and
overcome some shortcomings of the conventional voltage sensors while using simpler
structure and presenting better accuracy. Specifically, an optical sensing system based
on the combination of the longitudinal Pockels effect and the optical technology is
reported in [102]. The sensing scheme is used for measuring high-voltage levels up to
400 kV in a wide frequency range between DC to 30 MHz. In addition, [103] presents

an improved optical HVDC measuring system using a Pockels crystal in a longitudinal
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modulation arrangement and two-wavelength laser systems in order to expand the
measurable voltage. The developed system is used for directly measuring high voltages
up to 450 kV in the DC to GHz frequency range.

However, the use of the aforementioned sensing technology for DC voltage measure-
ments includes some uncertainties which are influenced by many factors such as the
light source, the current-to-voltage converter and the unwanted cross electric field [102].

Furthermore, some technical challenges which have to be addressed include:

e The moving electric charges in the crystal causes drift of the output intensity of

the light sources

e The modulated signal of the DC voltage is difficult to be distinguished from the
light intensity

2.7.2 Current Measuring Technologies

The main current measuring technologies that are currently available and appropriate
for HVDC applications are depicted in Figure 2.24. This subsection describes in detail
the various current sensing techniques while special emphasis is paid on their suitability

with respect to the current measurement range, accuracy and bandwidth.

Current Measuring Technologies

Ohm’s Law ’ Magnetic Field Sensors ‘ Optical Current Sensors ‘

—{ Shunt Resistor —{ Hall-Effect Sensors ‘ —ﬁ Magnetic Force Sensors ‘
— Fluxgate (DCCT) Faraday Effect
—> Magnetoresistors

N

e Rogowski’s coil
e Shunt Resistor

Figure 2.24: Classification of current measuring technologies.

Ohms Law - Shunt Resistor

The well-known Ohm’s law states that the current that flows through a resistor is anal-
ogous to the voltage drop across this resistor. A simple means of current measurement
is the use of a shunt resistor with low ohmic value that is directly connected into the

main current conduction path. The voltage that is measured at the pins of the resistor
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represents a proportional measure of the current that flows in the circuit. Because
of the direct integration into the main circuit, shunt resistor can generate substantial
power losses and reduced efficiency, especially in high current applications (losses are
proportional to the square of the measured current).

This sensing technology is relatively simple, reliable and is applicable for both AC
and DC technologies with a measurement bandwidth up to several MHz [106]. A num-
ber of factors can affect accuracy performance, such as temperature effects, mechanical
forces and thermoelectric voltages. From the several available implementations, the
squirrel cage shunt that consists of parallel manganese and copper bars is suitable for
high current applications due to its low thermoelectric voltage and temperature coeffi-
cient [107]. Moreover, the impedance of the shunt can increase as frequency increases
due to the proximity and skin effect. [108,109]. The frequency dependent characteristic
of the shunt can be mitigated by suitable selection of the radius of the conductors and
the distance between the conductors [110]. However, the lack of galvanic isolation is

the main disadvantage of shunt resistors.

Magnetic Field Sensors

Conventional AC current sensors based on Faraday’s law of induction, such as current
transformer (CT) and Rogowski coil, are not capable of sensing static magnetic fields.
On the contrary, magnetic field sensors can recognise and respond to static magnetic
fields. Moreover, CT and Rogowski coil perform remarkably well in the high frequency
regions, while magnetic field sensors perform better for lower frequencies. Therefore,
it makes sense to combine conventional current sensors with magnetic field sensors in
order to build a sensor with an extended bandwidth from DC to several MHz. The
effect of this is illustrated in Figure 2.25.

3

Gain Current transformer

[db] mode

v

ld'-lz MI"IZ f

Figure 2.25: Typical illustration of bandwidth for closed-loop and CT mode.

There are three main categories of magnetic field sensors: a) hall-effect sensors, b)
sensors based on the fluxgate principle and c¢) magnetoresistors. All three of them can

be used in an open loop or in a closed loop sensing configuration. In the open loop
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technology, the field sensor can be placed in the vicinity of the main current carrying
conductor or alternatively, a magnetic core is used to concentrate the magnetic field
generated from the enclosed conductor onto the magnetic field sensor that is situated
in the airgap of the core material. The former is susceptible to the skin effect and
external magnetic fields, while in the latter configuration the sensitivity is substantially
improved due to the high magnetic permeability of the core material, and the skin effect
is eliminated. Additional limiting factors for both topologies are the relatively low
bandwidth of the sensors and the significant thermal drift of the sensing element [111].
Nevertheless, the open loop configuration provides a simple and cost-effective solution.

In the closed loop configuration, the output voltage of the magnetic field sensor is
used as a feedback control signal to drive a compensating current in a secondary winding
that is wound in the magnetic core to counter the magnetic flux that is generated by
the primary current. This results in a zero-flux transducer. With the use of a secondary
winding, the transducer operates as a current transformer in the high frequency region,
resulting in extended bandwidth [112]. The closed loop sensing configuration reduces
significantly or eliminates the thermal drift and dramatically improves the performance
of the sensor [113]. Complexity and extra cost are the limitations of this technology.
Hall-effect sensor is the most widely used magnetic field sensor. It is based on the
hall effect that is illustrated in Figure 2.26.

= 4

Figure 2.26: Illustration of Hall effect through a conductive material.

The effect describes that when a current flows through a conductive material in the
presence of a magnetic flux density that cuts through the surface of the conductor, then
a voltage is induced that is perpendicular to both the magnetic field and the current.
The effect can be described mathematically as:

_IB

V= (2.35)

nqd

where ¢ is the charge of each electron, n is the charge carrier density, and d is the
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thickness of the conductive material. Although the hall effect is very small in metallic
conductors, the effect is enhanced when semi-conductors are used [114].

Hall-effect sensors can be used in both open-loop and close-loop configuration.
Closed loop transducers, also called Hall effect compensated, or zero flux transformers
are commonly used for the measurement of DC current in HVDC applications [6,101].
A typical structure of the transformer can be seen in Figure 2.27 [115], which consists
of a magnetic core, a Hall sensor, an operational amplifier (OP) and a compensating

winding.

Figure 2.27: Zero flux DC current transformer.

When primary current Iz, flows through the magnetic core, it generates a magnetic
field B that induces a voltage Vi at the sensor output, which is almost proportional
to the magnetic field, which in turn is proportional to the current to be measured. The
primary current I4. is compensated with current I, fed to the compensating winding
which results in zero flux (B = 0) in the magnetic core. If now the primary current
contains a DC component, the current proportional to this is fed to the positive input of
the OP. The resulting compensation current [ is a true-to-scale, galvanically-separated
copy of the primary current [116]. Depending on the type of construction of the DC
transformers, bandwidths of up to 500 kHz at currents of maximum 5 kA, and up
to 10 kHz at currents of maximum 25 kA can be attained [113,117]. An alternative
configuration based on the combination of hall-effect sensor with a Rogowski coil that
achieves a bandwidth of 75 MHz has been reported in [118].

Fluxgate sensors refer to the sensor family that employs the fluxgate working princi-
ple, which is essentially based on the detection of the inductance change in the sensing
element [113]. In its simplest form, a fluxgate transducer can be built in a similar
manner with a hall-effect based current transducer (Figure 2.28), where the hall-effect
sensor is replaced with a fluxgate element. The sensing element comprises a coil that
is wound around a thin magnetic core. The underlying principle of this sensor depends

on the detection of a change in the inductance of the coil.
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Figure 2.28: Closed-loop fluxgate transducer.

The non-linear relationship between the magnetic flux density B and the field H for
a magnetic material is utilised by the fluxgate technology. The value of the inductance
of the sensing element is dependent on the magnetic permeability of the core. When
the flux density is high the inductance increases, while when the flux density is low the
inductance decreases.

The fluxgate element is designed in such a way that its saturation level varies with
respect to the applied external field Be,:, produced by the primary current Ip, which
provokes a change in the magnetic permeability of the core and hence, the inductance.
Moreover, a current that is injected into the coil of the fluxgate element produces
an additional magnetic field Hy that also affects the inductance of the element. The
frequency of the injected current can be increased to improve the accuracy of the
sensor [111]. The two magnetic fields may add or counter each other. Thus, the
fluxgate transducer is developed in a way that near zero total flux corresponds to low
inductance, and high flux leads to core saturation and high inductance.

Various fluxgate transducers have been designed that use either open loop or closed
loop configuration [119,120]. In the closed loop configuration, the variation of the
inductance of the fluxgate element is measured and processed by adequately designed
electronics to manipulate the injected current with the aim to operate the core under
zero flux condition [121]. Subsequently, the measured current can be simply calculated
based on the turns ratio. Figure 2.28 presents a closed-loop fluxgate transducer that
has been manufactured by LEM [113]. In this configuration three magnetic cores are
used with separate secondary windings, a common primary winding (current carrying
conductor) and a common compensation winding.

The closed-loop configuration is achieved with the injection of current I. that flows
in compensation windings. The transducer operates as a fluxgate sensor for low frequen-
cies with Wgs and Wgy serving as the fluxgate elements, and as a current transformer in
the high frequency region (Wg; and Wgo). The transducer achieves very high accuracy
and extended bandwidth from DC to 100 kHz.
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Magnetoresistors (MR) make use of the magneto-resistance effect, which describes
the tendency of some materials, to vary the value of their resistance under the influence
of an external field. MR sensors are developed based on metal alloys and present
better sensitivity, measurement accuracy and higher bandwidth as opposed to hall-
effect based sensors [122]. This effect has been successfully used for the construction of
read heads in magnetic recording but in the recent past, they have been examined for
DC current measurement applications [114,123-125]. Based on the magneto-resistance
effect, several kinds of magnetic field sensors have been designed and three of the most

appropriate ones for DC current measurement are subsequently described.

e Anisotropic Magneto-Resistance (AMR) Sensors: Within the family of MR sen-
sors, AMR, sensors is the most mature technology. The term anisotropic derives
from the sensor’s dependence on the angle between magnetisation direction and
the measured electrical current. The angle between these two affects the resis-
tance of the ferromagnetic material and depends on the magnitude of the field.
The resistance is at its maximum when the primary current flows in parallel with
the magnetisation and at its minimum when the current is perpendicular to the
magnetisation. AMR sensors are usually used in a Wheatstone bridge configu-
ration and demonstrate a high frequency response up to 1 MHz, that is usually
limited by the integrated necessary amplification stages to several hundreds of
kHz [111,126].

e Giant Magneto-Resistance (GMR) Sensors: GMR is another method that can
also detect static magnetic fields. GMR effect is manifested in structures which
consist of thin magnetic layers that are separated by thin non-magnetic layers.
Similar to the AMR effect, under the influence of an external magnetic field, the
structure’s resistance reduces significantly. GMR sensors can also be utilised in
a Wheatstone bridge configuration and they are more sensitive than the AMR
sensors [127]. The drawbacks of GMR technology include the relatively higher
cost and lower bandwidth compared to AMR technology [128].

e Tunneling Magneto-Resistance (TMR) sensors: TMR sensors is another promis-
ing sensor technology that exhibits significantly higher sensitivity than current
GMR and AMR sensors. A TMR sensor includes insulating layers rather than
metallic layers that are employed by GMR sensors [128]. The sensor technology
is at its early stages of development with limited applications. For high current
applications, a prototype that is based on the combination of a TMR sensor with

a Rogowski coil, has been proposed in [129].
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Optical Current Sensors

Optical current sensors for high voltage applications have received increased interest in
the last decades, mainly because of their small size and weight, low power consumption
and their capability to measure both AC and DC currents. Optical sensors use optical
fibre as the sensing element and hence, they provide inherent isolation and immunity
against electromagnetic interference, features that are of vital importance in high volt-
age applications. [130]. Current sensors based on optical sensing commonly rely on
the Faraday effect (or magneto-optic effect) or the magnetorestrictive effect (magnetic
force sensors).

Faraday effect describes that when light passes through a transparent medium under
the effect of a magnetic field, its travelling speed changes slightly causing a change in
the state of light’s polarisation. As such, light waves accumulate an optical phase
difference in proportion to the field’s strength. This optical phase difference 8 can be
expressed by:

5:v/ﬁ-dfs (2.36)

where V' is the Verdet constant that is dependent on the medium that is used for light
transmission. The detection of a change in the state of polarisation of light can be
realised via the polarimetric and the interferometric detection schemes.

Polarimetric detection scheme: A typical scheme based on Faraday effect is the
fibre polarimeter, depicted in Figure 2.29. A laser with a polariser generates a linearly
polarised light wave that is fed into IN turns of a fibre coil that encloses the main

current carrying conductor and acts as the sensing material [130].

Fibre sensor

Current-related

A NNNNNN angle change
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\ 4
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detector

Figure 2.29: Optical fibre current sensor as per the Faraday effect.

The use of the fibre coil has the desirable effect of immunity to all other external

magnetic fields apart from the magnetic field caused by the current inside the coil. The
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magnetic field H, is the result of current I;. flowing in parallel with the fibre sensor.
As per the Faraday effect, field H causes a rotation of the polarisation plane by an

angle §, that is expressed as:

f=VNI (2.37)

Angle (3 represents a measure of the magnetic field inside the Faraday medium
(fibre). The combination of the analyser and the photo-detector converts and modulates
the polarised light into an electrical signal, which in turns corresponds to the current
to be measured. With respect to the light intensity Iy of the source, the output light

intensity is given by:

I;= %(1 + sin2p3) (2.38)

Polarimetric devices experience severe linear birefringence effect that can distort the
rotation of polarisation, thus reducing the accuracy and sensitivity of the sensor [130].
Interferometric detection schemes were developed to overcome this issue.
Interferometric detection scheme: In interferometric detection schemes, the linear
polarisation of light is analysed into two orthogonal circular polarised light waves; a
left-hand circular-polarised light wave and a right-hand circular-polarised light wave.
When the light waves pass through the fibre coil, the magnetic field that is created by
the current to be measured slows the one component and accelerates the other as a
result of the Faraday effect. The shift between the two circular polarised light waves
can be used as the detection signal.

A typical example of interferometric arrangement that exploits this effect is the
Sagnac interferometer [131]. In this interferometer, the light from the source is ini-
tially polarised linearly and is split into two equal light beams with opposite circular
polarisation with the use of quarter wave retarders. The two-counter propagating light
waves enter the fibre coil (Sagnac loop). After the two waves cross the Sagnac loop
with different velocities, they are converted back to linear light waves that now have a

phase shift that is given by

¢s=VN / H-ds=2VNI, (2.39)

A phase modulator that generates a high frequency carrier is used to detect the op-
tical signal. Demodulation of the detected signal then retrieves the phase information.
Open loop Sagnac interferometer has been used for HVDC applications [132]. The
interferometer can also be used in a closed loop configuration, where a control signal

is fed back to the modulator to counter the current induced phase shift. In this case,
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the control signal is a direct measure of the phase shift and an image of the primary
current [133].

In Figure 2.30 [134], a reflective fibre optic current sensor scheme is depicted which is
an enhanced version of the Sagnac interferometer [131]. The presented scheme consists
of an electronic device (light source, detector and signal processor), a retarder and a

mirror. A simple loop of optical fibre is wounded around the conductor which carries

Optical fibre < ’ Left and right
’ circular light waves
Retarder O G

Light source —_—>
Detector =

Signal ‘ D —— VT
Signal processor ) Mirror

Figure 2.30: Reflective optical fibre current sensor.

the current to be measured.

Current-related
phase shift

As in Sagnac interferometer, the light source generates a light wave which is de-
composed in right and left circularly polarised light waves which travel along the coil
of the sensing fibre. The waves are then reflected by the mirror and their polarisation
direction is swapped. When a DC current is flowing though the conductor, a current-
related phase shift is present to the reflected wave. In this case, the total phase shift is

doubled compared to the previous interferometer:

¢s =4V NI, (2.40)

In a similar manner with Sagnac interferometers, the phase shift ®, is detected
and analysed by the detector and signal processor. In this configuration, temperature
sensitivities and mechanical disturbances that are present in the Sagnac interferometer
are significantly mitigated.

The aforementioned fibre-optic current sensor is commercially available by ABB
[135], and can measure uni- or bidirectional DC currents of up to 500 kA with an
accuracy of £0.1% of the measured value. Similar performance has been achieved for
optical current sensors developed by NxtPhase (now Alstom) [136], and GE [137,138].

Current interrogation techniques limit the available bandwidth of existing optical
current sensors, mainly because of the requirements of the applications that they have
been designed to be used. Typically, the output of optical current sensors is digital and
is transformed to other forms via a merging unit [97]. The sampling rate of the merging

unit limits the available bandwidth of the optical current sensor [139]. However, the
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technology offers a high potential for a wide frequency range from DC to several MHz.
In [140], a methodology for the optical sensors to have several output interfaces has been
proposed. The proposed system can use an output interface suitable for demanding
high-bandwidth applications, such as fault transients in HVDC systems, that works
separately from an output interface that is designed to be in line with existing national

and international standards that typically require low bandwidth.

Hybrid Optical Current Sensors

Hybrid optical current sensors combine standard current transducers such as Rogowski
coil or shunt resistor, with optical fibre sensors. The conventional current transducer
serves as the sensing element of hybrid devices, while the optical fibre system is used
as the interrogation and transmitting element. The major advantage of hybrid sensors
is that the fibre optic system provides galvanic isolation between the sensor head that
measures the current in the main circuit at a high voltage level and the control system
where these measurements are used. In this way, safe operation is ensured, insulation
costs are significantly reduced, and the sensor is shielded from electromagnetic interfer-
ence. The configuration of a hybrid optical sensor that is used for HVDC applications
is shown in Figure 2.31 [107].

Sensor at HV side Signal acquisition
Shunt D/O :I Sigmll ﬁbre\; Digital . To control &
o A/D i i Optical protection
i i
1 : |
Elec. ! Chra | Optical
Ide Energy, i Powil' fibre| Er?ergy Power
Optical[ | \—___—_____ / Elec. supply
Energy Fibre optic Energy
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Figure 2.31: Layout of hybrid optical sensor scheme [107].

This sensor uses a direct shunt to measure the DC current that is located at high
voltage together with an analogue/digital voltage processing unit that converts ana-
logue measurements to optical signals. Then an optical fibre data link is used for the
transmission of the optical signals to the control/protection system that is located at
ground level. This system contains a power supply and an optical processing unit that
is used for the interrogation of the sensing element. In critical applications, such as
protection purposes, redundant equipment can be used to enhance the reliability of the
sensor. An additional Rogowski coil can be used in conjunction with the shunt resistor,
where the latter is used for measurement of currents close to DC and the former is used

to increase the overall bandwidth of the device [98].
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2.8 Summary

In this chapter, a comprehensive literature review of the most important equipment of
HVDC grids has been performed. The review included the main converter technologies,
HVDC grid configurations and ground practices, transmission lines, and important
converter and HVDC grid control and modelling aspects. Furthermore, important
material related to HVDC grid protection have been presented, such as DC circuit
breakers and the available current and voltage measurement techniques for HVDC
applications.

The review of the state-of-the-art HVDC grid technologies has contributed towards
selecting the most suitable network components and their corresponding modelling
approach for realistic representation and efficient full-scale modelling of HVDC grids.
In detail, the MMC architecture has been adopted due to the numerous advantages
it presents over other VSC topologies. Furthermore, the MMC is already installed in
all VSC-based multi-terminal systems and it is expected to be the dominant option in
future HVDC grids. With respect to HVDC grid architecture, the symmetric monopolar
and bipolar configuration have been identified as the main options, and the former is
used in the remainder of the thesis. With respect to DCCB technologies, the hybrid
and mechanical DCCBs have been put forward. The decision was based on the fact
that these configurations both present themselves as the main candidates for utilisation
in future HVDC grids, while also several manufacturers have developed and installed
prototypes in existing projects.

Special emphasis was given on the modelling aspects of VSC-HVDC converters,
DC transmission lines and cables, and DC circuit breakers. For the modelling of the
HB-MMUC, an efficient averaged model, which has been validated against fully detailed
models, has been presented. The adopted model simplifies the representation of the con-
verter to reduce computational burden, while maintaining accurate converter response
over a wide range of scenarios, including steady-state, transient and fault conditions. A
representative DCCB model has been presented, which includes all the required func-
tionalities that need to be considered for the conduction of DC fault transient studies.
The phase-domain frequency-dependent model has been chosen for the accurate rep-
resentation of transmission lines. Such a requirement stems from the need to capture
transient phenomena over a wide range of frequencies from DC to several tens or hun-
dreds of kHz. The transmission line modelling analysis forms the basis for the design
principles of the proposed protection and location solutions in Chapter 5 and 7

Finally, a detailed analysis of the state-of-the-art of current and voltage measuring
devices has been performed with the aim to identify their capabilities and the limita-

tions that present technologies pose on the design of DC protection and fault location
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systems, especially in terms of sampling frequency requirements. The findings have

assisted towards the development of practical guidelines in the next chapters.
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Chapter 3

HVDC Grid Protection and

Fault Location

3.1 Introduction

One of the most significant challenges towards practical realisation of HVDC networks
is the development of DC fault protection solutions. This challenge is driven by the fact
that DC faults can propagate very quickly over the network, and owing to the high rate
of rise of the fault currents and the under-voltages during DC faults, DC protection
and control systems are characterised by more stringent requirements in terms of speed,
selectivity, sensitivity and reliability [141]. For HVDC point-to-point connections, the
current practice is to open the AC breakers at both ends of the link [34]. Application
of the same method to HVDC networks, would lead to the shut-down of the entire
network for relatively long time. This would furthermore pose a serious threat to the
operation of the AC network, in terms of system frequency, rotor angle stability etc.,
and might compromise the total system security [142]. In detail, the main protection

issues resulting from DC faults are the following:

e Contrary to AC currents, DC fault currents present no natural zero crossings.
Therefore, DC breakers should be designed in such a way to drive the current
down to zero and then extinguish the resulting over-voltage. Due to this issue,

DC breakers are much more complex and costly than AC breakers.

e In HVDC grids the line impedances are significantly lower than in HVAC systems.
In HVAC transmission systems, inductance constitutes a considerable part of line
impedance with an X/R ratio of 20-25 [143]. In DC systems the inductive part
of the links is much smaller than the resistive one. This results in much higher

fault currents and greater under-voltages due to reduced total impedance across
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the line. Lower line impedance also poses significant challenges to fault location
schemes, since traditional AC protection solutions such as distance protection

cannot be directly applied.

e Power electronics are characterised by a limited over-current capability that in-
troduces a constraint on the time available for fault current interruption. IGBTs
and other power electronics-based components that are used in VSC converters
can operate at a limited range of currents and voltages. Typically, the maximum
current that can be safely turned off is approximately twice the nominal current,
while diodes on the other hand, can withstand higher over-currents [39]. Thus,
it is of vital importance for the DC protection systems to act fast enough and

protect the semiconductor devices.

e In case the converter terminal voltage falls below a critical limit as a result of
the DC fault, the controllability of the converter can be lost. This would lead to
undesirable tripping of the power converters and their start-up process would take
a significant period of time. The loss of a critical converter station, or in extreme
cases, a potential cascading converter tripping effect will cause the outage of the
entire HVDC grid and may compromise the stability of the AC networks [143].

e When a DC short-circuit fault occurs in a HVDC grid, distributed cell capacitors
of the commonly used HB-MMCs tend to contribute currents to the DC fault prior
converter tripping, while further current stresses are induced on the converter
semiconductor devices by the additional distributed capacitors of the DC lines
[144]. The combined effect results in substantial fault current values, especially

if the fault is not interrupted rapidly.

HVDC protection systems typically comprise of DCCBs, dis-connectors, protective
relays, current and voltage measuring devices, active or passive fault current limiting
devices (e.g. current limiting inductors) and AC-side equipment (e.g AC CBs). In
addition, fault tolerant converters can be part of the protection sequence and contribute
towards a safe and timely fault clearance. All these devices are collectively responsible
for recognising and isolating DC faults, thereby ensuring the security of the HVDC
grid, and minimising the effects of DC faults on the HVDC grid operation. Moreover,
the HVDC grid protection system should minimise the stresses to critical equipment
and ensure human safety [142].

Although the requirements of DC protection are similar with those of AC protection,
their fulfilment is more difficult due to more stringent constraints. The critical clearing
time in each system is governed by different factors. In AC systems, the avoidance

of loss of synchronism of synchronous generators is the main factor that influences
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the critical fault clearing time. In DC systems however, time constraints are imposed
by the vulnerable grid components, such as the power electronics, and the current
breaking capability of DC breakers. Moreover, the impact of power flow disruption
from the DC side of the HVDC grid to the surrounded AC networks might generate
additional constraints on HVDC protection. In analogy to AC protection systems,

HVDC protection should fulfil the following requirements [34, 145]:

e Selectivity: the protection system must isolate only the faulted part of the
HVDC system. Protection zones should be defined, and the protection system

must operate only if the fault lies within its own zone.
e Sensitivity: the system should detect any fault that may occur.

e Robustness: the performance of the protection system should not be compro-
mised even under degraded conditions. The system must be capable of discrimi-
nating between different types of faults and other events such as set-point changes,

converter blocking actions, breaker tripping etc.

e Reliability: the protection scheme must act for any DC fault that may occur
(dependability) and remain idle under non-fault conditions (security). Moreover,
backup protection should be in place and be activated in case of primary protec-

tion failure.

e Speed: timely fault clearing is very critical for HVDC systems. Therefore, the
protection system should operate fast enough to minimise system disturbance,

avoid converter blocking and other harmful consequences.

e Stability: following DC fault clearance, the HVDC grid should remain stable

and reach a new acceptable state within a reasonable time period.

Following successful fault clearance, the fault position should be identified to direct
inspection, repair and re-commissioning of the faulted component. Towards this aim,
fault location techniques that enable accurate fault location estimation are required
in order to accelerate inspection time and system restoration and diminish the oper-
ational costs and power outage duration. Therefore, HVDC fault location is another
essential function that should be run following HVDC protection. Successful fault lo-
cation becomes increasingly challenging in HVDC grids due to the short time windows
between fault inception and fault clearance that limit the available fault data records

for execution of fault location methods.
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3.2 DC Faults in HVDC Grids

3.2.1 DC Fault Types

The most common faults in HVDC grids are pole-to-pole (PTP) and pole-to-ground
faults (PTG), with the latter being the most likely to occur. DC faults are mainly
caused by aging or degradation of the insulation material [146]. In the case of overhead
lines, the insulation material is the air that surrounds them, and degradation might be
caused by arcing with vegetation, lightning strike or pollution, and the resulting fault
is usually non-permanent [147]. On the contrary, DC cables include insulation material
such as insulated paper or XLPE and their failure is usually permanent [144]. Both
DC fault types are more likely to occur in overhead line based HVDC systems.
Pole-to-pole faults occur as a result of direct contact between the negative and
positive conductors of a DC feeder [148]. Such faults are not common and if the poles
are sufficiently separated there is a very low probability of occurrence. PTP faults
lead to very high fault currents and low DC voltages at both poles and have the most
severe influence on the grid. Pole-to-ground faults are the most common fault and are
considerably less severe than PTP faults. Such faults occur due to insulation breakage
of the DC line when the current-carrying conductor touches the ground either directly
or through another path. In high-impedance grounded systems, PTG faults result in
high over-currents during the fault transient stage, while the steady state fault currents
are very limited. Nevertheless, persistent over-voltage is caused on the healthy pole,
which must be mitigated quickly to avoid failure of the DC feeder, by isolating the

faulty DC pole and activating pole rebalancing measures.

3.2.2 Fault Behaviour of VSCs

This section presents the fault behaviour of the two-level converter and the HB-MMC,
which are the most widely used VSC topologies in HVDC applications. Although a
PTP DC fault presents a low probability of occurrence, it is the most severe fault that
may occur on the DC side of a HVDC system and therefore, the converters’ response

during this fault type is presented.

Two-level Converter

The central DC link capacitance of two-level converters, which is mainly used to main-
tain a constant smooth DC voltage, gives rise to a significant discharge current during
DC faults. The two-level converter is defenceless against such faults because when
the converter is blocked to avoid over-current in the IGBTS, it operates as an uncon-

trolled rectifier. The fault response of the two-level converter to a pole-to-pole fault is
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characterised by three stages (Figure 3.1) [149].

e Stage A: DC capacitor discharge. In this stage, the DC-link capacitor causes
large transient discharge current that increases rapidly and can reach very high
peaks within a very short time. Consequently, the system experiences a severe

collapse of the DC voltage

e Stage B: Diode freewheeling. Following the DC voltage collapse, the fault
current commutates to the anti-parallel diodes. During this stage, each converter
leg carries one third of the total DC fault current. This is the most hazardous

phase for the diodes.

e Stage C: Grid current feeding. In this stage, the blocked converter behaves as
an uncontrolled rectifier, injecting a steady-state fault current. An R-L-C circuit

is formed that presents a forced response in the form of an AC current source.
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Figure 3.1: The three stages during a pole-to-pole DC fault in a two-level converter.

Half-Bridge MMC

In the HB-MMC, the DC link capacitance is distributed among the converter sub-
modules. During a PTP DC fault, the SM capacitors can be quickly bypassed and
therefore, the discharge of the capacitors is avoided. Owing to the limited discharge of
the SM capacitors during a DC fault, the grid restoration time can be greatly reduced.

Similarly, three simplified stages can be distinguished:

e Stage A: SM capacitors discharge. This stage takes place after the fault is
seen by the converter until the time the converter is blocked, by simultaneous
turn-off of the IGBTs in all arms of the MMC. During this period, which can
extend from tens of microseconds to milliseconds, the inserted SM capacitors will

discharge into the fault. Given that a sorting algorithm for the SMs is integrated
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in the control system of the converter, all SM capacitances are equally discharged

to some extent (assuming the converter retains controllability).

e Stage B: Arm current decay. This stage initiates once the converter is blocked
and all SM capacitors are bypassed. The current flows into the fault through the
anti-parallel diodes of the blocked IGBTSs, leaving all three AC phases exposed
to reduced impedance and consequently, the AC current in-feed from the AC
grid will rise, while the transient DC current component decays. Initially, the
AC current flows through all converter arms. The majority of the current flows
within the paths shown in Figure 3.2(b). The arm and line inductance play a
significant role in this stage [150].

e Stage C: Grid current feeding. This stage starts when the current flowing
through three of the converter arms has decayed to zero. At this stage, the total
DC fault current is contributed from the AC grid. The AC fault current can flow
either through three or four arms as shown in Figure 3.2(c). The fault current
reaches a steady-state value determined by the strength of the AC grid, the

converter transformer impedance, the arm reactors, the inductive line termination

(if present) and the distance to the fault.

Figure 3.2: The three stages during a pole-to-pole DC fault in a HB-MMC.

Fault Blocking Converters

An alternative method for addressing HVDC grid vulnerability to DC faults is to use
converters with fault current blocking capabilities, such as the Full-Bridge MMC (FB-
MMC) [151-153]. Unlike the HB-SMs, Full-Bridge Sub-modules (FB-SMs) used in the
FB-MMC can recreate any DC voltage the DC fault may present at its DC terminal if
the bipolar capability of the FB-SM is fully exploited; thus, providing greater control-
lability during DC faults that enables the converter to control the fault current at zero.
The DC fault blocking capability feature can be exploited to improve the HVDC grid

fault response and extend the fault clearing times to a range in line with AC systems.
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In this way, DCCBs with lower ratings or fast dis-connectors can be used to isolate
the faulted line. On this basis, converters with fault blocking capability represent an
attractive option, especially, for overhead lines based HVDC grids, in which DC faults

are expected to be more frequent.

3.2.3 Fault Clearing Strategies

Several protection strategies are available for clearing DC faults in HVDC grids [6].
These are typically classified into a) non-selective, b) partially selective, and c) fully
selective strategies. The main differences between the strategies is the definition of
protection zones, the number and locations of the employed DCCBs and the type of
converter technologies. The selection of the appropriate strategy is the result of a
techno-economic analysis and is mainly dictated by the AC system characteristics, the
impact of the HVDC grid on the interconnected AC systems (in terms of DC network

capacity), protection system costs, and the maximum acceptable fault clearing time.

Non-selective Strategy

In a non-selective strategy, the whole HVDC grid is treated as a single protection zone,
as illustrated in Figure 3.3(a). When a DC fault is detected, the AC breakers from the
AC-side of all converters are tripped to isolate the HVDC grid and eliminate the AC
grid fault current contributions. Subsequently, when DC fault currents drop to zero,
fast dis-connectors are used to selectively isolate the faulty DC line/cable. Following
successful fault clearance, the AC breakers are re-closed to allow for the re-energisation
of the remaining healthy HVDC network. The cost of DC protection in non-selective
strategies is minimised due to the reduced count of DCCBs.

The use of ACCBs for fault clearance in HVDC grids is an economic and simple
approach, which has been discussed in [154, 155]. Nevertheless, these approaches lead
to de-energisation of the DC grid and the post-fault recovery process may take several
hundreds of milliseconds or seconds, which is not suitable for critical power corridors.
Therefore, this strategy is considered appropriate for small-scale HVDC networks that
have low impact on the operation of the interconnected AC grids. Nevertheless, the
use of AC breakers for fault clearance can be used for backup protection.

Alternatively, non-selective approaches can be implemented with the use of fault
tolerant converters, such as the FB-MMC or the hybrid MMC. Due to the capability of
these converters for extended voltage range control, the DC voltage at all terminals can
be quickly controlled to zero. In this way, the fault clearing process can be significantly
expedited when compared to strategies that are based on AC breakers only. On the
downside, the cost of these topologies is higher than that of the HB-MMC due to the
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(a) Non-selective (b) Partially selective
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Figure 3.3: Fault clearing strategies in HVDC grids.

increased number of semiconductor devices per SM.

Partially Selective Strategy

Partially-selective approaches have been also proposed, in which the HVDC grid is
divided into smaller protection zones (Figure 3.3(b)), which comprise of multiple trans-
mission mediums and converters. When a fault happens inside a predefined zone, the
whole zone is disconnected using DC breakers at strategic locations, or other devices
such as DC-DC converters, while the remaining zones continue their normal opera-
tion [152,156]. Afterwards, the faulted medium within the faulted zone is identified
and isolated.

Partially selective strategies achieve a trade-off between DC protection cost and the
impact caused on the AC grids by splitting the grid into smaller zones and avoiding
the de-energisation of the entire DC network. The approach is effective for small-to-
average scale HVDC grids, and it can divide a large complex HVDC grid into smaller
manageable sub-grids. However, its adoption is more challenging in highly meshed
networks or in large-scale HVDC grids with increased power transmission, in which

minimum grid disturbance is required under all circumstances.
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Fully Selective Strategy

Fully selective strategies resemble the approach followed in AC systems, in which each
transmission line forms an individual protection zone. As illustrated in Figure 3.3(c),
DCCBs (typically in series with line inductors) are located at all transmission media
ends. In the event of a DC fault, only the DCCBs attached to the faulted medium are
commanded to trip, while the remaining DCCBs remain idle. To enable such operation,
fully-selective protection algorithms are required. In fully-selective strategies, the cost
of DC protection rises significantly due to the increased count of DCCBs, and the total
cost is influenced by the choice of DCCB technology.

When a fully selective strategy is adopted in a HVDC grid, the minimum disruption
to its operation is ensured. The converters adjacent to the faulted medium may block
or remain connected depending on the severity of the DC fault and the operation time
and characteristics of the employed DCCBs. An approach for DCCB sizing has been
proposed in [157], for three fault-ride through scenarios: a) all converters are prohibited
from blocking, b) only the converters adjacent to the faulted medium are allowed to

temporarily block and c) all converters can be temporarily blocked.

3.2.4 DC Fault Clearing Sequence

The sequence of events during the fault clearing process under a fully selective protec-
tion strategy is illustrated in Figure 3.4, in which positive pole current measurements
are obtained at one end of a DC cable for a PTP DC fault that occurs in the middle
of the medium. The moment the fault occurs, travelling waves start to travel from
the fault location along the cable to both directions. At time t;, the waves reach the
measuring point and the fault current starts to rise. The protective relay at the mea-
suring point initially detects a DC fault event at time tg4.; and subsequently, the fault
is determined to be within the relay’s protection zone at time tgse-. At this moment,
the relay issues a trip command to the relevant DCCB, which is characterised by a
certain breaker operation time depending on the DCCB technology. At time ¢, the
main breaker contacts are separated, and the fault current is commutated to the energy
absorption branch (surge arresters). Finally, at time t7., the fault current has been
extinguished.

From the above analysis and as shown from equation (3.1), the fault clearing process
can be divided into two main stages. The first stage is determined by the actions of
the protective relay, i.e. DC fault detection and discrimination. The second stage
represents the actions of the DCCB and comprises of the breaker operation time and

the fault current interruption time.
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Figure 3.4: Indicative sequence of events during the DC fault clearing process.

(tfclr - tf) = (tdscr - tf) + (tfclr - tdscr) (31)

relay actions DCCB actions

Typically, fault current interruption and breaker operation times are determined
by the selected breaker technology and its corresponding acting speed and rest char-
acteristics. Moreover, fault current interruption depends on the moment the breaker
is opened, the amount of energy stored in inductive elements of the DC system, and
the value the DC current has attained at this instant and consequently, the duration
of this stage can vary significantly.

Since protective switchgear (DCCBs) are selected from the initial protection design
stages for a given HVDC grid, the only degree of flexibility in total protection operation
speed is provided by the speed of the protective relay’s actions. On this basis, selective
and high-speed protection algorithms are critical for ensuring that the trip signals are
sent to the relevant DCCBs as quickly as possible. It is worth noting, that in certain
hybrid DCCB topologies, the proactive mode can be invoked, in which the fault current
is transferred to the commutation branch upon fault detection [41]. Afterwards, if the
fault is deemed to be within the protection zone, the DCCB proceeds to fault current
interruption, otherwise, the current is re-diverted back to the main branch. In this way,
the time delay between fault detection and fault discrimination is eliminated, and the

total fault clearing process is expedited.

3.3 Design and Implementation of HVDC Protection

3.3.1 HVDC Protection Design

Reliable and cost-effective HVDC protection systems are of vital importance for the
realisation of the HVDC grid concept. HVDC protection design is the result of a com-

plex techno-economic analysis that depends on a plethora of factors. Drawing from
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the trends observed in the technical literature, a high-level summary of the HVDC
protection design process is presented in Figure 3.5. It is worth mentioning that pro-
tection design is closely connected with the design stage of the HVDC grid, in which
a number of decisions taken may directly affect the selection of protection equipment.
Aspects of the project design stage that influence HVDC protection design include the
decisions made on the system configuration, number and locations of converter termi-
nals, power ratings of converters, nominal DC voltage, types of connections between
terminals (meshed, highly meshed etc.), system grounding, and the selected equipment

such as types of transmission media and HVDC converters.

Project Design
Selection of equipment and
HVDC grid configuration and

topology

\4
/ Determination of HVDC
protection objectives

A\ 4
Selection of Fault
Clearing Strategy

Protection
System <
Design A 4

Selection of DCCB
technology and DCCB sizing

\4
Protection Algorithm Design
\ and Configuration

Figure 3.5: High-level protection design steps.

Determination of HVDC Protection Objectives

Using the selected equipment and design characteristics of the HVDC grid itself as an
input, the first step is to define the objectives and functional requirements of HVDC
protection. This stage aims to perform a risk assessment by considering the probability
of occurrence of DC faults and their potential impact on the DC-side and AC-side of
the HVDC grid [28]. The principal priority of HVDC protection is to avoid damage of
the most critical components (e.g. converters) and ensure continuity and security of
HVDC grid operation. Furthermore, the protection objectives should be shaped around
both AC-side and DC-side operational constraints.

The most stringent constraints on HVDC protection arise from the DC-side of the
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grid, such as the converter and transmission line over-current limits. To satisfy these
constraints, the current limits of the grid components and the expected fault current
development under worst-case scenarios are identified to determine the maximum fault
current that needs to be interrupted by HVDC protection systems and the maximum
time-scales for DC fault clearing. The required behaviour and DC fault ride through
performance of the HVDC grid are also determined in this stage. The HVDC grid fault-
ride through strategy mainly refers to the desired behaviour of grid converters during
DC faults. Based on the specified requirements on the continuity of grid operation,
HVDC protection can be designed to i) avoid disconnection of any grid converter, ii)
permit disconnection of converters that are only in the vicinity of the fault or iii) permit
disconnection of all grid converters. Moreover, the cost associated with ensuring the
expected fault ride through performance should be taken into account, and in any case
outweighed by the obtained benefits.

Besides the constraints imposed by the DC-side network equipment, AC-side con-
straints should also be taken into account, as well as the disturbance caused to the
AC networks as a result of DC faults. The loss of power in-feed towards the intercon-
nected AC systems should be maintained within the acceptable limits designated by
the corresponding grid codes and standards with the aim to ensure system stability and
avoid loss-of-synchronism of the AC generators. For instance in the UK, according to
the National Electricity Transmission System Security and Quality of Supply Standard
(NETS SQSS), in order to avoid unacceptable frequency conditions (i.e. frequency de-
viations below 49.5Hz for more than 60 seconds), the maximum infeed loss is limited
to 1.8 GW [158]. Therefore, HVDC grid protection should prevent the disconnection

of converters and lines that result in such high loss of power in-feed to the AC grid.

Selection of Fault Clearing Strategy

The selection of the fault clearing strategy is determined by the required fault clearing
time, which should be matched with the time scales imposed by the HVDC protection
objectives of the previous step. The capacity of the HVDC grid, the potential impact
of DC faults on the surrounding AC networks, and the expected frequency of DC faults
are the key determining factors behind the strategy selection. For instance, in Overhead
Lines (OHL)-based systems in which the probability of fault occurrence is much higher,
a considerable investment in DC protection is more likely when compared to cable-based
systems. The grid converter technologies in the project design stage directly influence
the choice of fault clearing strategy. For example, selection of fault-blocking converters
in the project design stage implies the use of a non-selective fault clearing strategy in

conjunction with high-speed switches or DCCBs with reduced requirements.
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An additional factor that needs to be considered when selecting protection strategy
is its extensibility. Investing on a fully selective protection strategy (e.g. using hybrid
DCCBs at all cables) in a small-scale HVDC grid with minimal impact on the con-
nected AC grids is not beneficial if no further grid expansion is planned or expected
in the future. In such a case, a non-selective strategy can be initially selected and if
the capacity of the HVDC grid is further increased, the protection philosophy can be

modified into a partially or fully-selective strategy (or a combination thereof).

Selection of DCCB Technology and DCCB Sizing

The selection of the fault clearing strategy defines the requirements with regards to the
number and locations of DCCBs. Moreover, depending on the protection objectives set
out in previous steps, the appropriate DCCB technology should be selected that satisfies
the constraints in maximum fault clearance time and maximum breaking current. It is
possible that several implementations and technologies may be applicable.

The placement of sizeable current limiting series inductors in series with DC break-
ers is one of the practical measures that have been adopted to slowdown the rate of
rise of current, thus allowing the breakers to act before the maximum current break-
ing capability is exceeded. Consequently, the size of the inductor can be adjusted to
achieve a certain current breaking capacity for the selected DCCB. An approach for
DCCB sizing in terms of breaker operation speed and inductor size for various fault-
ride through scenarios has been proposed in [157]. In addition, the DCCB absorption
branch should be sized according to the energy that is expected to be absorbed during
fault current interruption.

In the event of primary protection failure, backup protection measures should be
in place to guarantee safety of HVDC grid components. Backup protection can be
provided by adjacent DCCBs (e.g. in case of fully selective strategies), or with the
use of AC-side breakers or other measures (e.g. in case of non-selective strategies). If
the protection objectives must be satisfied in full even for the rare event of primary
protection failure, then the DCCB sizing should be refined to account for the increased

fault current levels, e.g. through the insertion of a larger current limiting inductor.

Protection Algorithm Design and Configuration

The last step of HVDC protection design is the selection, design and configuration of
appropriate protection algorithms that lead to the correct decision in terms of iden-
tifying the faulted component, and the components that should be disconnected to
isolate DC faults. Protection algorithms work in conjunction with DCCBs to realise

the implementation of the fault clearing strategy and meet its required time-scales.

70



Chapter 3. HVDC Grid Protection and Fault Location

A combination of DC fault detection and discrimination criteria can be employed to
identify the faulted line, while more than one protection algorithm can be executed in
parallel to provide an additional degree of reliability.

Factors that need to be considered when designing a protection algorithm are the
instrumentation requirements (e.g. sampling frequency, measurement locations, mea-
surement equipment etc.), the underlying detection and discrimination functions, the
use of a communication channel depending on whether only local or both local and re-
mote measurements are needed, and the protection settings (e.g. protection threshold).
Particular attention should be paid to the design of the protection threshold based on
which internal faults are discriminated from external faults. Protection threshold de-

termination should guarantee both dependability and security with sufficient margins.

3.3.2 Implementation of HVDC Grid Protection

Implementation of HVDC grid protection can be realised using an architecture illus-
trated for a decentralised protection design in Figure 3.6. The figure illustrates the
protection system for a fully selective protection strategy, which entails the maximum
use of protection equipment, while in non-selective and partially selective strategies
fewer protection devices may be present. In this implementation, protective relays,
which are also referred to as Intelligent Electronic Devices (IEDs), are installed next to
DCCBEs at each line/cable end of the HVDC grid. Alternatively, a centralised approach
can be adopted, in which a master IED gathers all the functions of the distributed relays
of the decentralised design case, and is responsible for the overall protection of the DC
bus and the connected grid components. However, the decentralised design is consid-
ered a more viable option for HVDC grid protection as it eliminates vendor-dependence,
improves reliability, and facilitates the integration of multi-vendor equipment [159].
In the decentralised design, each IED is responsible for the protection of an individ-
ual line or cable. Towards this aim, DC fault detection and discrimination logics are
embedded and executed within the protective relays. The DC fault can be detected
based exclusively on local measured quantities or alternatively, communicated measure-
ments from the remote end of the line may also be required, in which case a reliable
communication channel should be available. For the correct operation of the protection
relays, accurate and reliable voltage and/or current measurements are required. The
measurement sampling frequency can have a critical effect on DC fault detection and
discrimination speed depending on the detection function that is employed. The choice
of measuring technologies for HVDC protection depends on the selected protection al-
gorithm and its requirements in terms of bandwidth, acceptable measurement error etc.

More details on this matter will be presented in Section 3.6.
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Figure 3.6: Implementation of fully selective HVDC protection strategy.

As shown in Figure 3.6, each protective relay also exchanges signals with its neigh-
bouring DCCB to support a variety of functions. Breaker opening for fault current
interruption is the most basic DCCB function that is supported by the IED by issuing
a trip signal if a fault that lies within its protection zone is identified by the underly-
ing protection logic. Additional DCCB functions can also be supported by the TEDs
such as, proactive DCCB operation and fault current limiting mode (for certain hybrid
DCCB designs), breaker status monitoring, fast re-closing, breaker failure detection
and others [159].

Communication between protective relays and a station IED will also be required
in future HVDC grids to coordinate the actions of the main protective relays with
control and protection actions at a station level under fault conditions (e.g. converter
protection, blocking) and under post-fault conditions in order to ensure smooth system
restoration (e.g. pole rebalancing, converter re-energisation etc.) [32,160]. This kind of
interface between dedicated protective relays and the station IED can also be used to
support further protection related aspects, such as backup protection in case of a failure
of one or more DCCBs or IEDs. As an additional backup measure, a converter-side

DCCB may be installed, the actions of which are controlled by the main station IED.

3.3.3 Interoperability of HVDC Protection

To date, most HVDC projects have been developed as turn-key solutions by a single
manufacturer. However, as HVDC grids gain more attention, their scale is expected
to become increasingly larger and hence their implementation will necessitate the in-

volvement of multiple vendors as is the case in large-scale AC systems. Therefore,
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a multi-vendor approach is required for future DC grids in which power converters,
cables, protection and switchgear and other equipment will be supplied from multiple
vendors. Such an approach will prevent vendor lock-in by ensuring impartial access to a
global market, which in turn will encourage competition, innovation and cost reduction
and will expedite the deployment of HVDC grids.

One of the main challenges of multi-vendor HVDC grids is to achieve interoperability
of the various grid components with the ultimate aim to operate the grid reliably and
securely under all network conditions. For instance, different converter control and
protection systems should not compromise the overall functionality of the grid, which
must remain statically and dynamically stable regardless of the control and protection
logic that is adopted at each station [143]. This is a main challenge that needs to
be tackled in order to enhance the applicability, the maturity, the modularity, and
flexibility of HVDC grids.

In an effort to facilitate the multi-vendor approach and the development of best
practices, several international standardisation bodies and independent groups have
highlighted the necessity for the standardisation of HVDC systems. CIGRE working
groups [34], the European HVDC study group [161] and CENELEC [162] have worked
on standards and technical guidelines for HVDC grids and although these have resulted
in significant progress, there is still lack of a consensus and standardisation regarding
requirements about the voltage level, the control and protection principles etc. The
determination of such technical requirements will pave the way for the development of
specifications of the equipment that HVDC grids will contain.

Interoperability of HVDC protection is no exemption to the required multi-vendor
solution. Traditionally, converter manufacturers provide a combined control and pro-
tection system, which is not accessible to potential HVDC end-users (e.g. transmission
system operators) due to sensitivity issues regarding intellectual property; however, this
practice hinders the deployment of multi-vendor HVDC grids. Successful operation of
multi-vendor HVDC protection requires beforehand the determination of protection
philosophies (fault clearing strategy, targets and requirements) and the designation of
functional specifications for the various protection system components, including the
protective relays or IEDs. Successful interoperability between different IEDs or between
IEDs and other equipment is of paramount importance in HVDC grid protection. In de-
tail, the interoperability aspects related to protection relays that need to be considered

in a multi-vendor environment are the following [163]:

e Operation performance and compliance with speed, selectivity, and reliability

requirements

e Interface and coordination with acting equipment such as DCCBs and converters
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Interface and coordination with local or remote protection relays

Interface and coordination with other devices for post-fault restoration (e.g. with

pole-rebalancing devices)
e Interface with measuring devices for data acquisition

e Communication interface standards and protocols (data size and format, commu-

nication channel, speed, bandwidth etc.)

Moreover, the underlying protection algorithms (unit or non-unit) need to be suit-
able for multi-vendor applications and ensure extensibility and adaptability when con-
ditions change (e.g. grid expansion). Due to the requirement for fast protection oper-
ation, an ongoing research and development activity is focused on HVDC protection
relays (or IEDS) that utilise DC fault detection and discrimination functions based
on fast DC fault transients (e.g. using travelling wave theory). Nevertheless, there is
currently no suitable well-defined framework for the design of these solutions and their

interoperability with other protection equipment is not guaranteed.

3.4 Review of HVDC Protection Algorithms

In current literature, the proposed HVDC protection algorithms can be classified into
unit protection and non-unit protection methods [41]. Unit protection methods, (also
known as double-ended protection methods) have well-defined protection zones and rely
on a communication link/channel in order to obtain signal measurements from both
ends of the protected feeder and execute the protection logic. In non-unit protection
methods, the algorithm is executed based exclusively on local measurements. Never-
theless, one of the main challenges of non-unit protection lies in the determination of
artificial protection boundaries. Non-unit protection has generally received wider atten-
tion due to its significantly higher speed than unit protection. The rest of this section
presents the main principles of unit and non-unit protection and the state-of-the-art of

fully selective protection algorithms for HVDC applications.

3.4.1 Non-unit Protection

Non-unit protection techniques typically rely on the placement of series inductors at
each end of the transmission medium to define protection boundaries as shown in
Figure 3.7 that illustrates an example HVDC grid section, in which each DC feeder
is terminated with DC inductors. The protection zone of relay R is the full length of

the DC feeder between the two inductors. Figure 3.7 also illustrates several potential
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DC faults that may occur on the HVDC grid section. With respect to relay R, faults
Fy, Fy, F3, Fy are forward faults and F5, Fg are backward faults. A well-designed
non-unit protection algorithm should be able to discriminate internal faults (i.e. faults
F1 and F5) from external faults (i.e. faults F3, Fy, F5 and Fg) based only on local
measurements. In doing so, the non-unit protection algorithm should be able to i)
detect any DC fault, ii) use a directional criterion (if necessary) to recognise forward

DC faults, and iii) discriminate between internal and external faults. [141,164-167].

Fs F:
Fs F: F: F4
? Relay, R ?
YY) rYYY\_.
|— I Protection Zone I

< 4

Figure 3.7: Protection zone of a protective relay and potential faults.

On this basis, most of the non-unit protection methods proposed in the open litera-
ture use a fault detection function (or start-up element) to identify the occurrence of a
DC fault and activate the protection logic. Afterwards, a fault discrimination function
is employed to identify faults that lie within the relay’s protection zone. Depending
on the non-unit protection algorithm principles, DC fault detection and discrimination
may be performed by the same function. In case the fault discrimination function can
only discriminate between forward internal and external DC faults, an additional di-
rectional element is required to ensure that the relay does not operate for backward
external faults. This is a common limitation of DC fault discrimination methods, which
is caused by the fact that remote internal DC faults (i.e. Fault F5) can have less impact

on DC current and voltage traces than close backward external faults (i.e. Fault F3).

Basic DC Protection Methods

Over-current (OC) protection has been widely used in AC systems as a non-unit
protection method based on local current measurements. In a similar manner, over-
current protection can be employed for DC grids by setting a threshold on line currents
for detecting DC faults. The polarity of the current serves as an indication of the
direction of the DC fault (forward or backward). Nevertheless, selectivity cannot be
achieved through this method, since both forward internal and external faults result in
high fault currents. The over-current criterion is mostly used as backup protection or

in combination with other methods to form a complete protection scheme [41].
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Under-voltage (UV) relays can be used as a means of fault detection owing to
the fact that DC faults cause a significant drop in DC voltage and hence, a DC fault
can be detected if the measured voltage drops below a critical threshold [147]. Under-
voltage protection cannot distinguish between forward and backward faults. Hence,
this method can also be used as a backup protection or as one of the fault detection
criteria of a complete protection scheme. It is worth noting that typical converter
internal protection makes use of an over-current threshold on converter arm currents,
and an under-voltage threshold on converter terminal voltage.

Current derivative or di/dt method uses the initial rate of rise of fault current
to determine whether a fault has occurred on the protected line. The principle is the
same as in over-current protection, but the magnitude of the di/dt is used instead for
increased detection speed. Nevertheless, the method is susceptible to noise and might
suffer from the collection of incorrect data samples [168]. An additional limitation
is that di/dt for remote internal faults with large fault resistance may be lower than
di/dt for external faults [41]. di/dt is commonly used as a direction criterion in HVDC
protection schemes, in which a forward DC fault is identified for positive values of di/dt
(assuming positive current direction when the current enters the transmission medium).

Voltage derivative or simply dv/dt has been widely used in LCC-based HVDC
point-to-point transmission [169], in which a fixed threshold on the derivative of the
voltage is applied for DC fault detection. The reach of dv/dt increases for higher values
of current limiting inductance. Due to the rapid collapse of DC voltage during DC
faults, DC fault detection is significantly accelerated when dv/dt is used.

Several protection schemes have been designed based on one or more of the afore-
mentioned methods [170-172]. Nevertheless, due to the limitations of these techniques,
alternative algorithms based on travelling wave principles have been developed for faster
HVDC grid protection.

Travelling Wave based Non-unit Protection Algorithms

According to travelling wave theory, voltage and current travelling waves are generated
at the DC fault point and start to propagate rapidly along the faulted medium to both
directions from the fault location. Travelling waves contain a significant amount of
information over a wide frequency spectrum and especially, in the high frequency re-
gion. As travelling waves weaken due to the attenuation caused by the line components
and the successive reflections that occur at discontinuity points, the most important
information is contained within the first voltage and current travelling waves that are
initiated by the fault. Travelling-wave based methods attempt to capture that infor-
mation to rapidly detect the fault and act against it. This attempt is assisted by the
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deliberate inclusion of current limiting series inductors.

Series inductors do not only serve as current limiters that restrain the rate of rise of
the fault current (di/dt), but they also behave as a natural boundary filter by damp-
ing a range of frequencies of the incident waves, thus influencing the transient voltage
and current signatures. This important feature has been exploited to assist DC fault
detection and discrimination based on the first incident travelling wave generated by
the DC fault [141,164-167]. These schemes make use of the inductive termination to
define protection zones, and they are based on the concept that inductive termination
provides a high impedance path for the high frequency components, thereby enabling
the discrimination between undistorted travelling waves generated by an internal DC
fault and travelling waves that have been generated by external faults and have been
distorted by the inductive termination. In detail, the algorithms operate on the princi-
ple that even in the case of an extreme internal fault, i.e. a highly resistive fault at the
end of the protection zone (fault F, in Figure 3.7), the voltage wave reaches the relay
location without passing through any inductor and therefore, its frequency spectrum
remains largely unaffected. On the contrary, for an external fault behind the series
inductor (fault F3 in Figure 3.7), the high frequencies of the incident voltage wave are
filtered out due to reflection by the series inductor.

Based on the above traits, several TW voltage-based non-unit methods have been
developed. In [164], voltage measurements from the line side of the inductor are utilised
to obtain the voltage derivative and quickly detect and discriminate DC faults. Simi-
larly in [141], faults are detected using an under-voltage criterion, and voltage derivative
is then utilised to discriminate between forward internal and external faults. Current
derivative is also employed to exclude backward DC faults. The authors in [167], use
voltage measurements from both sides of the inductive termination to calculate the ra-
tio of transient voltages (ROTV) and to establish a discriminative protection method.
Similarly, the basic fault discrimination criterion in [165,173] is based on voltage mea~
surement across the inductor. Finally in [166], the ratio of the rates of change of voltages
before and after the termination is used to implement the protection scheme. As with
most non-unit protection methods, the performance of these methods is affected by the
fault distance and resistance, line length, and the size of series inductance.

Travelling wave-based techniques have been further refined and improved through
means of signal processing. Such methods are still based on line-side voltage and current
measurements but employ advanced signal processing and mathematical tools in an ef-
fort to detect abrupt, local changes in a signal such as voltage travelling waves induced
by DC faults. In the literature, signal processing methods that have been utilised
for non-unit protection purposes include Fourier Transform (FT) [174,175], Math-
ematical Morphology (MM) [176-178|, Hilbert-Huang Transformation (HHT) [179],
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S-Transform [180] and Wavelet Transform (WT) [181-191]. WT in particular, is a
powerful signal processing tool that has received significant attention for fault detec-
tion and discrimination applications. In contrast to other signal processing techniques,
wavelet analysis does not work on a time-frequency basis, but rather on a time-scale
basis that allows for targeted analysis in specific frequency bands of the analysed signal,

which can be conveniently selected for enhanced protection performance.

Table 3.1: Taxonomy of non-unit protection methods according to measuring require-
ments and protection functions.

Method Measurements Sampling Protection Functions
Voltage Current Frequency Direction Detection Discrimination

[174] X v 2 MHz sign of TW () | sign of TW(4) FT
181 1 MHz -
[181] v v MH wT wT
[182] v X 500 kHz - uv wT
[192] v v 200 kHz - uv FPT
193 200 kHz - , fit(i , fit(i

v v kH uv, f uv, f

V/ ) , fit(e , fut(e

194 v v 200 kH A Uuv, fit(i Uuv, fit(i
[195] v v 200 kHz - dv/dt, fit(i) dv/dt, fit(i)
[176] v v 110 kHz SE SE MM
[196] v v 100 kHz di/dt wT wT
[141] v v 100 kHz di/dt uv dv/dt
[183] X v 96 kHz - wT wT
[184] v v 96 kHz - cov (i) wT
[179] v v 50 kHz di/dt UV, dv/dt HHT
[197] X v 50 kHz dI dI, OC dI
[167] v X 50 kHz - dv/dt ROTV
[175] X v 50 kHz - FT FT
[185] v v 25 kHz Ag uv wT
[166] v X 25 kHz dv/dt dv/dt dv/dt
[177] v X 20 kHz uv MM MM
[186] v X 20 kHz - dv/dt wT
[198] v v 20 kHz di/dt dv/dt d(i/v)/dt
[178] v v 20 kHz MM Vv MM, dv/dt
[170] X v 20 kHz di/dt di/dt di/dt
[199] v v 10 kHz di/dt uv CRP, du/dt
[187] v v 10 kHz wT uv wT
[200] X v 10 kHz - MAD MAD
[180] v v 10 kHz - S-Trans form S-Trans form
[188] v X 10 kHz - wT wT
[171] X v 10 kHz di/dt di/dt di/dt
[201] x v 10 kHz Ai Ai TAVC
[189] v v 10 kHz di/dt, dv/dt wT wT
[190] X v 2 kHz di/dt oc wT, MLT
[164] v X - - dv/dt dv/dt
[165] v X - - dv/dt dv/dt
[172] v v - di/dt dv/dt, di/dt dv/dt
[191] v v - - WT, dv/dt, UV | WT, dv/dt, UV
[173] v X uv Av
[202] v v - di/dt uv dv/dt
[203] v X - - dv/dt Vide
[204] X v CLRP CLRP

78



Chapter 3. HVDC Grid Protection and Fault Location

Table 3.2: Protection functions of Table 3.1.

Function Explanation
Vu Voltage gradient
dI Current deviation from moving average
[ Vidc Integral of voltage
CLRP Current Limiting Reactor Power
cov(i) Current covariance
CRP Current Reduction Phenomenon
fit(i) Current fitting approximation
MAD Median Absolute Value
MLT Machine Learning Techniques
SE Surge Energy
TAVC Transient Average Value of Current
TW (i) Current travelling wave

Table 3.1 summarises the protection functions of non-unit protection algorithms
reported in the literature for the protection of HVDC grids, while the protection func-
tions reported in Table 3.1 are explained in Table 3.2. It is evident that the majority of
the algorithms utilises a combination of criteria to detect and discriminate DC faults.
A significant number of the protection algorithms also utilise a direction criterion to
distinguish between forward and backward faults, with di/dt being the most widely
used directional element. Moreover, there is an equal number of methods that have
either separate or shared detection and discrimination functions. In algorithms with
separate detection and discrimination functions, UV is typically employed for fault
detection. Table 3.1 also reveals that dv/dt and WT are the most commonly used
discrimination functions, whilst more than half of the solutions make use of WT or
other signal processing techniques.

Table 3.1 also reports the measurement requirements of non-unit protection meth-
ods and the corresponding sampling frequency in each case. Most schemes use both
voltage and current measurements for the execution of the algorithms, while it is evident

that the required sampling frequency can vary from a few kHz to a few MHz.

3.4.2 Unit Protection
Current Differential

Unit protection methods based on the current differential scheme that has been tradi-
tionally used as the main protection in AC systems, have also been proposed for HVDC
unit protection [147,205,206]. Each line relay measures the local current and commu-
nicates the measured value to the other end of the line. The result of the comparison

between current measurements from both ends is called differential current (or Ai),
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and when it exceeds a specified fixed threshold a DC fault is detected.

Current differential is a highly robust method and offers very good selectivity and
directionality. Nevertheless, the use of signals from both terminals implies the necessity
for a communication link. Communication adds a degree of reliability requirements,
and introduces time delays and synchronisation challenges. Therefore, each relay has to
compensate for the time delay caused by the communication link in order to retrieve the
value of the current at the time point of interest. As communication time delays increase
for increasing medium length, the use of current differential protection in HVDC grids
with long transmission media can be impracticable. Nevertheless, current differential is
a well-suited choice for DC grids with shorter lines (less than 200 km), while also it can
be used for busbar protection, where the difference between outcoming and incoming

currents is measured and if above the threshold, a busbar fault is detected [147].

Directional Protection

Directional protection is another unit protection method that has been used for DC
protection [207]. In this case, each relay communicates only the direction of the current
to the other end when a fault is detected. If the relays of the protected line identify a
fault in their respective forward direction, a trip command is generated, and the line
is isolated. Owing to the simplicity of the transmitted information (e.g. sign of the
current), the method is more robust than the current differential method [34]. However,
this kind of protection suffers from the same limitations caused by the time delay of

the communication scheme and the transmission issues.

Travelling Wave Differential

Travelling Wave Differential (TWD) techniques have been proposed in the technical
literature in an effort to improve fault detection speed, robustness against external dis-
turbances and to reduce communication delays. The main principle of TWD methods
is based on the fact that in the event of external disturbances (e.g. faults outside the
protected medium), travelling waves that enter one end of the transmission medium
should be identical with those that appear at the other end. If this condition is not
satisfied, then an internal DC fault is detected. In travelling wave differential methods
the required communication is in the same direction with wave propagation, resulting
in smaller communication delays than conventional unit protection methods.

A phase-domain travelling wave differential protection is presented in [208], in which
transmission line models have been developed for the application of the protection
scheme using only information contained in the first travelling wave. In addition, a

sensitivity analysis of the cable parameters has been realised in [209] to investigate
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the impact of potential sources of error on the protection scheme. The unit protection
method introduced in [210] uses current and voltage measurements (with 20 kHz sam-
pling frequency) of both ends of a transmission line to calculate the differential voltage
travelling wave in the time domain by means of convolution. A method to compen-
sate for unsynchronised data measurements from the two sides of the line is provided.
Moreover, a comprehensive analysis of all time delay sources is realised to obtain a

total time delay estimation formula.

Other Travelling Wave based Methods

In an effort to overcome the practical challenges related to the application of conven-
tional current differential and directional protection, a few other methods combining
travelling wave principles with signal processing tools can be found in the technical
literature. In [211], DC currents from both line ends are utilised to distinguish between
internal and external faults by applying the WT theory on current travelling waves.
The method presented in [212] uses the energy of WT coefficients derived from line
current measurements. Moreover, a change in current direction (dir(i)) from at least
one of the medium ends needs to be identified in order to detect an internal fault.
The authors in [213] perform a comparison of the polarities of the voltage across the
DC reactors on both ends of an overhead line to discriminate DC faults. In [214], a
communication-based scheme is proposed based on cosine similarity measure of travel-
ling waves (CSoTW). The proposed scheme utilises voltage and current measurements
at both transmission line ends, which are analysed to derive the cosine similarity of

backward and forward travelling waves.

Table 3.3: Taxonomy of unit protection methods according to measuring requirements
and detection functions.

Measurements Sampling Detection
Method Voltage Current Frequency Function
[147) X v 1 MHz A,
[211] X v 100 kHz wT
[206] X v 100 kHz Ai
[212] X v 50 kHz dir(i), WT
[213] v X 50 kHz Jv
[214] v v 10 kHz CSoTW
[210] v v 10 kHz TWD
[208] v v - TWD
[205] X v - Aj

Table 3.3 summarises the protection functions of unit protection algorithms reported
in the literature for the protection of HVDC grids. In contrast to non-unit protection

algorithms, unit protection methods mostly utilise a single detection function as they
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demonstrate natural selectivity and directionality. In addition, the measurement re-
quirements of the methods are also reported in Table 3.3, in which similar trends as

with non-unit protection can be noticed.

3.4.3 Challenges and Discussion

Unit-protection methods offer inherent selectivity as the protection zones are well de-
fined. However, these methods rely on a communication link in order to obtain signal
measurements from the other end of the line. Considering that the fault current rise
can be in the range of several kA per ms [146], the performance of unit protection is
greatly compromised in HVDC grids integrating lines of several hundreds of kilometres,
due to the prolonged communication delays that impede their utilisation for primary
protection schemes. Consequently, unit protection methods are typically preferred for
backup protection.

Due to the requirement for very fast DC fault detection and isolation, non-unit pro-
tection methods are generally preferred against unit protection methods, since they rely
exclusively on local measurements. The current trend in non-unit protection focuses
around the development of travelling-wave based methods that attempt to capture the
information contained within the first incident travelling waves and use that information
for detecting and discriminating DC faults. These methods do not achieve naturally
selective protection, which makes it challenging to discriminate between internal and
external faults. For this reason, series inductors are used to define protection bound-
aries. Nevertheless, non-unit protection algorithms suffer from sensitivity issues and
limited protection reach depending on the length of the lines, the DC reactor size and
the fault characteristics, such as fault distance and resistance.

An additional important limitation that was identified through the review for most
existing non-unit protection methods is that they have been designed based on extensive
off-line simulations using detailed models in EMT-type software, in which only a specific
HVDC system is considered and hence, their applicability in other HVDC networks is
not guaranteed. The above limitations highlight the need for a generalised methodology
that can investigate the practical limitations of non-unit protection and the factors that
affect and can be adjusted to extend the reach of the algorithm. Such an approach is
introduced in Chapter 4 with the aim to set-up a framework for the design of generalised
travelling wave based non-unit protection algorithms that can be flexibly configured for
any grid topology and parameters.

The review revealed that voltage derivative and wavelet transform are the most
widely used protection functions. A research gap has been identified in the case of

wavelet transform as a means of DC fault detection and discrimination. In all the

82



Chapter 3. HVDC Grid Protection and Fault Location

wavelet-based protection schemes reported in Table 3.1, the design relies exclusively
on extensive off-line simulations to determine protection thresholds and other impor-
tant aspects of the technique. In order to render W'T generally applicable for HVDC
protection purposes, analytical guidelines and methodologies for selecting the above

parameters are needed.

3.5 Review of HVDC Fault Location Methods

Following successful fault clearance in HVDC grids, the next step is to determine the
accurate location of the fault along the feeder. As mentioned in the ‘IEEE Guide for
Establishing Basic Requirements for High-Voltage Direct-Current Transmission Protec-
tion and Control Equipment’ [215], the additional important equipment stated below

should be employed to complement the actions of HVDC protection systems:
e DC line fault locator.
e Transient fault recorder.
e Station synchronisation equipment.
e DC measuring equipment.
e FElectrode line monitoring equipment.
e Harmonic monitoring equipment.
e Converter valve cooling control and protection equipment.

Therefore, HVDC fault location is considered an essential task that should be ex-
ecuted promptly after operation of the main HVDC protection system. In detail, the
exact determination of the fault position is of vital importance because it will en-
able acceleration of power system restoration, reduction of operating costs due to non-
optimised power flows within the HVDC grid and consequently, it minimises the power
outage time and enhances the reliability of the HVDC grid.

Existing fault location methods for HVDC systems that have been proposed in the
technical literature can be classified into travelling wave based, reflectometry, model-

based, frequency domain and learning-based methods.

3.5.1 Travelling-Wave based Fault Location Methods

Fault location techniques based on travelling waves have been widely used both in
AC and DC networks. TW-based fault location can be further divided into single-
ended and double-ended. Single-ended TW algorithms calculate the fault location by
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determining the time between the arrival of two consecutive travelling waves [216-218].
Consequently, high precision in estimating the travelling wave arrival time is required to
guarantee high fidelity fault location. Because of this requirement, very high sampling
frequencies in the order of 1-2 MHz are typically used. Double-ended (or two-ended)
fault location utilises time-stamped measurements at both ends of the transmission
medium and relies on estimating the arrival time of only the first incident travelling
wave [219,220]. Generally, two-ended methods are considered more reliable, since the
first reflection has the least distorted signature. Nevertheless, the selection between two-
ended and single-ended TW-based methods is typically a result of a trade-off between
complexity, cost, and accuracy in fault location estimation. Fault location schemes that
have been developed on both principles, typically utilise various mathematical tools to
reveal specific features in current and/or voltage signatures.

The authors in [220] propose a double-ended TW-based fault location method using
time-stamped measurements (sampled at 2 MHz) of DC voltage and capacitor currents
to locate DC faults in HVDC networks with non-homogeneous transmission media.
Initially, the faulty segment is identified by solving a set of equations for calculat-
ing the fault distance for each segment. The method is accurate and robust against
noise, nevertheless, only fault resistances up to 100 Q were investigated. Moreover,
the requirements for synchronised measurements and high sampling frequency could be
considered technical barriers for practical applications. In [219], a fault location method
is proposed for star-connected MTDC networks using continuous wavelet transform on
DC line current signals. Nevertheless, time-synchronised measurements and a high
sampling frequency of 2 MHz are required. Moreover, highly-resistive DC faults have
not been investigated thoroughly.

In [217], modal voltages and currents are used to implement a single-ended travelling-
wave based fault location for HVDC cable bundles. The method depends on estimating
the difference in arrival times of fault transients due to their difference in the modal
velocities. The method requires voltage and current measurements sampled at 1 MHz,
and it has been tested with fault resistances up to 100 €.

All travelling wave-based fault location methods make use of high sampling
rates in order to accurately estimate the fault location. This requirement is commonly
considered as the main weakness of TW-based techniques. Additional challenges include
the requirement for synchronised measurements (for double-ended methods), accurate
estimation of wave arrival time, attenuation of TWs due to fault resistance, as well
as the fact that the wave propagation speed of the examined transmission medium
should be known. Nevertheless, the theoretical value of propagation speed can be either
deduced by the transmission medium geometry or it can be estimated through faults

at known fault locations, information which can be obtained during the commissioning
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of the fault locator system. In addition, for double-ended methods and due to the
high speed of fault travelling waves, the effect of synchronisation mismatch can lead
to increased estimation errors of the fault distance. Lastly, cost may be a significant
concern in TW-based fault location methods, because of the additional components that
are typically required such as the Global Positioning System (GPS) and transducers

that are used to capture the travelling waves.

3.5.2 Model-based Fault Location Methods

In an effort to tackle the practical challenges associated with the application of TW-
based schemes, model-based fault location methods have been developed. The existing
model-based fault location methods are a variation of time domain methods, in which
the main concept is to establish a relationship between fault location and the transmis-
sion line model based on voltage and/or current measurements from both ends of the
faulted line.

In [221], voltage and current measurements from both line ends (time-synchronised
measurements) are used to calculate the 1-mode voltage distribution across the Berg-
eron line model and then the fault distance is estimated. The required sampling rate
is 100 kHz and the method has been found to be effective for locating DC fault in
long transmission lines with fault resistances up to 500 €2. The authors in [222], com-
bine TW principles together with the Bergeron line model to construct a time-domain
DC fault location method. In addition, the need for synchronised measurements is
eliminated by setting as the zero-time reference the sampling point at which the surge
arrival is detected at each line end. The method can successfully locate DC faults
even with a high fault resistance of 500 §2; nevertheless, a high sampling frequency (1
MHz) is required. A fault location method for HVDC grids based on a simplified R-L
line model for representing transmission lines with reduced computational burden is
proposed in [223]. A first-order filter is utilised to eliminate the high frequency com-
ponents of voltage and current measurements at each line end and hence, distributed
line capacitance is ignored. The method has been tested for highly resistive faults (500
Q) and the estimation errors are less than 1% in all DC fault cases.

Model-based fault location methods form an attractive alternative for reduc-
ing the complexity while maintaining to some extent high accuracy. Nevertheless,
significant assumptions are usually made which are not necessarily applicable to all
transmission line geometries. Moreover, these methods typically rely on extended fault
data windows (typically more than 10 ms) in order to estimate reliably the fault loca-
tion. Consequently, their applicability in HVDC grids that use high-speed DC circuit

breakers is uncertain.
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3.5.3 Frequency-Domain based Fault Location Methods

Besides time domain fault location methods, frequency domain-based methods have
also been presented in the literature. These methods typically obtain the information
regarding the fault location from frequency spectrum analysis of line measurements.

Compared to the conventional TW-based fault location methods, the proposed
methods presented in [224,225] eliminate the need to identify the arrival time of the
surges. The proposed ideas utilise the dominant natural frequency in the spectrum
analysis of TW (also known as natural frequency) which is used to calculate the wave
velocity, reflection coefficients and reflection angles and then estimate fault location.
These methods require single-ended voltage or current measurements, while a sampling
frequency of only 100 kHz, and 50 kHz respectively is required. However, the methods
have been tested for high impedance faults only up to 100 €.

Based on TW principles together with Hilbert-Huang Transformation and Ensemble
Empirical Mode Decomposition (EEMD), a fault location method is proposed in [226].
The HHT and EEMD are used to obtain the time-frequency graph from which the
arrival time of the waves and the corresponding instantaneous frequency are derived.
The propagation velocity is then calculated (by using the instantaneous frequency) and
together with the arrival time a double-ended technique is used to calculate the fault
distance. The sampling requirement of such method is 1 MHz, while highly resistive
faults have not been investigated.

Frequency domain methods eliminate the need to capture the travelling wave
heads and typically require only single-ended measurements. Nevertheless, when the
DC fault occurs near the ends of the transmission medium, the dominant natural fre-
quency can reach extreme values and exceed the maximum frequency of the spectrum,
resulting in dead zones at the end terminals. In addition, the dominant natural fre-
quency can be significantly altered for faults with high fault resistance, resulting in

significant location estimation errors.

3.5.4 Reflectometry

Reflectometry is a measurement technique that is used to determine the electrical lines
characteristics through signal injection in the faulted line and then observing the re-
flected waveforms. Depending on the detected response and the captured current and
voltage signatures, the fault location can be determined. Such methods can be also
found in the open literature under the term “active methods”. In order to inject a
signal in the faulted medium, signal pulse generators are required as well as a set of
detectors for capturing the reflected signals. The signal generators typically inject high-

frequency low-voltage signals to the faulted line and then the observed anomalies (due
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to the presence of DC faults) are processed for fault location estimation.

Typically, reflectometry techniques can be applied on either time or frequency do-
main. In [227], a fault location algorithm based on stationary wavelet transform is
proposed. High-frequency injected signals are captured by an oscilloscope, decomposed
by wavelet transform and rescaled by multiple-scale correlation of approximations. The
actual fault location is estimated through the time delay between two consecutive in-
cidents. A fault localisation technique based on tangent distance pattern recognition
and time-frequency domain reflectometry is proposed in [228]. In this method, a refer-
ence signal is initially injected into submarine cables using dedicated signal generators.
Subsequently, the resulting signal from reflection to the fault location is captured, and
along with the reference signal they are stored for post-fault analysis using Euclidean
and tangent distance and time-frequency distribution. The accuracy of the method has
been validated in practice on a HVDC cable section. Nevertheless, 8 Ghz and 312.5
MHz sampling frequencies are used for the reference and reflected signals, respectively,
which implies the use of complicated and expensive equipment.

Reflectometry methods allow for the accurate fault location estimation, while
also the measurement data are not affected by the protection systems utilised within
the HVDC grids. Nevertheless, these methods require external equipment, which is
typically a fault recorder and a signal pulse generator, and high sampling rates in the
order of MHz-GHz. In addition, the use of external equipment implies the necessity for
a site visit for assembly and disassembly of the equipment, a procedure which could

take several days or months, while also a site visit may not be always possible.

3.5.5 Learning-based Fault Location Methods

A recent category among fault location approaches involves the application of learning-
based techniques, which have been widely utilised in fault classification and location
applications in AC networks. Recently, there is an increasing interest in employing
such tools for fault location estimation in HVDC systems [229-234].

A learning-based method on post-fault voltage measurements sampled at 80 kHz is
introduced in [230]. The fault location scheme estimates the fault distance by calculat-
ing the Pearson coefficients between existing cases (with unknown fault location) and
pre-simulated voltage patterns. The method has been found to be accurate for long
transmission lines and for different types of faults. However, it has been tested only
for fault resistances up to 80 €2, while obtaining a data base of training patterns may
always be a challenging task.

A method based on DC current measurements obtained from a network of dis-

tributed sensors is proposed in [234]. The method utilises current measurements ob-
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tained at 5 kHz to apply a conventional double-ended TW-based fault location tech-
nique. A machine learning approach is then used to reduce the distance error arising
from the moderate sampling frequency.

The method in [229] is based on non-synchronous voltage measurements captured
at 100 kHz on both line ends. The proposed method utilises Empirical Mode Decom-
position (EMD) to extract the high-frequency component in the fault signal and then
Convolutional Neural Network (CNN) to classify the data and estimate the fault loca-
tion. The method has been tested for both pole-to-pole and pole-to-ground faults and
it was shown that it can reliably and accurately locate line faults under fault resistance
up to 5200 2.

In [233], a method based on Extreme Machine Learning (EML) is suggested to locate
faults in multi-terminal high voltage direct current systems. S-transform and wavelet
transform are utilised for extraction of the features used for the learning process. The
methods require voltage and current measurements sampled at 500 kHz and the entire
scheme has been validated for faults with resistances up to 100 2.

An alternative approach is proposed in [235], in which initially a support vector
machine (SVM) classifier is utilised for identification of the faulted section. Then,
traditional single-ended TW analysis is used in order to estimate the fault location.
For the implementation of this method, both voltage and current measurements of one
end are required. Nevertheless, the scheme has been validated only for faults with
for fault resistance values of up to 70 . The method in [231] is also based on SVM
algorithm to estimate the location of a fault on a HVDC line. The method requires
AC voltage, DC voltage and DC current measurements obtained at 1 kHz or 4 kHz
(data for half cycle before and after the occurrence of a fault are used). The method
has been tested in both pole-to-pole and pole-to-ground faults; however highly resistive
faults have not been investigated.

Learning-based methods provide an attractive means of intrinsically understand-
ing and extracting the underlying features on currents and voltage signatures in the
event of DC faults in HVDC systems. Nevertheless, the biggest challenge for these
methods is the requirement for sufficient and very often extensive data sets in order
to train the employed machine-learning algorithm. Due to the limited experience and
availability of DC fault records, the training data set is typically collected through
extensive and iterative offline simulations (e.g. using EMTDC-type software). This
raises concerns in terms of the reliability of the training process, while also the re-
sulting learning-based solution may applicable only for the specific test system under

study.
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3.5.6 Challenges and Discussion

The review on the existing methods revealed that there is a wide range of options for
locating DC faults in HVDC systems. Nevertheless, each category of solutions is ac-
companied with its own advantages and technical challenges; the latter are summarised
in Table 3.4.

Table 3.4: Classification of fault location methods and technical challenges.

Fault Location Category Technical Challenges

e Need for high sampling frequencies
e Need for time-synchronised measurements

e Requirement for precise capture of travelling

Travelling waves
v & wav waves - Use of advanced mathematical tools

e Susceptibility to highly resistive faults

e Reliable communication channel (for two-ended)

e Trade-off between accuracy and computational
Model-based burden
e Requirement for extended data window (>10ms)

e Dead zone at the ending terminals
Frequency domain e Susceptibility to highly resistive faults that can
distort natural frequency

e Need for external equipment

e Extremely high frequencies (MHz or even GHz)

e Site visit is essential for the assembly of testing
equipment

Reflectometry

e Complexity and computational burden

e Data acquisition issues. Huge data set is usu-
ally required and due to limited DC fault records

Learning-based availability, extensive iterative simulations are es-
sential for extracting the underlying features

e Dependency on selected data and applicability
only for the HVDC grid system under study

Table 3.5 summarises the measurement requirements of HVDC fault location meth-
ods and the main operation principles or algorithms used. It is evident that in com-
parison to HVDC protection algorithms, fault location techniques are characterised by
increased demands in terms sampling frequency requirements. This is attributed to the
fact that enhanced accuracy in fault location estimation is of paramount importance to
expedite post-fault maintenance and reduce the downtime of the faulted component.

Hence, fault location methods require finer capture of fault transients, resulting in the
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utilisation of significantly higher sampling frequencies. The operation of most methods,

especially when high sampling frequencies are used, is based on TW principles.

Table 3.5: Taxonomy of HVDC fault location systems according to voltage, current
and sampling frequency requirements.

Method Volifzgzureg: ﬁrrrltent fsrzﬁilrllréi’; Operating principles & Algorithms
[219] X v 2 MHz TW principles, WT
[220] v v 2 MHz TW principles, WT
[218] X v 1 MHz TW principles, Graph theory
[226] X v 1 MHz TW principles, HHT, EMD
[217] v v 1 MHz TW principles, Modal analysis
[222] v X 1 MHz Bergeron model
[233] v v 500 kHz WT, EML, S-Transform
[216] X v 200 kHz TW principles, WT, Logistic function
[235] v X 200 kHz WT, SVM classifier
[236] X v 135 kHz TW principles, WT
[224] v v 100 kHz MUSIC method
[229] v x 100 kHz WT, EMD, CNN
[237] X v 96 kHz Pearson coefficient
[230] v X 80 kHz Pearson coefficient
[223] v v 50 kHz R-L line model
[221] v v 6.4 kHz, TW principles, WT, Bergeron model
[234] X v 5 kHz TW principles, WT, Pearson coefficient
[231] v v 1-4 kHz SVM classifier

It is worth noting that the majority of the above work proposes fault location
techniques that are applicable for point-to-point HVDC links, which are commonly
protected by AC circuit breakers from the AC side of the converter. This implies
that there is a prolonged time window available (2-3 AC cycles) for post-fault analysis.
However, HVDC grids are suggested to operate with high-speed DC circuit breakers
at both ends of each transmission medium, in an effort to isolate the faulted medium
as soon as possible, guarantee safety of the HVDC grid components and to minimise
the detrimental effects of DC faults on the DC and AC side of the grid. Consequently,
the available data windows for applying a DC fault location technique for HVDC grids
can be confined to only several milliseconds after fault occurrence. Especially if hybrid
DCCBs are utilised, the data window can be less than three milliseconds, thus making
fault localisation a more challenging task.

In addition, an increasingly challenging task in HVDC fault location arises when
the network includes hybrid lines that have segments of both overhead lines and ca-
bles. This is very common for OHL-based systems, in which small cable segments are
introduced near the converter terminals, or for HVDC systems that transmit electricity
across water bodies such as seas and lakes, where underground cables are used but the
converter terminals are not located near the shore of the water body [220]. This issue

has received very limited attention and the only solutions that attempted to tackle this

90



Chapter 3. HVDC Grid Protection and Fault Location

problem [220,235,236] face the same challenges of TW-based techniques. In conclusion,
there is a need for development of novel fault location techniques, which can be applied

to networks with hybrid feeders based on short data windows.

3.6 Review of Measurement Technologies for HVDC Pro-

tection and Location

The proper function and performance of HVDC protection and fault location algorithms
is greatly dependent on the quality of measurements fed to the protection and fault
location devices by the corresponding measuring schemes. One of the main observations
made through the review in Sections 3.4 and 3.5 is that much of the reported work is
developed on a conceptual level, while practical aspects of the proposed methods are
neglected. For example, it is commonly assumed that voltage and current measurements
are always accessible even when very high sampling rates are utilised. This section aims
to combine the findings of the review on the available measuring technologies conducted
in Chapter 2 with the measurement requirements of existing HVDC protection and fault
location algorithms as these were highlighted in Tables 3.1, 3.3, and 3.5. In detail, this
section constitutes a mapping of protection and fault location functions on a frequency
diagram against the available voltage and current measuring technologies to illustrate
the potential for applicability based on the existing technologies, ultimately unlocking
insights for selecting measuring equipment based on the desirable characteristics of
protection and fault location systems.

With respect to voltage measurements, there is a limited number of options (refer
to Subsection 2.7.1). These mainly comprise of the RC voltage divider that achieves
a high bandwidth in the order of MHz, and the hybrid optical voltage sensor that
may emerge in future applications. The superior frequency response of the former,
combined with its relative maturity, have rendered RC-voltage divider the main tech-
nology used in HVDC applications. By inspecting the frequency requirements of the
various voltage-based protection and fault location methods, it is observed that they
fall within the available bandwidth of RC-voltage divider. Hence, it can be concluded
that voltage measurements for HVDC applications are considered readily accessible,
indicating a competitive advantage of protection and fault location solutions that are
based exclusively on voltage signals.

For current measurements, there is wider range of options, with each technology
occupying a different frequency spectrum. In Figure 3.8, the current-based protection
and location methods are mapped on a frequency diagram against the available current

measuring techniques to illustrate the potential for applicability based on the existing
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technologies. It is worth noting that the frequency range achieved by each current
sensing scheme, mainly refers to the bandwidth of the primary sensor, whereas the
overall bandwidth of the complete measuring system may be further restricted by the

secondary converter, the corresponding data acquisition system and signal-processing

electronics.
Protection methods Fault location methods
@ [190] 231], [234]
@ [171], [180], [187], [189], [200], [201], [210], [214]
@ [170], [177], [178], [198]
@ [185]
® [175], [179], [197], [212]
® [183], [184]
@ [141], [196], [206], [211] [235)
(176)
© [192], (193], [194], [195] ©® [217), [218], [226]
10) (147], [181) 9], [220]
@) (74)
®
® 2 DIONNC @ ® ) (@)
@
O] ® ® @ ® ® (@) (@)

Hybrid Optical Sensors |

Rogowski

Optical sensors |

Magneto-resistance sensors

Fluxgate sensor

Shunt resistor

L L L L T | L L L L R | L L L L Lol L L L L R |
10* 10° 10* 10° 10°
Sampling frequency [Hz|

Figure 3.8: Mapping of HVDC protection and fault location methods against sampling
frequency and current measuring technologies.

An initial analysis of the diagram reveals a distinctive difference in the frequency
range between HVDC protection and HVDC fault location algorithms. It is evident
that the majority of non-unit and unit protection solutions is concentrated in a fre-
quency spectrum ranging from 10 kHz to 100 kHz. This is explained by the fact that
DC fault detection aims to detect every probable fault within the relay’s protection
zone, without the need for extremely accurate capture of fast transients during DC
faults and therefore, high sampling frequencies are not typically required. This is es-
pecially true for unit protection schemes, which very often rely on simplified means of
comparison between current measurements from both ends of the protected transmis-
sion medium. On the contrary, the vast majority of fault location functions utilises

sampling frequencies in the range of 100 kHz to 2 MHz. This is attributed to the
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fact that enhanced accuracy in fault location estimation is of paramount importance
to expedite post-fault maintenance and reduce the downtime of the faulted component
(e.g. DC cable). Hence, fault location methods require finer capture of fault transients,
resulting in the utilisation of significantly higher sampling frequencies.

Based on these findings, it is evident that there is greater variety of options among
current measuring technologies for supporting current-based DC fault detection and
discrimination functions. In this case, the selection of the appropriate measuring instru-
ment can be realised according to the sensor’s reliability, accuracy, longevity, dynamic
range, size and weight concerns, cost etc., while it is likely that there might be multiple
current sensors that satisfy the required performance criteria. In the case of fault loca-
tion functions with increased sampling rates, it can be seen from the diagram that the
available sensors with the capability to measure faster fault transients are significantly
reduced. It is noteworthy that groups (v) and (9 approach the bandwidth capacity limit
of existing current instruments. Moreover, applications with high sampling rates are
also accompanied with increased requirements in terms of signal processing electronics
and advanced output interfaces, noise resilience, reliability and inevitably cost. There-
fore, the implementation of such high-bandwidth demanding applications with suitable
current instruments is a more complex task.

Taking wavelet transform as an example, it can be noticed from the diagram and
Table 3.1, 3.3, and 3.5 that it is used as the main function in several protection algo-
rithms (groups (D-(@)), in which sampling frequencies are in most cases less or equal
to 100 kHz. In addition, the same detection function has been employed in several
occasions for fault location purposes (groups (1) and (7)-@0), in which the vast majority
utilises significantly higher sampling rates. Since DC protection and DC fault location
are anticipated to be integral parts of future HVDC grids and given that voltage and /or
current measurements are required in both cases, it is reasonable to assume that the
measuring instruments will be shared for the purposes of both applications.

Therefore, a convergence between the requirements of both applications is desired.
Based on the reported measuring requirements of both voltage and/or current-based
methods, such a convergence seems to be achieved for sampling frequencies around 100
kHz that concentrate a significant proportion of the detection and location functions.
With specific reference to DC protection and fault location applications, the IEC 61869-
9 promotes the sampling frequency of 96 kHz. In relevant research investigating its
performance and suitability in [144, 183, 184], it has been reported that a sampling
frequency of 96 kHz is adequate for capturing DC-side fault transients and therefore
it can be utilised for both HVDC protection and fault location applications. On this
basis, common voltage and current measuring devices that comply with this standard

can be used for both applications.
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3.7 Simulation Analysis of DC Faults in HVDC Grids

In this section, an analysis of the transient phenomena that occur as a result of DC
faults in HVDC grids is conducted. Initially, a representative HVDC grid test network
is introduced, which was developed based on the review of HVDC technologies made in
Chapter 2. The same test network will be used in the remainder of the thesis, including
the simulation analysis in this section. Afterwards, a DC fault characterisation of the
HVDC grid is performed with the aim to reveal the system-wide trends during such
events. Then, the analysis focuses on a single protection relay location, (also used as
the point of measurement), with the aim to identify the DC fault characteristics that

could be useful for non-unit protection design.

3.7.1 HVDC Grid Test Network

Figure 3.9 shows the four-terminal meshed HVDC grid test network that has been
modelled with PSCAD/EMTDC simulation tool. The network is operating at £320

kV DC in a symmetric monopolar configuration.
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Figure 3.9: HVDC grid test network.

All converters are HB-MMCs, modelled based on the average value modelling ap-
proach including the appropriate modifications to accurately represent the converter
behaviour during the blocking state as described in Subsection 2.2.5. All DC links
are represented based on the frequency-dependent cable model presented in Subsection
2.6.3 using the corresponding model available in PSCAD library. The network archi-
tecture, converter protection logic and cable parameters are adopted from [81]. At the
output of each converter, small capacitors (2.5 uF) are connected between each system

pole with a common grounded midpoint. The distributed droop control presented in
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subsection 2.4.2 is used as the power sharing control scheme of the system. In particu-
lar, converters C1 and C2 are configured to control the active power of the offshore wind
farms, while converters C3 and C4 employ voltage droop control in order to regulate
the DC system voltage.

Protective relays and current limiting inductors in series with DCCBs are placed
at each end of all cables. The DCCBs are modelled based on the approach described
in Subsection 2.5.4 with 5 ms operation speed. For the rest of this thesis, Rjj refers to
the relay located at the end 4 of line L;;. Similarly ;; and V;; correspond to current
and voltage measurements at the relay location Rjj, respectively. Moreover, letters p
and n in the subscript indicate positive pole and negative pole measurements. Unless
otherwise stated, the transducer and measurement systems are assumed ideal. The
main parameters of the HVDC grid and the MCCs are summarised in Table 3.6.

Table 3.6: HVDC grid test network and converter parameters.

Parameter Value

Nominal DC voltage + 320 kV

Rated power (C1~C4) 1000 MVA
Active power setpoint (C1~C4) 700,700,—800,—600 MW
Reactive power setpoint (C1~C4) 100,100,100,100 MVAr
Converter arm inductance 42 mH
Converter arm resistance 0.08 ©
Converter arm capacitance 31.42 pF

3.7.2 Characterisation of HVDC Grid Fault Response

To investigate the HVDC grid fault response, DC faults are applied at t=0 s at the
midpoint of L13 at location F; shown in Figure 3.9, when line inductors value is set to
0 mH to show the natural response of the system. Figure 3.10 demonstrates the results
for a PTP fault in 3.10(a)-(d) and a PTG fault in 3.10(e)-(h). In the figure, converter
voltages and currents, and line voltages and currents are shown for both the prospective
case without breaker actions (solid lines) and for the interrupted case (dashed lines).
Figures 3.10(a)-(d) show that the PTP fault leads to rapid increase and high steady-
state values for all converter and line fault currents while the converter, positive pole
and negative pole line voltages collapse within 20 ms from fault inception. Moreover,
the three stages of the HB-MMC fault behaviour during PTP faults (as described in
Subsection 3.2.2) can be noticed in 3.10(a). The SM capacitors discharge stage lasts
until the converters are blocked (IGBTs turn off), i.e. at t~2 ms for C1 and C2, and
at t~4 ms for C3 and C4, as indicated by the initial peaks of the converter currents.

After the IGBTSs in the converter arms turn off, the converters proceed to a transitional
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Figure 3.10: Converter currents, converter voltages, cable currents and cable voltages
for: (a)-(d) pole-to-pole fault, and (e)-(f) positive pole-to-ground fault. Solid lines
correspond to the natural response of the HVDC system (without breaker actions), and
dashed lines correspond to the system response when the fault is cleared by DCCBs.

state during the arm current decay stage, followed by the grid current feeding stage in

which the converter currents reach a steady state value approximately at t=20 ms.

In the interrupted case, the fault current of the faulted cable is interrupted by
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the DCCBs of L13 as seen from I3, in Figure 3.10(c). It is evident in this case
that fast DCCBs lead to quick recovery of system voltages and currents. Following
fault clearance, the converters are deblocked at t=20 ms, and the converter and pole
voltages are quickly restored close to nominal values. Similarly, the converter and line
currents reach a new steady state value at t~40-50 ms.

For the PTG fault case, Figures 3.10(e) and 3.10(g) show that converters and cables
demonstrate high initial transient currents but almost zero steady-state fault currents.
Figure 3.10(f) illustrates that the impact of the PTG fault on converter voltages is less
distinct than the PTP fault and results in reduced voltage collapse. In Figure 3.10(h) it
is shown that the faulted pole voltage collapses to zero, while a persistent over-voltage
is observed on the healthy pole. In the interrupted case, the DCCBs of the faulted
pole are tripped (as seen from I3, in 3.10(g)), and similar to the PTP fault, converter
currents and voltages quickly recover to new steady-state conditions. Nevertheless, it
is evident from 3.10(h) that the over-voltage on the healthy pole persists, which implies
that additional pole-rebalancing measures should be taken.

To examine the impact of DC faults on the HVDC grid power transfer capability,
the active and reactive powers of each converter are demonstrated in Figure 3.11(a)-(b)
for the PTP fault, and in 3.11(c)-(d) for the PTG fault. The negative sign in power
indicates that power is exported from the DC system to the AC networks.
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Figure 3.11: Converters active and reactive power for: (a)-(b) pole-to-pole fault, and
(c)-(d) positive pole-to-ground fault. Solid lines correspond to the response of the
HVDC system without breaker actions, and dashed lines correspond to the system
response when the fault is cleared by DCCBs.
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In the prospective case, due to blocking of all converters, the active power and
reactive power capability is lost for both fault types. In the interrupted case, power-
controlling converters C1 and C2 experience reduced disturbances as opposed to the
converters regulating the DC voltage (C3 and C4), which experience prolonged active
and reactive power perturbations. It is worth noting that regardless of the type of
fault, power recovery times are in the order of a few hundreds of milliseconds. This
suggests that the surrounding AC networks should be in a position to tolerate such
power disturbances to avoid system stability issues, otherwise, additional measures are
required to mitigate the effects of DC faults. Alternatively, fault tolerant converters
coupled with appropriate protection strategies can be employed to manage and expedite
system restoration. This observation has led to the development of a fault management
strategy for enhanced DC-side fault management in HVDC grids (based on an efficient
customised MMC topology), which will be introduced in Chapter 6.

3.7.3 Impact of Fault Characteristics and Inductive Termination

The previous subsection performed an analysis of the fault response of the entire HVDC
grid during different fault types (PTP or PTG) for a single fault location and fault
resistance (R;=0 Q) without inductive termination at the line ends. In this section,
the analysis is extended to investigate the effect of fault parameters along with the
effect of current limiting series inductors on the fault signatures. Towards this aim,
PTP faults are applied on cable L13 and DC voltage and current measurements are
captured at the location of protection relay Ri3 (also shown in Figure 3.9). In addition

the DCCBs are deactivated to observe the natural fault voltage and current response.
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Figure 3.12: Traces of (a) DC voltage and (b) DC current for PTP faults at various
points along L13.

In Figure 3.12, current and voltage profiles are shown for PTP faults with varying
distances to fault when 50 mH series inductors are used. It is evident that the fault

initiated travelling waves arrive at the relay location sooner for closer faults and that
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shorter fault distances lead to more dense travelling wave reflections with more pro-
nounced effect on voltage traces rather than current traces. In detail, it is shown in
Figure 3.12(a) that each incident travelling wave causes a distinct sharp edge on DC
voltage, a trend that becomes less prominent for increasing distances to fault, for which
the changes in voltage profiles become more gradual. By observing Figure 3.12(b), it
is seen that the DC current magnitude is reduced as fault distance increases. These
trends are attributed to the increasing values of cable resistance and inductance in the
fault path for greater distances to fault which provoke more severe attenuation on the
induced travelling waves.

In Figure 3.13, current and voltage profiles are shown for PTP faults at the midpoint
of cable L13 with varying fault resistances. In this case also, 50 mH series inductors
are installed at all cable ends. It is observed that high fault resistance values signifi-
cantly restrain the fault current magnitudes and blunt the edges on DC voltage caused
by travelling wave reflections, thus also leading to reduced voltage drops. Based on
these findings, it becomes evident that highly-resistive faults lead to less harmful con-
sequences to the DC network, but on the downside, the higher the fault resistance the

greater the risk for the DC fault to not be detected by the protective relay.
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Figure 3.13: Traces of (a) DC voltage, and (b) DC current for PTP faults at midpoint
of L13 with varying fault resistance.

PTP faults at the same fault location are repeated (with Ry=0 Q) for different
sizes of current limiting series inductors and the results are shown in Figure 3.14.
Figure 3.14(b) displays graphically the main reason behind the utilisation of series
inductors with DCCBs in HVDC grids, which is that greater sizes of series inductors
lead to reduced rate of rise of fault currents, thus allowing the breakers to act before the
maximum current breaking capability is exceeded (or effectively reducing the maximum
current to be interrupted). In addition, in Figure 3.14(a) it is shown that an increase in
the series inductor size also provokes to a small extent steeper edges on the DC voltage

profiles and smooths out the DC voltage between successive travelling wave reflections
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and consequently, the points of travelling wave arrivals become more distinct. From
all the cases considered in this subsection, it becomes evident that in the presence of
inductive termination, travelling wave reflections are more distinctive in voltage traces
as opposed to current traces. For this reason, DC voltage measurements are considered
more suitable to analyse the nature of DC faults and are therefore preferred for non-unit

protection applications.
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Figure 3.14: Traces of (a) DC voltage, and (b) DC current for PTP faults at midpoint
of L13 for various sizes of current limiting series inductors.

3.7.4 Analysis of Non-unit Protection

In an effort to identify the challenges of non-unit protection and evaluate common ex-
isting protection algorithms, an analysis has been carried out for eight different fault
scenarios that cover a range of internal and external faults (with respect to the protec-
tion zone of Rys, i.e. cable L13), the details of which are provided in Table 3.7. The
fault location of each fault scenario in the test network is also depicted in Figure 3.9.
The DCCBs are deactivated to show the natural fault response for longer duration,

while 50 mH inductive termination is considered.

Table 3.7: Considered fault scenarios for analysis of non-unit protection.

Fault Fault

Scenario  Location Description
S1 F1 Internal fault at midpoint of L.13
S2 Fs Internal fault at the end of L13
S3 Fo Internal fault at the end of L13 (R;=20012)
S4 Fo Internal fault (PTG) at the end of L13 (R;=20052)
S5 F3 Forward external fault at bus B3
S6 Fy Forward external fault at the start of L34
S7 Fs Reverse external fault at bus Bl
S8 Fg Reverse external fault at the start of L14
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Scenarios S1-54 refer to DC faults that are inside the protection zone of the inves-
tigated relay Ris. In detail, S1 is a PTP fault at the midpoint of L13, and S2, S3, S4
refer to a solid, highly resistive PTP fault, and highly resistive PTG fault at the end
of cable L13 (end of the protection zone). Fault scenarios S5 and S6 refer to forward
external solid PTP faults right after the protection zone (location F3) and at the be-
ginning of cable L34 (location Fy), respectively. Scenarios S7-S8 correspond to reverse
(backward) external PTP faults at bus B1 behind relay Ri3 and at the beginning of
cable L14, respectively (locations F5 and Fg in Figure 3.9).

The voltage profiles (measured at the relay location) are shown in Figure 3.15(a) for
the internal faults, and in Figure 3.15(b) for the external faults, respectively. An initial
investigation of the voltage profiles shows that even for remote resistive internal faults
(scenarios S3 and S4), there is a considerable drop in DC voltage. This explains the fact
that UV has been widely used in the literature for simple DC fault detection (see Table
3.1). Nevertheless, it can be seen that the drop in DC voltage in scenarios S5-S8 is
considerably higher than the voltage drop in scenarios S3-S4 and hence, discrimination
between internal and external faults is not achieved by the UV criterion. Moreover,
DC voltage cannot provide an indication for the direction of the fault, since reverse

external and forward external faults result in similar voltage signatures.
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Figure 3.15: Voltage profiles for (a) internal faults (scenarios S1-S4), (b) external faults
(scenarios S5-S8), and current profiles for (c) internal faults, (d) external faults.
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It can be noticed from Figure 3.15(a) and 3.15(b) that the sharpness of DC voltage
drop caused by the internal faults is more pronounced with respect to the voltage drop
caused by external faults, in which the rate of descent of DC voltage is more gradual.
This is attributed to the presence of inductor boundaries, which filter the high frequency
components of voltage travelling waves originating from faults outside the protection
zone of relay Rjs.

In addition, the current profiles for the internal faults are provided in Figure 3.15(c),
and for the external faults in Figure 3.15(d). By inspecting the current profiles for
scenarios S3 and S4 it is evident that typical over-current protection will fail to detect
these internal faults, since the maximum observed current is comparable to the nominal
current. On the other hand, external fault scenarios S5 and S6 result in significantly
higher fault currents. In contrast to voltage signals, the reverse faults can be identified
in the current signals due to the provoked current direction reversal.

Figure 3.16 shows the output of the di/dt algorithm when it is applied at the
relay measurements for all fault scenarios. Figure 3.16(a) illustrates that all forward
faults produce distinctive positive changes in the di/dt output, but similar to OC, the
algorithm cannot provide discrimination between internal fault scenarios S3, S4 and
forward external fault scenarios S5 and S6. Moreover, 3.16(b) shows that di/dt displays
distinct negative values for reverse faults. For this reason, di/dt is commonly used as
a direction criterion in non-unit protection schemes, and especially in voltage-based

schemes that typically cannot determine the fault direction.
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Figure 3.16: Calculated di/dt by protection relay R for: (a) forward faults (scenarios
S1-S6), and (b) reverse faults (scenarios S7 and S8).

Figure 3.17 shows the output of the dv/dt non-unit protection method when it is
applied at the relay measurements for all fault scenarios. Figure 3.17(a) demonstrates
that for all internal fault scenarios S1-S4, dv/dt produces distinctive sharp spikes even
for remote resistive faults in response to the first incident voltage wave. Although

further travelling wave reflections can also be observed, they are characterised by pro-
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gressively more reduced dv/dt outputs. Moreover, it is evident that fault distance,
fault resistance and the type of fault influence to a great degree the results of the algo-
rithm. The highly resistive PTG fault displays the smaller peak (negative in sign) in
dv/dt output. This is expected due to the effect of fault resistance on DC voltage (as

explained in the previous subsection) and the less distinctive features of PTG faults.
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Figure 3.17: Calculated dv/dt by protection relay R for: (a) internal faults, (b) forward
external faults, (c) reverse external faults, and (d) scenarios S4-S5 (zoomed).

The corresponding dv/dt output for forward external faults in Figure 3.17(b) in-
dicates a more gradual response to the external DC faults and demonstrates smaller
negative spikes. Hence, by carefully setting a threshold in the region between the max-
imum dv/dt values for scenarios S4 and S5, discrimination between forward internal
and forward external faults can be achieved. This is illustrated graphically in Figure
3.17(d), in which the dv/dt output for scenarios S4 and S5 is zoomed. The margin
between the two outputs of dv/dt (or any other method) is defined in this thesis as
the discrimination or protection margin. To ensure successful discriminative protec-
tion, wide protection margins are desirable. Nevertheless, it becomes evident that for
the dv/dt algorithm, as in any non-unit protection algorithm, the available protection
margins become significantly narrower for increasing fault resistances, fault distances
or transmission medium lengths (i.e. larger protection zones). Finally, it is evident

from Figures 3.17(a) and 3.17(d) that internal DC faults can be detected within a few
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hundreds of us.

For fault scenario S6 (location F4), the output of dv/dt demonstrates lower mag-
nitude than scenario S5 (location F3) indicating that there is higher margin for dis-
crimination. The two faults are practically at the same location with only the series
inductors of L34 separating them. This implies that an increase(decrease) in series in-
ductor size leads to enhanced(reduced) discrimination capability between internal and
external faults. Consequently, the size of the inductive termination is one of the key
parameters that needs to be considered in non-unit protection design stage.

Figure 3.17(c) shows that the dv/dt output for the reverse fault scenarios S7 and
S8 is higher than the corresponding output for forward external faults (S5 and S6). As
a result, dv/dt cannot be used on its own to form a complete protection scheme. By
combining the dv/dt and di/dt detection functions as performed in [141], a complete
protection scheme is formed, in which a positive di/dt indicates a forward DC fault and
dv/dt is responsible for discriminating between forward internal and external faults.

Owing to its enhanced capabilities in fault signal analysis and its wide utilisation
in HVDC grid protection applications (see Table 3.1), wavelet transform is selected
for further evaluation. WT is implemented using the corresponding model available in
PSCAD library, in which the second level and ’haar’ wavelet are selected. In a similar
manner with dv/dt, the magnitude of the provided WT coefficients can form the main
detection and discrimination function. In Figure 3.18 the maximum WT coefficients

are displayed for all fault scenarios when WT is applied on DC voltage measurements.
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Figure 3.18: Wavelet transform output for all fault scenarios.

The results reveal that WT presents identical trends with the dv/dt algorithm. In
detail, fault distance, fault resistance and type of fault adversely influence the WT

output. The hardest detectable internal faults are the remote resistive faults (S3 and
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S4), and the most challenging forward external fault is scenario S5, which result in a
protection margin slightly higher than the one obtained with dv/dt. In this case too,
an additional directional element is required to differentiate reverse DC faults.

It is worth noting that WT includes several complex configuration elements and
its associated settings can play a crucial role in the method’s performance in DC fault
discrimination. This level of configurabillity renders W'T an attractive option for HVDC
non-unit protection. More details on this matter are provided in Chapter 5, where a
WT-based non-unit protection scheme with optimised settings is developed for high-
speed enhanced protection performance in HVDC grids.

The key takeaways from the analysis of non-unit protection conducted in this sub-

section are the following:

e The most significant information for non-unit protection purposes is present in the
first incident voltage and current travelling waves, as subsequent wave reflections

are experiencing growing attenuation.

e The fault characteristics (fault distance and resistance) diminish the amplitudes
of incident current and voltage travelling waves. Therefore, distant faults or
highly resistive faults are more challenging to be detected from a protection relay

based exclusively on local voltage and current measurements.

e Typical over-current and under-voltage criteria are not appropriate for discrim-
inative HVDC grid protection. Nevertheless, the drop in DC voltage even for
remote resistive faults is a good indicator for initiating more advanced protection

algorithms.

e When series inductors are installed, travelling waves have a more distinct impact
on the shape of voltage signals as opposed to current signals. Consequently,

voltage measurements are more appropriate for non-unit protection applications.

e Series inductors do not only serve as current limiters that restrain the rate of
rise of the fault currents, but they also behave as natural boundary filters that
dampen the sharpness of incident voltage waves. This behaviour provides a basis
for discrimination between forward internal and external faults, as voltage waves
originating from DC faults on other lines outside the protection zone have already

passed through the faulted line’s inductive termination.

e The size of current limiting series inductors is of paramount importance for the
performance of non-unit protection algorithms and has a direct effect on the

resulting protection margins.
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e Purely voltage-based protection algorithms fail to distinguish between forward
and backward DC faults. The information regarding the direction of the fault
can be more readily extracted from DC current signals. In particular, di/dt can

be utilised to expedite the process of determining the fault direction.

e It has been shown that both dv/dt and WT offer noticeable discrimination mar-
gins. Nevertheless, WT offers a higher degree of configurability and hence, there

is greater flexibility for designing a non-unit protection algorithm.

e The inherent limitations of non-unit protection can lead to reduced protection
margins depending on the length of the protected line, the inductor size and the
fault characteristics. This highlights the necessity for a design methodology that

ensures optimised protection settings for improved performance.

3.8 Summary

This chapter has presented the main challenges, requirements and design aspects of
HVDC grid protection systems, along with a review on the existing HVDC protection
and fault location solutions. Special emphasis has been paid on the implementation
aspects of HVDC grid protection. The fully selective protection strategy, in which each
line of the system is protected by dedicated DCCBs that work in conjunction with
protection relays, is expected to be the main option for large-scale meshed grids where
minimum power disruption is required. This strategy can be implemented using the
decentralised approach which has been identified as a viable option for HVDC grid pro-
tection by eliminating vendor-dependence. Such an approach introduces a requirement
for protection algorithms, which given the stringent time scales for DC fault clearing,
are preferred to be based exclusively on local voltage and current measurements.

The review on protection revealed that there is an ongoing research activity to-
wards the development of TW based non-unit protection methods. This trend has
been supported by the insertion of series inductors in series with DCCBs that assists
towards defining protection boundaries and providing the basis for discrimination be-
tween internal and external faults. It has been observed that the vast majority of the
developed solutions are designed based on iterative off-line simulations using detailed
models of specific HVDC test systems in EMT-type software. Nevertheless, in the
absence of a common framework for the design of non-unit protection methods, their
interoperability with other protection equipment is not guaranteed.

In addition, a case study was performed to identify the characteristics and challenges
of non-unit protection. It has been shown that in TW-based methods, voltage signal is

a better candidate for non-unit protection since TWs have a more distinct impact on
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DC voltage measurements. Nevertheless, a current-based criterion (e.g. current deriva-
tive) is suggested to be included to allow for discrimination between nearby backward
external and remote forward internal faults. The study revealed that the protection
margins of non-unit methods are highly sensitive to fault characteristics and the size of
series inductors. Moreover, highly resistive internal faults at the end of the protection
zone have been recognised as the most challenging faults that need to be detected,
while forward faults right outside the protection zone are the most challenging external
faults. From the evaluated methods, it was shown that WT offers high potential and
increased flexibility for the configuration of a non-unit protection algorithm.

The corresponding review of the existing fault location methods revealed that there
is a wide range of options for locating DC faults in HVDC systems. Each of the
identified method categories is accompanied with its own advantages and technical
challenges. However, most of the existing methods are either designed for point-to-point
HVDC links in which large measurement data sets are available due to the absence of
DCCBs, or are designed for HVDC grids but have ignored the impact of high-speed
DCCBs on the data window length. Furthermore, fault location in hybrid lines with
both cable and OHL segments has received very limited attention.

The review also considered the sampling frequency requirements of DC protection
and fault location solutions. The functions enabling protection and fault location have
been mapped on a frequency diagram against the available measuring techniques to
illustrate the potential for applicability based on the existing technologies. The anal-
ysis identified that voltage measurement for HVDC applications is considered readily
accessible, indicating a competitive advantage of voltage-based methods. With regards
to current-based methods, it has been shown that protection methods are mainly con-
centrated in a frequency spectrum ranging from a few kHz to 100 kHz, while fault
location methods require measurements with a frequency range starting from 100 kHz
and reaching up to 2 MHz. Nevertheless, a convergence between the requirements of
protection and fault location is desired as it is reasonable to assume that the measuring
instruments will be shared for the purposes of both applications. Such a convergence is
shown to be achieved for sampling rates around 100 kHz that concentrate a significant
proportion of protection and location functions.

The work and analyses presented in this chapter have contributed towards the
development of HVDC protection and fault location solutions along with a methodology

for non-unit protection design that will be presented in detail in the next chapters.
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Chapter 4

Design of Travelling Wave based
Non-unit Protection Using

Frequency Domain Analysis

Owing to the fact that travelling wave propagation in HVDC grids is a heavily fre-
quency dependent phenomenon, a methodology based on frequency domain analysis
is developed as a useful means of assessing the capabilities and limitations of TW-
based non-unit protection. The methodology exploits the fact that the main difference
between an internal and external fault is the presence in the fault path of the cur-
rent limiting series inductor that terminates each line end. The inductor acts as a
high impedance element for high frequency components of transient voltage and con-
sequently, the frequency response in each fault case is recognisably different. On this
basis, a systematic analysis of both fault cases in the frequency domain can reveal
significant information for protection design purposes. Towards this aim, the transient
voltage at the relay location is meticulously represented in the Laplace domain by tak-
ing into account local only (in the vicinity of the relay) grid and networks components
such as the transmission medium length and geometry, the number of other attached
feeders to the same bus, the converter parameters, the inductive termination, the fault
parameters, as well as the travelling wave behaviour of DC faults. The methodology is
utilised for performing a sensitivity analysis of the above parameters in an effort to gain
a deeper understanding of their impact on HVDC non-unit protection and to identify
the parameters that can be adjusted to extend protection reach. Based on the findings
of frequency domain analysis of DC fault transients, guidelines for non-unit protec-
tion design are proposed, including among others a generic approach for analytically

calculating protection thresholds.
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4.1 Introduction

The literature review of HVDC protection in Chapter 3 has highlighted that there is a
growing tendency for the development of unit and non-unit protection algorithms based
on travelling wave principles in which the first incident voltage and current waves are
used to identify the faulted medium. Due to the significant time constraints for DC
fault detection and discrimination in HVDC grids, non-unit protection becomes the
preferable option in order to eliminate prolonged undesirable communication delays.
Moreover, the review revealed that inductive termination of HVDC lines is exploited
to define protection boundaries for non-unit protection methods. This trend has con-
centrated attention around the design of voltage-based methods as series inductors
operate as a natural boundary for a range of frequencies of the fault initiated travelling
waves, thus influencing the DC voltage traces for faults outside the protected medium
as opposed to those for internal DC faults.

An important limitation of most existing non-unit protection methods is that they
have been designed based on extensive offline simulations using detailed models in
EMT-type software, in which only a specific HVDC system is considered and hence,
their applicability in other HVDC networks is not guaranteed. Moreover, non-unit pro-
tection algorithms suffer from sensitivity issues and limited protection reach depending
on the length of the lines, the DC reactor size and the fault characteristics, such as
fault distance and resistance. The above underscore the necessity for a generalised
methodology that offers the capability to investigate the practical limitations of non-
unit protection in a flexible manner and highlight the factors which can be refined to
optimise its performance for HVDC grid protection.

An appropriate tool for performing such studies is Frequency Domain Analysis
(FDA), which has already been used as an analytic method for characterising the
transient behaviour of DC faults in HVDC grids [238,239]. Such analysis overcomes
typical issues associated with standard EMT-type software simulations, such as the use
of a single fixed network for the validation of protection systems. Nevertheless, FDA
has not been used as a means of investigating the general capabilities and limitations of
non-unit protection. By drawing from the work already conducted, this chapter aims to
expand frequency domain analysis and develop a tool for facilitating non-unit protection
design by strategically focusing the analysis on selected fault scenarios. Therefore, FDA
is initially used for describing the transient voltage at the relay location in the frequency
domain for the selected scenarios. Then, a methodology is presented for identifying the
factors that influence the transient voltage with the aim to set up a suitable framework
for the design of generalised travelling wave based non-unit protection algorithms that

can be flexibly configured for any grid topology and parameters.
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4.2 Frequency Domain Analysis

This chapter aims to introduce a generic tool for facilitating non-unit protection design
and flexible relay configuration for any HVDC network that may be considered. Hence,
to ensure general applicability of the analysis, a generic HVDC grid section is consid-
ered, as illustrated in Figure 4.1. The grid section comprises of two terminals with
voltage source converters that are connected through a DC line or cable, while further
n and m feeders are connected to terminal buses B1 and B2, respectively. The feeder
is terminated by current limiting series inductors at both ends. The protection zone of
relay R is the full length of the DC feeder between the two inductors. Based on local
measurements, the protective relay should discriminate between a fault at location Fiy
at the remote end of the protected cable (internal fault) from a fault behind the series
inductor at location Feys that is right outside the protection zone (external fault).

As demonstrated in the case study of Chapter 3 (see Section 3.7), a solid fault
at fault location Feyt presents the most challenging problem for discriminating as an
external, since the strongest external fault transient (in the forward direction) occurs
when the fault happens right outside the protection zone. Furthermore, an internal fault
at the far end of the protection zone at location Fiy; with high fault resistance presents
the most challenging fault case for discriminating as an internal fault, as it imposes less
distinct fault signatures than faults at any other point closer to the relay location. The
main difference between the two fault locations is the presence of the series inductor,
which dampens the sharpness of incident voltage waves that originate from faults at
Fext (or beyond). The inductor acts as a high impedance element for high frequency
components and consequently, the transient voltage characteristic at the relay location
in each fault case is recognisably different. On this basis, focused investigation of the
voltage frequency response for these two fault cases can provide significant information

for differentiating between them and for protection design purposes.
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Figure 4.1: General section of a HVDC grid.

Owing to the fact that the transient phase of DC faults in HVDC grids is governed by

travelling wave phenomena, which are to a great degree frequency dependent, frequency
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domain analysis can be employed to analyse the frequency response of faults at Fit and
Foxt. Towards this aim, common HVDC grid components should be described in the
frequency domain, while the travelling wave principles have to be taken into account.
In the proposed approach, the Laplace domain is used to derive the transfer functions
of the transient voltage (early DC fault stage) at the relay location with respect to the

fault point accounting both for internal and external faults.

4.2.1 Cable Modelling

Travelling waves that propagate over a cable or overhead line experience attenuation
due to the line parameters. As explained in Chapter 2, the resistive and inductive
components of a transmission line medium are heavily frequency dependent and hence,
frequency dependent models are required to adequately simulate the response of the
medium under fault conditions. These models operate on the basic principle that
the frequency dependence of the medium can be sufficiently described by two matrix
transfer functions: i) the propagation function H and ii) the characteristic admittance
Y.. These functions can be approximated using the approach described in Subsection

2.6.3. Accordingly, the common form of function H is:

H(s) = i <e”m i . C’}Jﬂ) (4.1)

m=1 n=1
where N is the order of the rational function, C), are the residues, P, are the poles, ¢y, is
the number of group delays, and 7, is the modal time delay of group m. Equation (4.1)
serves as an approximation which is appropriate for use in the frequency domain model.
The required inputs of the model are limited to a set of values of cable series impedance
Zs and cable shunt admittance (Ys) at various frequency points. The characteristic
cable impedance (Z,) is also calculated based on these parameters by:

Zs

Z.—= |22 4.2
= (+2)

4.2.2 Converter Modelling

The main converter technology considered in this thesis is the MMC. The fault contri-
bution in the initial DC fault stage of most MMC topologies, including the most widely
used HB-MMC, is governed by the discharge of the distributed capacitance contained in
the SMs of the converter. Since the analysis focuses exclusively on the transient phase of
DC faults, before converter blocking occurs, only the capacitive discharge stage should
be considered. During this stage, the converter impedance can be approximated as a

series RLC model, and its frequency domain representation is given by [141]:
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Zcony = Req + SLeq + 1/Sceq (43)

where R.q, Leg and C,y are the converter’s equivalent resistance, inductance and capac-
itance respectively. C¢, represents the total capacitance of the inserted sub-modules
on all three legs of the converter. Ry, Leg and Cey can be derived based on the corre-
sponding arm converter parameters Rgym, Larm and Cgpry, as:
2 2
Req = gRan Leq = gLarmy C’eq = 3Carm (44)
More details on how equation (4.3) is derived are provided in Appendix A, which

also describes the way different topologies can be represented in the frequency domain.

4.2.3 Transient Voltage Characteristic

To represent the voltage at the relaying point, the first incident travelling voltage wave
generated at the fault location needs to be formulated in the phase domain. Using the

generic section of Figure 4.1, the transient voltage measured by relay R is:

where 111 is the transmission coefficient at bus B1 and U JQ is the voltage wave at the
fault point, and H which is derived from (4.1) represents the attenuation experienced by
the fault voltage wave after propagating from the fault point. The refraction coefficient
describes the fraction of the fault voltage wave that passes through the inductor at bus
B1 and is transmitted to the network behind the series inductor. Using travelling wave

theory, the refraction coefficient is calculated as follows [240]:

27y
== 4.6
"= 7,5 2. (46)
where Z; is the terminal impedance behind the relay R (see Figure 4.1) that is calcu-
lated as in (4.7) when all transmission media have the same impedance Z., and series

termination inductance L. Similarly, this can be generalised for any L and Zc values.

(sL+ Z.)
n

Zt = Zeonn// +sL (4.7)

When a DC fault occurs between two poles of the feeder, the voltage at the fault
location falls from the pre-fault nominal voltage Uy, to zero. The superposition theo-
rem can be applied to derive the voltage wave at the fault location. According to the
theorem, the fault network, which includes a DC voltage source at the fault location

with a value equal to the pre-fault voltage with reverse polarity (U }:—Udc), is superim-
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posed to the pre-fault network. Figure 4.2 displays the equivalent fault-superimposed

circuit for an internal PTP fault at location Fiy; and an external PTP fault at Fext.

Bl
|_¢k. Ze
T

B2

(b)

Figure 4.2: Equivalent fault-superposed circuit for: (a) a resistive internal PTP fault
and (b) a solid external PTP fault.

Based on Figure 4.2(a), the fault voltage wave in the case of an internal fault is:

A Z.//sL
fyint — (Rf—i-QZc//SL) f

(4.8)

Using the superposition theorem in a similar manner for a solid fault at location

Fext (Figure 4.2(b)), the voltage at the fault point is given by:

Z
Uhewt = 5t U
feat = 97, v 2sL 7

By substituting (4.8) and (4.9) to (4.5), the transfer function of the ratio of voltages

(4.9)

at the relay location and the voltage at the fault point (i.e. U,/Uy) can be derived for

both fault locations Fiy; and Fey, respectively, as shown by:

Ur,int Zc//SL

— g - H - 4.10
v, M (Ry +2Z.]/sL) (4.10)
Ur ext ZC
S - R 411
Uy PV 9z v asL (4-11)
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The presented analysis focuses on PTP faults for considering the impact of worst-
case external faults. Nevertheless, the approach described above for deriving the voltage
transfer functions can be extended to PTG faults. It is worth noting that the analysis
is only valid during the transient phase of DC faults, in which the frequency response

is mainly determined by the first incident voltage wave.

Mutual Coupling Effect

Mutual coupling between the HVDC grid system poles is a phenomenon that should be
taken into consideration when designing HVDC protection. It has been demonstrated
in [239,241] that the mutual coupling in cable-based systems is negligible (even for bipo-
lar configurations), especially in the first few milliseconds after fault inception. Never-
theless, the electromagnetic coupling between poles of OHL-based systems is stronger
due to capacitive coupling between the conductors, as opposed to the negligible ca-
pacitive coupling between cables which are grounded at both ends [177]. Therefore,
transients occurring on the faulted pole affect the healthy pole and consequently, the
performance of the protection scheme.

To eliminate the mutual coupling effect between the system poles and ensure ex-
tensibility of the analysis to bipolar configurations, the phase-mode transformation is
utilised, according to which the decoupled ground-mode voltage U,,, and line-mode

voltage U,, are given by [241]:

U,
Uy,

Uy

o (4.12)

111
V2|1 -1

where U,; and U,_ are the positive-pole and negative-pole DC voltages at the relay

location. Using the superposition theorem in a similar manner, and by applying the

phase-mode transformation, the transient line-mode voltages at the fault point for the

cases of the internal and external fault can be obtained [242]:

227,

v, =9 [ 4.13
fyinty 2Z01+Rf f ( )

V2Z
! =_r=7a 4.14
Uf,e:rt1 ch +SLUf ( )
where Ry is the fault resistance, and Z., is the line-mode component of Z.. By sub-
stituting (4.13) and (4.14) to (4.5), the voltage transfer function (U,, /Uy) for faults at

Fint and Foy is expressed as:

M =up - H 2\/5201

— 4.15
Uy 2Z., + Ry ( )
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V27,

Ur1 ,ext .
Zey +SL

7, (4.16)

=pp1-H

4.2.4 Validation of Frequency Domain Analysis

PSCAD detailed simulations for a HVDC grid section are compared against the results
provided by the theoretical frequency domain analysis to prove the validity of the
calculated transient voltage in each fault case. The cable parameters are adapted
from [81], the cable length is set to 200 km, while n is set to 2. Series inductors with a
value of 50 mH are placed at each cable end, while R.,=0.0533 0, L.;=0.28 mH and
Ceq=94.26 pF. The faults occur at t=0 ms.

A step input with magnitude equal to the pre-fault pole-to-pole voltage is applied
at the fault point (Us=-Uy.) and then inverse Laplace transform is used on (4.10) and
(4.11) to obtain a time-domain representation of the transient phase of DC faults. The
results of the comparison for solid faults at both Fj,; and Fey are shown in Figure
4.3. It is evident that the time-domain representations obtained based on FDA are in
agreement with the detailed PSCAD simulations for the first travelling wave reflection
(between 1 to 3.3 ms). During this period, the maximum difference in percentage
between the two representations (using 320 kV as reference value) is 0.18% for the
internal fault and 0.62% for the external fault case, thus confirming the suitability of

the technique as a means of analysing DC faults in HVDC grids.
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Figure 4.3: Validation of frequency domain model against PSCAD for (a) an internal
solid fault, and (b) an external solid fault.

In both cases, the fault response deviates from PSCAD simulations approximately
3.3 ms after fault inception (almost 1 ms accounts for wave propagation over the 200
km cable). This is attributed to the fact that the analysis does not take into account
subsequent travelling waves or other actions such as converter blocking, or breaker trip-

ping events. Nevertheless, considering that the required speed of DC fault detection
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and discrimination in HVDC grids should be in the range of a few hundreds of microsec-
onds, it can be concluded that the information provided by frequency domain analysis
is more than sufficient for designing high-speed non-unit protection algorithms.

The model is based on the assumption that the transmission line is long enough
and that wave reflections from the remote terminal do not reach the relaying point
within the time frame of interest. The exact period for which FDA is valid becomes
smaller for shorter transmission lines as the fault location moves closer to the relay
and consequently, denser travelling wave reflections occur. When aiming for DC fault
detection and discrimination time of 0.5 ms, the model is adequate for over-head lines
(or cables) with a minimum length of 75 km (or 32.5 km) provided that the wave
propagation speed is equal to the speed of light (or half the speed of light). For the

design of faster non-unit methods, FDA can be extended to even shorter mediums.

4.2.5 Methodology for Analysis of Non-unit Protection

Design and analysis of non-unit protection can be facilitated by identifying the fre-
quency content of the transient voltage signature resulting from strategic DC fault
cases. In particular, the comparison between the frequency response of the hardest
detectable internal fault (a highly resistive fault at the end of the line, i.e. Fjy) and
the hardest external fault (a solid fault right outside the protection zone, i.e. Feyt) can
shed light on the distinguishing factors between the two cases which can be exploited
for non-unit protection design. Assuming lossless propagation over the DC cable of the
previous subsection, Figure 4.4 presents the frequency response of the voltage transfer
function under i) an internal solid fault (R;=0 ), ii) a highly resistive internal fault
(Rf=100 €2) and iii) a solid external fault, when 50 mH inductive termination and a
constant characteristic impedance of 28 ) are considered.

It is evident that the fault voltage travelling wave generated after a solid DC fault at
location Fy, contains higher frequency components than the corresponding fault voltage
for an external fault, in which high frequency components are filtered by the inductive
termination of the medium. This is the main principle behind existing voltage-based
non-unit protection methods, which has been used for discrimination between internal
and external faults by exploiting the greater magnitude of high frequency components
of transient voltage. Nevertheless, the relative difference in magnitude between the two
frequency responses, and hence the ease with which external faults can be differentiated
from internal faults, greatly depends on the various system and fault parameters.

For instance, Figure 4.4 shows that in the event of a resistive internal fault the
magnitude of the voltage characteristic is decreased, leading to a low frequency region

in which the frequency response for the external fault is more pronounced, while in the
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Figure 4.4: Transient voltage frequency responses of internal and external faults as-
suming undistorted (i.e. H=1) fault voltage travelling waves.

high frequencies the corresponding magnitude for the internal fault characteristic is
higher. This implies that discrimination of resistive internal faults becomes harder and
is only possible in a certain frequency spectrum. The frequency point at which the two
characteristics intersect each other, and beyond which the signature of the resistive fault
becomes more distinct than that of the external fault, is termed as critical frequency.
The critical frequency varies depending on the examined internal fault. This frequency
can serve as an indicator for selecting an appropriate sampling rate that ensures that
the more valuable high frequency components of DC voltage are sufficiently captured
in order to ensure that even highly resistive faults are discriminated.

Similarly, changes in other parameters may influence in different ways the frequency
responses and the resulting critical frequencies. Therefore, by systematically analysing
the frequency response of the voltage transfer functions for all potential grid and fault
parameters, their influence can be evaluated, ultimately unlocking insights for the de-
sign of robust voltage-based non-unit protection methods. This is investigated in detail

in the following section.

4.3 Impact of System and Fault Parameters on Transient
Voltage Frequency Response

Based on the aforementioned mathematical formulation for the first incident voltage

travelling wave, the frequency response of voltage transfer functions for faults at loca-

tions Fiy and Fey is analysed with the aim to offer valuable insight into the technical

limitations of non-unit protection and an in-depth understanding of the influencing fac-

117



Chapter 4. Design of Travelling Wave based Non-unit Protection Using Frequency
Domain Analysis

tors. The considered parameters are the fault resistance of the internal fault, the feeder
length, the series inductor size, the converter arm inductance and total capacitance as
well as the number of healthy feeders attached to the same bus with the faulted feeder.
Both cable systems and OHL systems are considered in the analysis and the corre-
sponding line parameters are adopted from [81] (same as in previous section) and [243],
respectively. The generic HVDC grid section of Figure 4.1 is used with the parameters

shown in Table 4.1, which unless otherwise specified, are used in all studies.

Table 4.1: System and fault parameters.

Parameter Value
Medium length 200 km
No. of feeders connected at Bl 2
DC inductor size 50 mH
Arm resistance 0.08
Arm inductance 42 mH
Arm capacitance 31.42 uF
Fault resistance 0Q

4.3.1 Fault Resistance

Figure 4.5 shows the frequency response of the voltage transfer function for internal DC
faults for various fault resistances, when the faulted medium is a DC cable in Figure
4.5(a) and an overhead line in 4.5(b). A direct consequence of fault resistance is the
damping of magnitude across the whole bandwidth of the transient voltage. Moreover,
with increasing fault resistance, the reduction in magnitude becomes more prominent
and the critical point is shifted towards a higher frequency, thus transferring the suitable
frequency spectrum that contains valuable information for DC fault discrimination to
higher frequencies. Based on these findings, the use of a higher sampling frequency
allows for the detection of DC faults with higher fault resistances.

Figure 4.5(a) also shows the corresponding frequency response for a solid external
fault (R;=0 €2). Since wave propagation along the cable is identical for both solid
faults at Fip, and Fey (same distance to fault), the difference in voltage response is
caused entirely by the filtering effect of the inductor. It is evident, that in the case
of an external solid fault, the transient voltage attenuates faster in the high frequency
region (above 200 Hz in this case) than that of a solid internal fault, in which there
is a significant high frequency content. Nevertheless, for faults with very high fault
resistance, the magnitude in the high frequency region becomes comparable to that of
the external fault, thus making internal faults harder to be distinguished. For instance,

the voltage characteristic for the 500 €2 internal fault is greater than the characteristic
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of the external fault only in the frequency range from almost 1 kHz (critical frequency)
up to 50 kHz where it decays to zero. It can be seen that the critical frequency reduces
for increasing fault resistance and hence, it becomes evident for given feeder length and
characteristics, there is a limit in the maximal fault resistance that can be detected

regardless of the employed non-unit protection method.

0.7“‘ T T oo T T T T T T T T T T LI 14 T T T T T T T LI
Fmt (Ri:OQ) 7Fint (Rt:OQ)
0.6 Fine (Re=10092) | 1.2 Fine (Re=1009) |
~=Fine (Rr=2009) = Fie (Re=2009)
— 05 - Fie (Re=300Q) | — 1 -Fie (Re=3009) |
- Fine (Re=400Q) || — Fine (Re=400Q)
5 0.4 Fine (Re=500Q) |{ 5" 0.8 oy Fine (Re=50092) ||
\g. Fext (Rt:OQ) \h v "”Fext (Rt:OQ)
203 1 2 06 1
G =)
0.2 104 1
0.1+ . . 0.2 .
0 bz ‘ ‘ e ‘1 /\_, N . 0 3,:_?‘ ‘ LT ‘ i SN
102 10° 104 107 109 102 10% 104 107 10°

Frequency [Hz] Frequency [Hz]

Figure 4.5: Transient voltage frequency response in the case of a solid external fault
and for various fault resistances of the internal fault for (a) DC cable and (b) overhead
line. The black marks indicate the critical frequency for each internal fault.

Compared to the frequency response of the undistorted fault voltage travelling wave
of Figure 4.4, the shape of the transient voltage characteristic under an external fault
is not significantly influenced by the attenuation caused by the cable, while the decay
rate of magnitude is only marginally expedited. This indicates that for faults behind
the series inductor, the impact of filtering effect of inductive termination is greater than
the impact of cable attenuation.

Similar trends are observed for the OHL in Figure 4.5(b), nevertheless, it is evident
that the critical frequencies for the internal faults are higher than their cable coun-
terparts, while also the attenuation caused by the OHL parameters on the frequency
response of transient voltage for highly-resistive faults is significantly smaller. These
features imply that higher sampling frequencies are required to capture travelling wave
phenomena in OHLs, and that the discrimination capabilities (protection margins) of

any non-unit protection method are enhanced when it is used for protection of OHLs.

4.3.2 Medium Length

Figure 4.6 displays the frequency response of solid internal faults (R;=0 €2) at the
end of the protection zone and solid external faults just outside the protection zone for
different cable lengths in 4.6(a), and OHL lengths in 4.6(b). For both fault cases, greater

medium length effectively means greater fault distance. It is evident from Figure 4.6(a)
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that as the cable length increases, the magnitude of all transfer functions for internal
faults becomes smaller, while further high frequency components are filtered out due to
the low-pass characteristic of the propagation function which becomes more dominant
for greater distances. This indicates that the greater the medium length, the lower the
reach of the protection due to the greater attenuation caused on the waves originating
from remote-end faults. To a lesser extent this is also true for the magnitude of the
transfer functions for the external faults. The combined effect is that the available
bandwidth for HVDC protection decreases and encompasses more lower frequencies.
Moreover, with increasing medium length, the difference between an internal and
external fault becomes less distinct and consequently, there is a theoretical maximum
length limit, after which the protection method will not be able to differentiate between
them. Once again, similar trends are observed to a lesser extent for the OHL in Figure
4.6(b), which implies that the theoretical maximum length limit for non-unit protec-
tion is higher. It is worth noting that in both cases, the effect of medium length on
critical frequency is minimal and hence, sampling frequency selection can be assumed

independent of the length of the protected medium.
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Figure 4.6: Impact of medium length on the frequency response of DC voltage for
internal and external faults for (a) DC cable and (b) overhead line.

4.3.3 Series Inductor Size

Figure 4.7 demonstrates the impact of the size of series inductors on the transfer func-
tion response for both the internal and the external fault. It is evident that the inductor
influences to a great extent the frequency response of both transfer functions. For the
internal faults, the high frequency region (above 1 kHz) remains unaffected, since it
is primarily determined by the medium characteristics. Nevertheless, the bandwidth

is extended significantly in the low frequency region (below 1 kHz), while also the
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magnitudes of the voltage characteristics are increased to a certain extent.

For the external faults of both Figures 4.7(a) and 4.7(b), the high frequency compo-
nents of the incident travelling wave are largely attenuated due to the greater filtering
effect that is introduced by the higher size of the inductor. As a result, the magnitude
of the transfer function decays faster in the high frequency region. This phenomenon
becomes less distinct as the inductor size increases. In addition, a reduction in the

magnitude is caused across the whole bandwidth.
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Figure 4.7: Impact of inductor size on the frequency response of DC voltage for internal
and external faults for (a) DC cable and (b) overhead line.

These observations demonstrate the strength of using series reactors for non-unit
protection. The benefit obtained from the use of a larger series inductor is that the
magnitude of the transfer function for an internal fault is significantly higher when
compared to the lower magnitude of the external fault, leading to larger margins and
longer time windows for the protection method to effectively discriminate the faulted
feeder. Considering the previous findings on the impact of the medium length, in the
case of very long feeders, larger inductors can be employed if possible to compensate
for the increased attenuation of the incident fault waves. In this way, the protection
reach can be extended to ensure that the whole protection zone is covered even for
faults with high fault resistance. Lastly, due to the more pronounced impact of the

series inductor in the low frequency region, lower sampling frequencies may be used.

4.3.4 Arm Inductance and Capacitance

Figures 4.8 and 4.9 show the frequency response of transient voltage for different arm
inductances and arm capacitances, respectively. The values of these parameters are
selected based on typical inductors and cell capacitors used in HVDC grid studies.

Both parameters mostly affect the lowest frequencies of the transfer functions, while
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the responses in the high frequency region are identical. Since the time range considered
for HVDC grid protection is in the order of a few milliseconds or less, and based on
the previous results which revealed that higher frequency components (in the range of
kHz) are of interest for the protection systems, the influence of the converter parameters
on non-unit protection design can be neglected. This suggests that individual vendor
converter designs have limited impact on HVDC protection design. This conclusion
holds true for both cable- and OHL-based systems.
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Figure 4.8: Impact of arm inductance on DC voltage frequency response (internal fault)
for a (a) DC cable and (b) overhead line.

7 —20 uF
0.6 40 pE 1.2 |
60 uF
80 uF |]
o 05 ---100 pF - !
=04 508 |
> =
203 1206 1
3 3
0.2 1 04 ’
0.1 B 0.2 B
o) . I \‘7-? e 0 C - I - eSS
10? 10 10 10° 106 107 10° 10 10° 106
Frequency [Hz] Frequency [Hz|

Figure 4.9: Impact of arm capacitance on DC voltage frequency response (internal
fault) for a (a) DC cable and (b) overhead line.

4.3.5 Number of Feeders

The number of non-faulted feeders connected to bus B1 is varied from 1 to 4 and
the resulting transfer functions are shown in Figure 4.10, when considering identical

characteristic impedance for all cables in Figure 4.10(a) and for all OHLs in Figure
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4.10(b). In both cases, it is evident that the influence of the number of feeders on the
fault response is limited only to the low frequencies’ region. Similar to the previous
examined case, its impact on non-unit HVDC protection systems can be neglected

without significantly affecting the results of the analysis.
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Figure 4.10: Impact of number of healthy feeders on DC voltage frequency response
(internal fault) for a (a) DC cable and (b) overhead line.

4.4 Guidelines for Non-unit Protection Design

The sensitivity analysis of the previous section has revealed significant aspects of non-
unit protection and the impact of different grid parameters on any non-unit algorithm
that may be selected. In line with Figure 3.5 of Chapter 3 on HVDC protection de-
sign, the grid parameters such as transmission line length and characteristics, converter
parameters, and system configuration are selected in the system design process. In ad-
dition, the current limiting series inductor is typically selected in the DCCB design
process. Therefore as all system parameters are known in advance for a given project,
frequency domain analysis of the transient voltage for faults right before and after the
series inductor (protection zone limit) can be readily used to facilitate design and con-
figuration of robust non-unit protection methods. The following paragraphs present
guidelines on several aspects of non-unit protection and its underlying DC fault detec-

tion and discrimination functions.

4.4.1 Sampling Frequency and Filtering Requirements

The critical frequency (see Figure 4.4) can be used as an indicator for determining
the lowest sampling frequency for which a non-unit protection method can detect and

discriminate DC faults. Moreover, based on the maximum required detectable fault
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resistance R;{“”” , the sampling frequency can be obtained by comparing the transfer
function for the internal DC fault (with Ry = R}”ax) with that of the solid external DC
fault and ensuring sufficient margin between the two functions. To enhance security
of non-unit protection, the low frequency components can be eliminated by utilising
filters to manipulate the frequency spectrum of the voltage signature or by selecting
signal processing techniques with inherent filtering capabilities (e.g. wavelet transform
or short-time Fourier transform). It is worth noting that the results of the sensitivity
analysis of Section 4.3 indicate that the 96 kHz sampling frequency suggested in IEC
61869-9 provides significant margins between highly-resistive internal faults and solid
external faults for both cable-based and OHL-based systems (see Figures 4.5 and 4.6).

4.4.2 Protection Threshold Determination

Non-unit protection methods do not offer inherent selectivity and they require an opti-
mised protection setting to ensure that the maximum protection reach is achieved and
the method remains robust against external faults or other disturbances. Frequency do-
main analysis can be used for developing a generalised approach for directly calculating
the protection threshold in a flexible manner, while avoiding extensive electromagnetic
transient simulations. This approach is based on the identification of the most severe
fault that may lead to maloperation of the protection relay.

As already explained, a solid fault after the series inductor is the hardest fault that
should be disregarded by the relay. The application of a step input with a magnitude
equal to the pre-fault pole-to-pole voltage (Ur=—Upc) at the fault point and use of the
inverse Laplace transform (ILT) yields the time-domain representation of the transient
phase of PTP DC faults (as performed in Subsection 4.2.4). Based on this approach,
the step response of the transfer function for the solid external fault at Fex; (see Figure
4.1) yields the fault response for the hardest fault. By performing the selected non-unit
protection method directly on the derived time-domain expression, the corresponding
protection setting can be analytically calculated. This procedure is visualised in Figure
5.6, in which voltage derivative is applied on the derived time-domain representation of
the external fault based on FDA for the same grid section and parameters of Subsection
4.2.4, when a sampling frequency of 100 kHz is used.

Based on Figure 4.11(b), the protection threshold is set equal to the minimum
(negative voltage derivative) value of dv/dt. It is worth reiterating that only local
parameters of the components in the vicinity of the relay are required for threshold
determination. The same procedure should be applied for the hardest detectable fault
for each relay (based on its associated local parameters) within the HVDC grid. The
protection setting may be set equal to the highest calculated threshold of all protective
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Figure 4.11: Protection threshold determination: (a) time-domain expression obtained
using FDA and ILT, and (b) application of non-unit protection algorithm (dv/dt) to
determine protection threshold.

relays. Alternatively, an optimised setting can be applied for each relay separately
with the optional capability for dynamically changing its value whenever there is a
change in the influencing factors (e.g. disconnection of a converter or an adjacent line).
Moreover, a safety margin (e.g. plus 10-20%) shall be included to achieve a trade-off
between sensitivity and security (as illustrated in Figure 4.11(b)). In this way a degree

of immunity against noise, measurement errors and other disturbances is also provided.

4.4.3 Protection Margin Improvement

Analysis of DC faults in the frequency domain can also be used for adjusting parameters
(if possible) with the aim to optimise the method’s performance in terms of protection
reach and margin. Nevertheless, as most of the grid parameters are determined in the
project design stage and are therefore fixed, there is very limited flexibility with regards
to the grid components that may be modified. The sensitivity analysis of Section 4.3
revealed that the current limiting series inductor, which is determined in the DCCB
design process, is the most influencing factor for non-unit protection. Therefore, FDA
can be used as a complementary tool in combination with current DCCB sizing practices
for selecting the appropriate inductor size.

An example is shown in Figure 4.12, in which dv/dt is used as the non-unit protec-
tion method and applied for internal faults at location Fj,; (see Figure 4.1) for fault
resistances in the range of 0-500 Q2. Moreover, dv/dt is applied for a solid external
fault for two series inductor sizes, i.e. Lg.1=20 mH and Lg4.=50 mH. It is observed
that a small increase of series inductor size leads to an increase of maximum detectable
fault resistance, Ry, from 288 Q for 20 mH inductor to 485 €2 for 50 mH inductor,
thereby improving the overall protection margin of the method. Such analysis can be

used to derive the appropriate series inductor size that satisfies the desirable method’s
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Figure 4.12: Increase of protection margin.

performance in terms of discrimination margin. Based on the observations made in Sub-
sections 4.3.2 and 4.3.3, the benefit of this process is expected to be more pronounced
for long transmission lines as an increase of the series inductor size can overcome the
attenuation effect caused by a long line on the DC fault signatures of internal faults,

thereby leading to extended protection reach.

4.4.4 Configuration of Non-unit Protection Algorithms

The literature review on existing DC fault detection and discrimination functions in
Chapter 3 has demonstrated that a plethora of advanced signal processing techniques
have been employed for non-unit protection. Such complicated algorithms typically en-
tail the determination of several algorithm-specific configuration parameters. In current
literature, these parameters are optimised through trial and error offline simulations
until the suitable settings for all fault scenarios are identified. The application of FDA
on strategic fault scenarios to obtain the corresponding time-domain representations
can assist towards developing quantitative metrics that enable flexible configuration of
the algorithm settings. The developed protection solution of Chapter 5 is a perfect
example of this process, in which an analytical methodology for deriving the key pa-
rameters of the wavelet transform is presented. In this case, FDA in conjunction with
ILT are used to derive the time domain expressions for an internal fault with Ry=500
Q and for a solid external fault. A wavelet transform with different settings is then
repeatedly applied on the obtained time domain expressions, and the settings that lead
to enhanced performance in terms of protection margin are flexibly selected.

FDA can also be used directly as the main element of a non-unit protection algo-

rithm. Towards this aim, single-ended sampled voltage measurements from the relay
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location can be utilised to construct a frequency domain voltage characteristic for the
existing fault case using continuous time transfer function identification tools. The volt-
age characteristic can then be compared against stored theoretical frequency domain
voltage profiles of internal and external faults, which can be obtained using FDA, to
determine whether the fault is internal or external. If this process is executed success-
fully at high speed, it can be used as a means of non-unit protection. Alternatively, this
technique can be used for offline fault location applications, in which the constructed
frequency domain voltage profile is repeatedly compared against theoretical profiles for
various fault distances along the medium until a convergence is achieved. This forms

the main principle behind the HVDC fault location method presented in Chapter 7.

4.4.5 Adaptability and Extensibility of Non-unit Protection

Due to the general applicability of the proposed framework for any non-unit protection
method, functional interoperability can be achieved between different protection algo-
rithms (embedded in different relays) running on the same network, or even the same
DC bus, with each relay being responsible for its own protection zone. Moreover, the
framework can be used to protect the intellectual property of different vendors as the
protective relays can be configured without the need for full access on the specifics of
the underlying protection logic (e.g. configuration parameters of a WT-based method).
The above can be achieved by providing information regarding a limited number of
parameters to the protective relays, which in turn can determine the corresponding
protection settings based on the proposed framework. The only inputs required for
the configuration of the relay (and for the protection algorithms that are embedded
in it) are the characteristics and length of the protected medium, number of the ad-
jacent feeders, basic converter parameters and the value of the inductive termination.
Furthermore, the framework is applicable for any VSC topology if the appropriate
modifications are made, and is independent of the employed DCCB technology as the
required time scales for FDA (<1 ms) are significantly smaller than the operation times
of typical hybrid or mechanical DCCBs (2-10 ms).

The proposed framework provides a considerable degree of extensibility in case
of grid expansion as only local parameters are required for protection design. Con-
sequently, changes in protection settings are needed only if any of the components
surrounding the local DC bus is affected. In such cases, the settings of the protec-
tion method can be updated using frequency domain analysis without the need for
additional complex offline transient simulation studies.

Frequency domain analysis for DC protection design is primarily concerned with

fully selective protection strategies, in which DC breakers are located at all line ends
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together with current limiting series inductors. Nevertheless, the methodology’s prin-
ciples also apply for non-selective strategies provided there is at least a small-valued
inductive termination. In such strategies in which de-energisation of the entire net-
work is permitted, simple DC fault detection algorithms (unit or non-unit) suffice to
determine the occurrence of a DC fault and trigger AC-side protection or fault tolerant
converter actions for clearing the fault. On this basis, design of a fast non-unit protec-
tion algorithm based on the proposed methodology is not required, although it can still
be used for recognising the faulted component or as a back-up protection algorithm
(e.g. in case of communication failure for a primary unit protection method).

Finally, as illustrated in Figure 4.13, the methodology is also applicable in partially
selective strategies. In such cases, the objective of the designed non-unit protection
method using FDA is to identify the sub-grid in which the DC fault has occurred. In
the example of Figure 4.13, relay R is responsible for issuing a trip command to the
adjacent DCCB if a DC fault on Line 1 is detected. In this way, power transfer between
sub-grids A and B can be safely continued through Line 2. On the other hand, if a DC

fault occurs in sub-grid B, no action is required by relay R.

B Protective Relay
X DCCB

Relay R
Line 1

HVDC
sub-grid A

HVDC
sub-grid B

Protection zone of R

Line 2

Figure 4.13: Use of non-unit protection for partially selective strategies.

4.5 Summary

The chapter has presented a methodology based on frequency domain analysis of DC
faults for performing a comprehensive investigation of HVDC grid non-unit protec-
tion using travelling wave theory principles. To ensure the general applicability of the
methodology, a generic HVDC grid section has been defined, in which only local param-
eters in the vicinity of the protection relay are required to be known. By analysing the
frequency response of DC voltage at the relay location for strategically selected fault
cases, recommendations and practical guidelines for voltage-based non-unit protection
algorithms have been proposed. In detail, the hardest detectable internal fault (at the
end of protection zone) and the hardest fault that should be classified by the relay as
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external have been used to assess the general capabilities and limitations of non-unit
protection and to identify the suitable frequency range for differentiating between them.

The proposed methodology enables flexible systematic investigation of grid and fault
parameters that influence the voltage response for both internal and external faults. A
sensitivity analysis of these parameters has been performed for both cable-based and
OHL-based systems. In both cases, the length of the faulted medium (equivalent to fault
distance) and fault resistance have been found to be the two main factors that limit the
performance of non-unit protection, since for long lengths or high fault resistances the
difference between the DC fault voltage signatures resulting from internal and external
faults may be indistinguishable. The series inductor has been found to be the main
grid component that influences non-unit protection as it has been demonstrated that
for increasing series inductor sizes, protection margins also increase. In addition, the
attenuation experienced by the incident voltage waves due to the line components can
be compensated, thus leading to extended protection reach. The impact on non-unit
protection of the converter parameters and the number of healthy feeders attached to
the same bus with the faulted feeder was found to be negligible. The sensitivity analysis
also revealed that protection margins are higher in OHL-based systems.

Furthermore, it has been shown that the proposed methodology can play an in-
strumental role for the design of non-unit protection algorithms that can be easily
configured for any grid topology and grid parameters. First, the critical frequency, i.e.
the frequency beyond which the impact of the hardest internal fault that is required
to be discriminated becomes more pronounced than that of a solid external fault, is
recommended as an indicator for selecting a suitable sampling frequency and defining
the filtering requirements. Second, an approach for analytically deriving the protec-
tion threshold based exclusively on the prevailing local system conditions is provided.
Third, a complementary tool for selecting series inductor sizes is proposed with the aim
to improve protection margins. Finally, recommendations are provided for the flexible
configuration of algorithm-specific settings. The proposed framework accommodates
the deployment of multi-vendor HVDC grids with optimised protection systems, and
renders the configuration of the selected non-unit protection methods insensitive to
system parameter changes, either permanent (e.g. grid expansion) or temporary (e.g.
line maintenance). As such, these enhancements provide significant benefits over con-

ventionally designed non-unit protection solutions.
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Chapter 5

Analytical Design of Wavelet

Transform-based Non-unit
HVDC Protection

The Wavelet Transform has been identified as one of the most effective tools for ef-
fective non-unit protection of HVDC grids. Nevertheless, the use of WT in practical
protection applications has been impeded by the increased complexity in design due to
the several WT-related parameters. To overcome this barrier, this chapter presents an
analytical approach and detailed guidelines for WT-based non-unit protection schemes
for HVDC grids using the design methodology that is based on frequency domain anal-
ysis of the transient period of DC faults that was introduced in Chapter 4. In detail,
the representation of a generic HVDC grid section and the corresponding DC-side fault
signatures in the frequency domain form the basis of a generalised approach for an-
alytically designing a protection scheme based on WT and its various variants. The
proposed solution is adaptive within its design stage and offers general applicability and
immunity to system changes, while the protection settings are configured for optimised
performance. A scheme based on Stationary WT (SWT) is designed and validated
through offline simulations in PSCAD/EMTDC, while the technical feasibility of the
algorithm in the real world is demonstrated through the use of real-time digital simula-
tion and Hardware-in-the-Loop (HIL) testing. The latter constitutes the first attempt
for practical implementation of SWT for HVDC protection applications.

5.1 Motivation

In current literature, the majority of non-unit protection algorithms have been designed

after extensive time domain simulations to estimate the expected voltage and current
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signatures and derive the protection thresholds accordingly. Therefore, the designed
protection system (accounting for the method and the corresponding thresholds) is only
applicable for the system conditions studied, and hence its ability to adapt to different
network configurations (in terms of equipment used, converter topologies, network ar-
chitecture etc.) or conditions is challenged. As a result, their general applicability is not
ensured, and there are no guarantees that they will perform and operate as designed.

Signal processing techniques, and especially WT have been widely used in non-
unit protection schemes [181,182,184, 186,188,189, 191,244-246]. Due to its time and
frequency localisation capability, WT can be used to extract the necessary information
in specific frequency bands of the transient voltage. As explained in the previous
chapter, the introduction of series inductors, impacts the frequency characteristic of the
voltage signatures and hence, the resulting WT outputs (coefficients), thus providing
the capability for discriminative fault detection. However, in all these implementations,
very limited insight and guidelines have been provided as to how to derive an analytical
approach for flexible WT design. In particular, the appropriate wavelet decomposition
level, the mother wavelet and the protection thresholds are conventionally determined
through extensive offline trial and error simulations. The absence of an analytical
approach implies that the selected WT settings are most likely applicable only for the
single test network that is being considered in each case.

Several WT-based protection methods based on Discrete Wavelet Transform (DWT)
have been proposed in the literature [181,182,184,186,244,245]. However, the effect of
the downsampling process that is an essential element of DW'T has not been analysed in
depth. Downsampling leads to loss of information in the high frequency content of the
analysed signal and may result in maloperation of the protection method. Therefore,
the effect of this process should be taken into account or other WT variants can be
utilised that overcome the lack of translation invariance caused by DWT. In [191],
the stationary wavelet transform which demonstrates time-invariance transformation
property has been used on current and voltage measurements to detect DC faults in
HVDC grids. Nevertheless, the DC inductor as a boundary element is not considered
and hence, selectivity of the method is not ensured.

The shift-sensitivity due to the downsampling process has been considered in [189],
where the authors use two adjacent data windows for applying DWT in order to over-
come this issue. A 2 ms data window length is used for applying DWT, which is deemed
relatively long for HVDC grid protection. Moreover, the identification of a critical fre-
quency beyond which the impact of highly resistive internal faults is more pronounced
than the impact of external faults has been performed. This is a strong starting point
for identifying the lowest suitable decomposition level than can be selected but depend-

ing on the sampling frequency of a WT-based method, there might be several levels

131



Chapter 5. Analytical Design of Wavelet Transform-based Non-unit HVDC
Protection

that satisfy this requirement.

The Real-Time Boundary SWT (RT-BSWT) has been proposed in [188,246], as an
alternative method for avoiding the issues of downsampling. This method results in
high speed detection and in reduced computational requirements. Nevertheless, in this
method as well, the key WT parameters are mainly selected through trial and error
simulations and consequently general applicability is not guaranteed.

To overcome the above limitations, this chapter introduces a generalised methodol-
ogy, specifically tailored for HVDC grid non-unit protection purposes, for flexibly de-
riving the key parameters of WT-based methods. In contrast with existing approaches,
the key parameters of WT are analytically calculated by analysing the voltage response
for key DC fault scenarios in the frequency domain, using the guidelines proposed in the
previous chapter. Using this approach, a non-unit protection scheme based on SWT
applied on transient voltage measurements is proposed for detecting and discriminat-
ing DC faults in HVDC grids. The approach is performed separately and locally for
each protection relay of the HVDC grid to obtain the optimised settings for enhanced
performance in each case. In this way, general adaptability of the protection scheme to

any system configuration and immunity to different system conditions is ensured.

5.2 Wavelet Transform Theory

In this section, the wavelet transform theory is presented from the point of view of
HVDC protection to aid the reader to understand the non-unit protection solution
that is developed and presented in this chapter. In principle, wavelet analysis involves
decomposing of the examined signal over translated and dilated wavelets. A wavelet is
defined as a function 1 with zero average, as described by equation (5.1) [247]. This
basically means that the area underneath the wavelet function is zero and that the
energy is equally distributed between positive and negative direction.

“+o00

(1) =0 (5.1)

—o0

WT is characterised by a dilation or scale parameter () and a translation or posi-
tion parameter (). The scale parameter determines the size of the window in which WT
is performed. A low scale refers to a compressed wavelet (or high frequency wavelet),
while a high scale refers to a stretched wavelet (or low frequency wavelet). When
the wavelet is stretched for the lower frequencies, the length of the wavelet increases.
This means that at lower frequencies it becomes more difficult to identify the time at
which a low frequency event occurs. Conversely, when the wavelet is compressed at

higher frequencies, better localisation in time is achieved owing to the reduced length
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of the wavelet. In conclusion, stretched wavelets and compressed wavelets are utilised
to retrieve low frequency information and high frequency information, respectively.

Translation corresponds to the action of shifting the wavelet forward in time while
analysing the entire signal. In detail, the translation parameter determines the time
corresponding to the centre point of each time window [248]. By manipulating the
scale and position parameters, the time-frequency properties of the original signal can
be identified. The wavelet transform of a signal u(t) with scale « at time ¢ is calculated
through the following formula [249]:

+oo 1 t—p

W, 5yu(t) = / v (L (5.2)

where ¥* is the daughter wavelet that is a scaled and shifted version of the mother
wavelet function ¢. Equation (5.2) implies that WT operates in a similar manner as
the Fourier Transform, where the correlation between the signal to be analysed (u(t))
and the analysing function (i.e. the wavelet itself) is computed for different sets of «

and f parameters. In detail, wavelet transform works as follows [247]:

e For a given starting scale and mother wavelet, each point of the mother wavelet
is multiplied by the corresponding point in time of the analysed signal in order
to derive the wavelet coefficients. This task is performed for the entire length of

the overlapping region between the two functions.

e Then for the same scale, the wavelet is translated in time so that it encompasses
the entire length of the signal. Throughout the translation, wavelet coefficients

are calculated as in the previous step.

e The wavelet can then be rescaled (e.g. stretched) and the two previous steps are

repeated.

This procedure produces the wavelet coefficients for a range of different scales and
sections of the signal (i.e. time). If the scale and position parameters are varied
smoothly (continuously), then this procedure is called Continuous Wavelet Transform
(CWT). In other words, CWT can work out WT coefficients at every scale starting from
that of the analysed signal up to the required maximum scale, while translation of the
signal is performed smoothly over the full length of the signal. The maximum scale can
be chosen based on the level of detail that is required and the available computational

power.
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5.2.1 Characteristics of Wavelet Transform

The main strength of the WT is that it achieves adequate resolution in both time
and frequency domain. In line with the Heisenberg uncertainty principle, localising an
event with maximum accuracy in both frequency and time domain cannot be realised
simultaneously. The selection of the scale parameter determines whether accurate time
or frequency localisation is achieved. In particular, when scale o decreases, the time
domain becomes narrower, but the frequency domain becomes wider. Conversely, when
scale « increases, frequency domain narrows and time domain widens [248]. The impact

of scale parameter on time and frequency domains is illustrated in Figure 5.1.

@ A Av/d
(a=1/d)
(a=1)
(a=d)

Figure 5.1: Time and frequency domains with respect to scale a.

The figure displays that the central point of time domain remains the same in all
cases, while the central frequency can shift to a higher value for small scales, or to a
lower value for higher scales. Specifically, when a wavelet is dilated by the scaling factor
«, the new centre frequency with respect to the original centre frequency (F.) becomes:
Fhew = F./a. Due to the uncertainty principle, the time-bandwidth product should
remain constant, meaning that the width of the time signal (A7) and the width of the
frequency signal (Aw) are related by a constant number. As a result of this property,
the area of each box in Figure 5.1 is the same.

In the above example, the position parameter is assumed to be constant. Figure
5.2 shows the generalised case, in which the full time-frequency resolution of wavelet
transform is presented. For low scales (high frequencies), where the size of the slid-
ing window is smaller, finer time resolution is achieved, while frequency resolution is
coarser. In contrast, at high scales (low frequencies) where the size of the window
is greater, coarser time resolution and finer frequency resolution are obtained. These

observations highlight the major advantage of WT, i.e. WT is capable of processing
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Figure 5.2: Time-frequency resolution of wavelet transform.

localised areas of a larger signal and revealing singularities in the data, such as disconti-
nuity points, breakdown points or other trends that other signal processing techniques
fail to detect. It is worth noting that different mother wavelets have different properties
of time and frequency localisation. This significant feature is the main driver behind
the utilisation of WT for HVDC grid protection, based on which abrupt changes in

voltage and current traces can be identified.

5.2.2 Discrete Wavelet Transform

The calculation of wavelet coefficients through CWT at every possible scale involves
intensive computational work and results in a large number of coefficients. Therefore,
for the application of WT in real-time applications, such as DC fault detection, faster
processing algorithms are required. Discrete Wavelet Transform (DWT) can be em-
ployed to provide a more efficient solution while maintaining high level of accuracy.
The main difference between CW'T and DWT lies in the way scale and translation
parameters are defined. In detail, in DWT these parameters are discretised and can
only take values based on the powers of two. This results in dyadic scales and positions

that are expressed as follows:

a=2 (j=0,1,2,3..)
b=ka, aeZ

(5.3)

Where j is the level of decomposition and k is a constant integer. This scheme can
be efficiently implemented with the use of filters, as proposed by Mallat in [250]. The
proposed algorithm is in fact, a two-channel sub-band coder, in which the filters that

are typically used are the Quadrature Mirror Filters (QMF), where one filter is a mirror
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image of the other filter around 7/2. This practical filtering technique is called fast
wavelet transform. The principles of fast wavelet transform are based on multireso-
lution analysis, according to which, the signal is passed through successive layers of
low-pass and high-pass filters and each layer (or level j) produces low frequency ap-
proximation (A;) and high frequency detail (D;) coefficients, respectively. DWT based
on multiresolution analysis is represented graphically in Figure 5.3, where g(k) is the
low-pass filter (LPF) and h(k) is the high-pass filter (HPF).

Az2(k,
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Figure 5.3: Multiresolution analysis.
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The iterative analysis for a given signal of length N (samples), can be continued
until an individual sample remains or equivalently, for log, N stages. After the signal
passes through the filters of each layer, half of the samples can be discarded with limited
loss of information and therefore, downsamplers are placed after the filters for increased
efficiency. Downsampling is achieved by discarding every other point of the signal. The
whole process is called wavelet decomposition or analysis and the outputs of each level
j, are called DWT coefficients. Moreover, due to the successive filtering of the input
signal, each decomposition level generates coefficients in different frequency bands. For
a given sampling frequency F's and considering Nyquist theorem, the corresponding

frequency bands of the approximation and detail coefficients are given by:

fbandej =0~ FS/2 -2J

j ; (5.4)
fbandej =Fs/2-2) ~Fs/2- 9J—1

It is evident that the frequency bands of wavelet decomposition can be known in
advance and hence, the appropriate level can be readily selected to investigate the
targeted frequencies of the signal to be processed. For the application of detecting DC
faults in HVDC grids, if the transient voltage is used as an input signal for DWT and
the frequency content that reveals the presence of the DC fault is known in advance or
analytically determined, then the corresponding decomposition level that contains that
set of frequencies can be used. Table 5.1 provides an example of the frequency bands

at each level for a signal sampled at 100 kHz.
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Table 5.1: Approximation and detail coefficients frequency bands for the first seven
decomposition levels (base signal sampled at F's=100 kHz).

Base signal Approximation coefficient Detail coefficient
(Fs=100 kHz) frequency band [kHz| frequency band [kHz|

15¢ level 0-25 25 - 50

2°d Jevel 0-125 12.5 - 25

3 level 0-6.25 6.25 — 12.5
4% Jevel 0-3.125 3.125 — 6.25
5t level 0—1.56 1.56 — 3.125
6" level 0-0.78 0.78 — 1.56
7 level 0-0.39 0.39 - 0.78

5.2.3 Wavelet Reconstruction

The inverse process, in which the DWT outputs can be assembled back into the original
signal is also possible. This process is called synthesis or wavelet reconstruction and
is referred to as Inverse Discrete Wavelet Transform (IDWT). Upsamplers are used in
the place of downsamplers in this case, where the outputs of the filters are lengthened
by inserting zeros between successive samples (zero padding) [247]. If an input signal s
has been decomposed by DWT up to the level J, then the signal can be reconstructed
by adding the approximation coefficients of the J!* level and the detail coefficients of

all decomposition levels up to level J, as shown by equation (5.5):

j=J
s=A;+) D (5.5)
j=1

The advantage offered by sequential decomposition and reconstruction of the orig-
inal signal, is that the coefficients generated during the decomposition stage can be
modified prior to the reconstruction stage. This process is typically used for data com-
pression (e.g. image compression) and for removing the noise from the input signal.
For example, when high frequency noise is present in voltage measurements captured
from a protection relay, the detail coefficients that contain the noise, which has distinct
properties under wavelet transform, can be filtered out from the signal by restricting
their maximum values. In this way, a ‘de-noised’ version of the captured voltage can
be obtained.

The selection of filters plays a crucial role in accomplishing perfect reconstruction of
the original signal. Careful selection of filters for both reconstruction and decomposition
stages should be made to cancel out distortion effects (aliasing) that is caused by the
downsampling of the signal components during the decomposition stage. In addition,

filter selection also determines the shape of the wavelets that can be used to perform
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DWT and IDWT. This means that typically the coefficients of the QMF filters are
designed first, which are then utilised to create a wavelet. In particular, by iteratively
upsampling the filter coefficients and convolving the resulting vector with the original
filter, a pattern that looks like a wavelet begins to emerge. This is the approach that
has been followed to design several wavelet families such as the daubechies, coiflets,
symlets etc., and is described in more detail in [247,251].

Owing to the requirement for cancellation of the aliasing terms, specific conditions
on the filter coefficients should be satisfied. As shown in Figure 5.4, one needs to define
two pairs of QMF filters: one pair that consists of the decomposition filters g_D and
h_D, and another one that consists of the reconstruction filters g_R and h_R. These are
Finite Impulse Response (FIR) filters with a length equal to 2N, where N is the order
of the wavelet. According to QMF design principles, one filter needs to be designed first
and the remaining filters can be designed based on this one [247,251]. For example,
for orthogonal wavelets, g_D is calculated as the QMF of h_D and the reconstruction

filters are the time inverse of the decomposition filters.
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Figure 5.4: Decomposition and reconstruction filters used for wavelet transform.

Applying the process described in the previous section on the high-pass filters yields
the function ¥(t), or mother wavelet. Consequently, the mother wavelet is closely
related to the high-pass filters and it can be used to generate the detail coefficients
of DWT. By using the low-pass filter instead, a function very similar to a wavelet is
yielded, i.e. the scaling function ¢(¢). Thus, the scaling function is associated with the

low-pass filters and it is used to generate the approximation coefficients of DWT.

5.2.4 DWT principles

To explain the fundamental principles of fast wavelet transform or DWT, two arbi-
trary successive wavelet decomposition levels are considered (j, j + 1) in an effort to
demonstrate the validity of the analysis for any pair of levels. It has been shown that
the approximation coefficients at level j possess all the necessary information to pro-

duce the approximation and detail coefficients of level j + 1. This implies that there
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should be a connection between the wavelet function and the scale function ¢ for the
two subsequent levels j and j + 1. Indeed, such a relation exists and is called the
twin-scale relation between ¢ and . This relation is expressed by the following two

equations [248]:

o(5)=v2 3 o5 ) (56)

k=—o00

t = t
w<2J> = \@kz_:oo h(k)¢<2j_1 - k> (5.7)
The twin-scale relation is a fundamental property of multiresolution analysis and
is applicable to any two adjacent levels. Moreover, the relationship indicates that the
scale function can be used to generate the mother wavelet. For given filters h and g,

any wavelet that satisfies (5.6) and (5.7) can be used. Furthermore, because scaling and

wavelet functions are mutually orthonormal, filters g and h can be obtained from [249]:

k= [ bty 5:9)
+o0
o= [ ooty 59)

Owing to the fact that all scaling and wavelet functions for differents scales and
parameters, can be obtained from ¢(t) and 9 (t), in a similar manner, filters g and h
can be used to produce all scale and wavelet functions.

Based on the above observations, the low-frequency approximation coefficients and

the high-frequency detail coefficients can be given by:

L-1

Ajln] =Y Aji[Klgjln — 2k] (5.10)
k=0
L-1

Djn] = Aj_1[k]h;[n — 2k] (5.11)
k=0

where A; are the approximation coefficients at level j (with initial signal samples rep-
resenting Ag), n is the sample index and L represents the order of the filters g;[k] and
h;lk], which depends on the selected mother wavelet and decomposition level.

5.2.5 Stationary Wavelet Transform

One significant drawback of DWT for HVDC grid protection purposes is that the

resulting detail coefficients differ depending on the moment the DC fault occurs. This
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is caused by the downsampling process involved at each decomposition level, which
leads to loss of information that is present in the high frequency content. In particular,
when analyzing a fault signal with DWT up to level j, the number of different sets of
coefficients that can be extracted is 2. To overcome this issue, DWT could be applied
2) times while moving the data window by one sample, as performed in [189]. However,
as the decomposition level increases, this solution necessitates extensive calculations.
Alternatively, the problem can be solved using the stationary wavelet transform,
which is a translation invariant transform. The translation-invariance property is
achieved by providing the same number of coefficients as the analysed signal at each
decomposition level. This is realised by upsampling the low-pass and high-pass filters
(by means of zero padding) at each decomposition level, instead of downsampling the
analysed signal as in DWT [252]. The rest principles remain the same as in DWT.
SWT is less efficient than DWT and requires additional time to extract the approxi-
mation and detail coefficients. Nevertheless, when compared to the option of performing
DWT 2/ times on the fault signal, the total execution time of SWT becomes equal or
smaller, especially as j increases. Therefore, SW'T algorithm is proposed in this thesis
to eliminate the loss of information and to extract the maximum benefit from the use
of wavelet transform. The approximation and detail coefficients using SWT at each

level j are obtained through:

L—1

Ajln] =Y Aja[Klgjln — K] (5.12)
k=0
L—-1

Dj[n] = Aj_1[k]hjn — k] (5.13)
k=0

Detail coefficients can be employed to successfully extract the necessary information
present in the high-frequency spectrum of transient voltage following a DC fault. Hence,
by identifying the appropriate frequency band and wavelet, and by setting a threshold
on the magnitude of the resulting detail coefficients (that contain the high frequency

information) an SWT-based HVDC grid protection solution can be designed.

5.3 Analytical Design of WT-based HVDC Protection

Schemes

This section presents a generalised analytical approach for deriving the main WT design
parameters based on frequency domain analysis in an effort to address the WT design
complexities that were identified in Section 5.1. In detail, the proposed approach in-

volves the determination of the appropriate mother decomposition level, mother wavelet
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and the corresponding protection threshold for optimised performance of WT-based
non-unit protection schemes for HVDC grids. Although SWT is used, the process for
selecting the parameters is valid for any WT variant. The generalised grid section of

Section 4.2 with the same parameters is used as an example for validating the analysis.

5.3.1 Selection of Decomposition Level

One of the crucial parameters that needs to be determined when designing a WT-based
fault detection and discrimination algorithm, is the wavelet decomposition level. The
selection of the level depends on the frequency content of interest of the signal to be
processed. It is evident from Table 5.1 that depending on the sampling frequency,
the frequency bands of wavelet decomposition procedure can be known in advance
and hence, the appropriate level can be analytically determined based on the targeted
band of frequencies in the signal. Using the approach of Chapter 4 and the same
generic HVDC grid section (see Figure 4.1) with the parameters of Subsection 4.2.4,
the frequency response in terms of the magnitude of the transfer functions for faults at
locations Fiy (i.e. at the very end of the protected medium) and Fey (i.e. at the end

of the medium right outside the protection zone) are displayed in Figure 5.5.
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Figure 5.5: Transient voltage frequency response in the case of a solid external fault
and for various fault resistances of the internal fault.

The frequency responses of the voltage transfer functions are used to identify the
decomposition level (and its corresponding frequency band), in which the impact of a
highly-resistive internal fault is more distinctive than that of the external fault. To
quantify this impact, the areas underneath the U,/ Uy transfer functions are calculated

at each level j, for a 500 €2 resistive fault at Fj,; and for a solid fault at Fey, as shown
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in (5.14). The areas are denoted as My, and M.y, respectively. Based on (5.15), the

level that maximises the ratio )\jmt/ Mg 1s selected.

. Uj
)\gnt = / |Ur/Uf|F(Rf:5oosz)df
lj int

. u; (5.14)
)‘é:pt = / |Ur/Uf|F(Rf:OQ)df

j ext

W = max(X, /X ), for1<j<jme (5.15)
J

where [; and u; are the lower and upper bounds of the 4 decomposition level, respec-
tively that depend on the selected sampling frequency (see Table 5.1). For the example
of Figure 5.5, and assuming 100 kHz sampling frequency, the level that maximises the
above function is the second wavelet decomposition level, and the corresponding ;s
and A, areas are shown in Figure 5.5. The same approach can be followed for any
parameters of the HVDC grid section and sampling frequency.

The fault resistance limit of 500 €2 that is applied in the calculation of (5.14) aims to
represent an extreme highly-resistive fault that may still be likely to occur in a HVDC
system, even with very low probability. For the system presented in Section 3.7, which
has a system voltage of +£320 kV, a limit of 500 €2 is selected to cover a range of events
up to relatively unlikely situations. Similarly, the fault resistance limit can be adjusted
on a per case basis according to the voltage and power rating of the system under

consideration.

5.3.2 Threshold Selection

Non-unit protection methods do not offer inherent selectivity and they require an opti-
mised protection setting to ensure that the maximum protection reach is achieved and
that the method remains robust against external faults and other disturbances. FDA
can be used for developing a generalised approach for directly calculating the protec-
tion threshold, while avoiding extensive electromagnetic transient simulations. A solid
external fault is the hardest fault that should be detected and classified by the relay as
an external fault for which no action is required. Hence, the voltage response of this
fault is used for setting the threshold.

The required protection threshold can be determined analytically by using SWT
to analyse the time-domain expression of U, ¢y, i.e. the derived voltage response for a
solid external fault as performed in Subsection 4.2.4 (refer to Figure 4.3). According to
Wavelet Modulus Maxima (WMM) theory [253], the threshold is equal to WMMp,_,,

which is the maximum point of the absolute voltage wavelet detail coefficients as shown

142



Chapter 5. Analytical Design of Wavelet Transform-based Non-unit HVDC
Protection

by:

WTy, =k-WMMp,,, = k-maz( |D;([Upeat)| ) (5.16)

where j is obtained using (5.15) and D;(Uy czt) are the j level detail coefficients which
are calculated based on (5.13) with U, ¢z as the analysed signal. In addition, k is a
reliability factor that offers a safety margin and immunity against external influencing
factors such as noise, measurement errors and other disturbances (here, k=5). The
voltage, the SWT coefficients and the corresponding WMM for the external fault Fey
are displayed in Figure 5.6. Using this method for setting the threshold, it is ensured
that the most critical external fault is outside the relay’s protection reach, whilst reliable

protection action for the weakest internal faults is guaranteed.
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Figure 5.6: Threshold determination: (a) DC voltage profile for external fault, and (b)
SWT detail coefficients and WMM.

Alternatively, wavelet energy W E; or else the energy of the detail coefficients at
level j can be used in the place of WMM as the main criterion for identifying internal

faults. In this case, WEj is given by:

Twindow
WE; = / Dj[n)?dt (5.17)
0

where Tyindow is the time window of voltage measurements that is used for the calcula-
tion of the energy. Similar to WMM, the protection threshold can be set by computing
the wavelet energy over a time window of U, ¢, that contains the DC fault signature.

The use of wavelet energy as a detection and discrimination function can theoreti-
cally lead to improved protection performance by exploiting more wavelet coefficients
that accumulate the effect caused by the transient DC fault voltage. However, several
disadvantages are introduced with the most important being the significant speed re-
duction of the protection algorithm as a consequence of the requirement for collection of

a specific data window of voltage measurements before applying the wavelet transform.
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After collection of the main dataset, the set has to be processed by WT leading to an
additional time delay, while also data storage capability should be ensured. Moreover,
due to the need for a large data buffer and the high number of computations that
need to be performed at once, the total execution time of the algorithm is increased.
Finally, additional measures must be taken to ignore or eliminate the boundary effect,
according to which the WT coefficients are distorted when analysing the boundaries of
the time window as the available samples are less than the filter length.

For the above reasons, the use of a direct threshold on SWT (or any other variant)
detail coefficients, as calculated using equations (5.13) and (5.16), is preferred for the
detection and discrimination of DC faults. In this way, a high-speed WT-based HVDC

protection scheme with reduced real-time computational requirements is established.

5.3.3 Wavelet Selection

Selecting the right wavelet is of high importance for the successful implementation of
WT, since each mother wavelet can lead to different operational performance of the
protection solution. In current literature, W'T has been widely used, but little insight
has been provided as to what procedure should be followed for the determination of
the appropriate mother wavelet. There are several factors that shall be considered
such as, the nature of the analysed signal, the computational requirements and the
application-related aspects and goals (e.g. time localisation of voltage transients in DC
fault detection and location applications) [254].

An initial criterion can be based on the visual similarity between the waveform shape
of the analysed signal and the selected wavelet. Moreover, symmetry and compact
support are desirable properties. Wavelets with narrow compact support have better
time domain localisation, which is a required feature for the analysis of short and fast
transient disturbances. Each wavelet is characterised by its order (length) which is
usually indicated in the name of the wavelet, e.g. dbN corresponds to a wavelet of the
Daubechies family where the order is equal to 2/N. For most wavelets, N coincides with
the number of vanishing moments. To understand vanishing moments, we should first

consider the i moment of a mother wavelet that is given by [254]:

m; = /Oo thp(t)dt (5.18)

—o0

If equation (5.18) is equal to zero, then it can be said that the i*® moment vanishes.
If all moments within the range 0 — N vanish, then the mother wavelet is defined to
have N vanishing moments. The higher the number of vanishing moments, the better
the capability of the wavelet to represent a complex signal and consequently, the better

it is in localising singularities in the signal [254]. As vanishing moments increase, the
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regularity of the wavelet increases and it can produce smoother representations of the
transients in the analysed signal. Moreover, a higher wavelet order N also means greater
filter length and leads to better signal approximation. However, very high wavelet
orders smooth the W'T coefficients and result in poor time localisation properties and
increased computational complexity, which hinders the feasibility of WT for real-time
applications. Consequently, wavelets with 6-12 filter coefficients are considered as a
trade off between computational burden and protection performance.

Quantitative approaches have been proposed for choosing the right wavelet such as,
the Pearson coefficient [245], the maximum absolute error and the Root Mean Square
Error (RMSE) [255] between the original signal and a reconstructed version of the
original signal. However, in the context of this analysis, none of these methods offered
further insight since all the remaining wavelets performed similarly well.

Based on the above discussion and considerations, the appropriate mother wavelets
can be limited to a few options, but it is not possible to single out a wavelet that
performs sufficiently well for any HVDC grid section. Consequently, an additional
criterion is required to obtain the optimum mother wavelet. The criterion proposed in
this work is the capability of different mother wavelets in providing enhanced protection
margin and resiliency against highly resistive faults. For the generic section of Figure
4.1, the WMM for a DC fault at location Fj,; with fault resistance equal to 500 €
(same limit as in Subsection 5.3.1) is compared against the corresponding WMM that
is obtained for a solid fault at location Fey for all the remaining wavelets. Assuming
a set ¥ that comprises of all candidate mother wavelets, the wavelet ¢ € W that
exhibits the highest ratio WMMp, ,/ WMMF,,, is selected as shown by (5.19). The final
protection threshold is then selected based on the WMMF,,, of the best performing
wavelet WTy,q, using (5.16).

r {¢ <WMM£LSOOQ(¢ > for \p} (5.19)
wav = - max — , for .
o\ WMMET ()

Table 5.2 presents the analytically calculated ratios (for mother wavelets of set ¥)
obtained through the analytical analysis and the corresponding ratios obtained through
time-domain simulations of a detailed model in PSCAD. It is evident, that the analytical
approach yields very similar results to those obtained from PSCAD, thus proving the
suitability of the approach for designing WT-based HVDC protection schemes without
the need for offline simulations. It is evident from Table 5.2 that wavelet sym4 presents
the highest ratio by far and is therefore selected. Even for a very highly-resistive fault
(500 ), sym4 demonstrates a WMM that is 21 times higher than the corresponding

WMM for the external fault. It is evident that selecting a wavelet based on this criterion
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maximises the protection margin of the protection method.

Table 5.2: Comparison of WMMF,,,/ WMMp,,, ratios obtained using PSCAD simula-
tions and the analytical approach.

Mother Wavelet PSCAD-based Ratios  Analytical-based Ratios

db3 3.1680 3.0164
db4 1.591 1.606
dbb 14.828 15.061
db6 13.671 13.916
sym3 3.1680 3.0164
sym4 21.1450 21.640
symo 18.555 18.802
symo6 19.895 20.603
coif2 14.785 17.704
Bior 1.3 3.7132 3.7506
Bior 1.5 1.1486 1.2271
Bior 2.2 4.6164 5.0302
Bior 2.4 2.4785 2.5088

5.3.4 Proposed Protection Scheme

Based on the generalised analysis of the previous subsections, a non-unit HVDC pro-
tection scheme is proposed which comprises of two stages. Figure 5.7 shows the overall
protection scheme that is employed by each relay. The first stage is a parametrisation
procedure to select the optimum WT parameters (which is carried out offline) and the
second stage is a real-time signal processing process (based on SWT) that is responsible

for detecting internal faults.

Relay Configuration Stage

In this stage, the suitable wavelet decomposition level, mother wavelet and protection
threshold are derived based on the approach that was previously presented. The de-
termination of SWT parameters is realised locally using the FDA methodology at each
relay location by taking into account the system parameters, namely, the feeder length
and geometry, the number of other attached feeders to the same terminal, the converter
parameters and the inductive termination. In case there is a change in the system pa-
rameters (e.g. equipment replacement, scheduled maintenance, grid expansion), the
procedure is re-initiated to reconfigure the relay parameters. In this way, optimised

settings for the protection scheme under all circumstances is guaranteed.
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Figure 5.7: Flowchart of protection scheme.

Fault Discrimination Stage

In the second stage of the protection algorithm, selectivity is ensured by applying SWT
on voltage measurements captured by the relay that is placed on the line-side of the
series inductor. To guarantee selectivity, protective relays should be placed at each
end of a transmission medium at both poles of the HVDC grid. In this way, only
the faulted segment can be securely isolated. Since line-side pole voltage does not
contain information regarding the direction of the fault, the current derivative di/dt
is employed to provide directionality (i.e. distinguish between forward and backward
faults). Assuming positive current as the current that flows into the feeder, a positive
di/dt indicates that a fault lies in the forward direction of the protection relay (towards
the other end of the DC cable), whereas a negative di/dt indicates that the fault
is in the backward direction. Consequently, a positive near-zero threshold THg on
current derivative is used. The calculated parameters from the first stage are utilised
by SWT to successfully discriminate between internal and external faults. If the detail
coefficients exceed the analytically calculated threshold W7y, then an internal fault
is detected. When an internal fault is confirmed, the relay sends a tripping signal to
the corresponding DC circuit breaker to isolate the faulted DC line or cable. It should
be noted that the protection scheme is designed to be unbound to a specific breaker
technology and hence, it is not dependent on DCCB characteristics, such as breaking

speed and maximum current breaking capacity.
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5.4 Simulation Studies

5.4.1 HVDC Grid Test System and Methodology

The symmetrical monopolar four-terminal HVDC grid model that was developed with
the PSCAD/EMTDC simulation tool and presented in Section 3.7 is used in this chapter
(shown also in Figure 5.8) to validate the performance of the protection scheme. All
converters are represented using the HB-MMC averaged value modelling approach that
was presented in Subsection 2.2.5 of Chapter 2. The converter protection is activated
when the current exceeds twice the maximum continuous IGBT current or if DC voltage
drops below 0.8 p.u (with 0.1 ms delay). Protective relays with DCCBs are placed at
each cable end and the latter are modelled with an operation time delay of 3 ms. The

main parameters of the HVDC grid and the MCCs are summarised in Table 5.3.
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Figure 5.8: HVDC grid test system.
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Table 5.3: System and converter parameters.

Parameter Value
Nominal DC voltage + 320 kV
Rated AC (line-to-line) voltage 360 kV
Rated power (C1~C4) 1000 MVA

Active power setpoint (C1~C4)
Reactive power setpoint (C1~C4)
DC inductors

Arm inductance

Arm resistance

Arm capacitance

700,700,—800,—600 MW
100,100,—100,—100 MVAr
50 mH
42 mH
0.08
31.42 uF

The following subsections present simulation results which demonstrate the overall

protection performance of the proposed method under different DC fault scenarios and

operating conditions. With reference to the HVDC protection requirements set out in
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Section 3.1, selectivity, sensitivity and robustness of the method are assessed in this
section, while speed and reliability aspects will be considered in the real-time HIL
studies in the next section. Special consideration is given to simulation results that
confirm the main benefits achieved via the use of FDA methodology for configuring
the SWT-based protection solution, i.e. maximised protection reach and enhanced
selectivity (capability for discrimination). In doing so, the settings obtained through
the offline configuration stage (FDA) are initially provided for all protection relays of
the entire HVDC grid test system. Afterwards, fault studies for PTP and PTG faults
are conducted in an effort to confirm the discrimination capabilities of the proposed
method. The protection relay of cable L13 (at the cable end closer to C1) of the HVDC
grid test system is used as the base case. In analogy to the approach followed in Chapter
4, a highly resistive internal fault at location F1, and a solid external fault at location
F2 (both locations shown in Figure 5.8) are used in these studies.

To further scrutinise the method’s discrimination capabilities under different condi-
tions, a sensitivity analysis of influencing factors such as fault resistance, size of current
limiting inductors, noise in voltage measurements and sampling frequency is performed
to reveal their impact on the operation of the method. In these studies, the protection
relays protecting both cables L13 and L14 are tested. Cable L13 is selected due to
its average length (200 km), while Cable L14 is selected due to it being the longest of
the entire grid. In this way, the impact of feeder length is also taken into considera-
tion. Furthermore, a comparison with a well established protection method is carried
out to highlight the relative merits of the SWT-based protection solution. Finally the

robustness of the technique against external disturbances is demonstrated.

5.4.2 Relay Configuration

The relay settings with regards to SWT parameters are calculated based on the ap-
proach described in Section 5.3. In line with the recommendation provided by the
review of DC instruments in Section 3.6, the sampling frequency for the proposed
method is set to 100 kHz. The settings for each protective relay are cited in Table 5.4
(Ryj refers to the relay located at the end i of cable Ljj).

Since the cable characteristics, DC inductors and converter parameters of all termi-
nals are the same, the length of the cable and the number of cables connected at the bus
adjacent to the relay are the two main factors affecting the relay settings. For the re-
lays protecting the shorter cables 112, 113 and L34, the second level is obtained by the
analytical approach and used for the calculation of the coefficients. In contrast, owing
to the greater attenuation that is provoked on the high frequency content of the voltage

waves travelling in longer cables, the third decomposition level (lower frequency band)
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is obtained through (5.15) and employed by the protection relays of cables L14 and
L24. Moreover, several wavelets have been selected based on the analytical approach,
thus confirming that the use of different mother wavelets at different relay locations
is advantageous for improved protection performance as opposed to conventional trial

and error approaches in which a single wavelet is selected for all protection relays.

Table 5.4: Relay configuration settings.

Cable Relay Level ~ Wavelet  Threshold [10%]

L34 Eig 2 symp g;gg
L13 E;‘Z’ 2 sym4 ijé;
L12 gi 2 sym4 }:i?;
L14 gi 3 db5 ggig
L.24 gz‘; 3 coif2 g:;"g?

In the simulation studies, the SWT detail coefficients calculated by relay R;; are
denoted as SWT;;. A SWT detail coefficient is calculated every time a DC voltage
measurement is received using (5.13). The required number of voltage samples for the
calculation of each coefficient varies depending on the selected decomposition level and
mother wavelet. For instance, 16 samples are required by relays of cable LL13 that use
wavelet sym4 at level j=2. The relay configuration stage guarantees the maximum

benefit and protection reach of SWT-based HVDC grid protection.

5.4.3 Selectivity of the Proposed Method

This subsection validates the performance of the protection scheme and its effectiveness
in discriminating between internal and external faults. To test the method under the
most challenging conditions, the hardest internal and external faults are selected. In
detail, an internal high-resistive fault is applied at the end of cable L13 (location F1 in
Figure 5.8), and a solid external fault is applied at location F2. Both PTP and PTG

faults are investigated, while all faults occur at t=0 ms.

Pole-to-pole Faults

Figure 5.9 shows the results for PTP faults at fault locations F1 and F2. The fault
resistance of the faults is 500 €2 and 0.01 €2, respectively. In both cases, after approxi-

mately 1.1 ms (due to the time it takes for the travelling wave to reach relay Rj3) the
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DC voltage at the relay location, Vi3, starts to fall (Figure 5.9(a) and 5.9(c)). In Figure
5.9(b), SWTi3, the wavelet coefficients corresponding to DC voltage Vi3 for fault F1
demonstrate a WMM of 6.23x103, which clearly exceeds the calculated threshold, ap-
proximately 120 us after the fault wave reaches the relay location. Hence, an internal
fault is detected at very high speed and a trip signal is sent to the associated DCCB.
Moreover, the wavelet coefficients calculated by the rest relays of the same terminal
(Ri2 and Ry4) are also shown in the same figure for comparison. It is evident that
there is no visible change in magnitude of these coefficients. On the contrary, SW1Tis
for the external fault at F2 (Figure 5.9(d)) has a maximum WMM of 0.288x103, which
is well below the threshold and therefore, no trip signal is generated. Moreover, for
fault F2, converter protection is activated around 3.3 ms, nevertheless, the generated
SWT coefficients at this instance are well below the threshold.

E ; 300F N\
o 320 [N
g 2 200
S 300 G Vi
= > 100" Xlz
@) (@] 14
o 280 | | | | a | | | |
0 1 2 3 4 5 0 1 2 3 4 5
Time [ms] Time [ms]
(a) Voltages for fault F1 (c) Voltages for fault F2
‘ 1.5F-—--- N ]
= O —SWTis || & — SWTy, Threshold
-, 4k -=- SWT]2 i —, 1H--- SWT]Q 1
i SWT]4 B~ SWT]4
2 o2 Tweshed & 09 \ ) ]
| | | . | | | | ” ‘
0 1 2 3 4 5 0 1 2 3 4 5
Time [ms] Time [ms]
(b) SWT coefficients for fault F1 (d) SWT coefficients for fault F2

Figure 5.9: Waveforms during PTP faults at F1 (R;y=500 €2) and F2 (R;~0 Q).

Pole-to-ground Faults

A positive PTG fault is applied at fault locations F1 (Figure 5.10(a) and 5.10(b))
and F2 (Figure 5.10(c) and 5.10(d)) with the same fault resistances as in the previous
scenario. For a PTG fault at F1 the derived wavelet coefficients SWT;s are smaller in
magnitude compared to those for a PTP fault. Nevertheless, the coefficients reach a
value of 3.45x102, thus exceeding the threshold and an internal fault is detected almost
instantaneously (in less than 150 ps). Hence, the proposed method can successfully

detect internal PTG faults with weaker fault transients. For fault F2 the coefficients

151



Chapter 5. Analytical Design of Wavelet Transform-based Non-unit HVDC
Protection

do not exhibit any significant change (WMM of 0.268x10%) and no DC fault is detected.
In this study also, there is no detectable change in the magnitude of SWTi9 and SWTy.
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Figure 5.10: Waveforms during PTG faults at F1 (R;=500 Q) and F2 (Ry~0 ).

Through the PTP and PTG fault studies, it has been confirmed that the proposed
method can distinguish with ease internal highly resistive faults from external solid
faults. It is remarkable that for both types of faults, there is a high margin between
the magnitude of SWTs for faults at F1 and F2, which implies that internal faults
with even higher fault resistance can be effectively discriminated. By showcasing the
method’s successful operation for the farthest and very highly resistive internal fault
at F1, it becomes clear that DC faults with lower fault resistance or at closer distance
will also be correctly detected. This assertion will be further consolidated through the

real-time HIL studies, which will be presented in the next section.

5.4.4 Influence of Fault Resistance

In this subsection, the sensitivity of the protection method is investigated, while also
the maximum theoretical resistance values are identified. Figure 5.11(a) compares the
WMM of SWT coeflicients calculated by Ri3 for PTP and PTG DC faults at location
F1 against the selected threshold to demonstrate influence of fault resistance on the
protection system. The results indicate that as fault resistance increases, the magnitude
of SWT coefficients diminishes due to greater attenuation of the fault voltage wave.
However, even for a PTG DC fault with Ry=1000 €, the SWT coefficients exceed the
threshold and the DC fault is successfully detected.
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The same analysis is performed for cable L.14 for an internal fault at F3 and external
fault at F4 (see Figure 5.11(b)). The incident voltage wave experiences higher attenua-
tion due to the greater length of L14, resulting in smaller SWT coefficients as calculated
by Ri4. Consequently, the maximum fault resistance that can be discriminated for a
PTG fault is just below 500 €2. It is promising that even when a conservative reliability
factor is used for determining the protection threshold (i.e. k=5), the method still
demonstrates enhanced sensitivity to highly resistive faults. These results highlight
even further the enhanced protection margins and the sensitivity of the SWT-based

solution achieved through the use of the analytical methodology.
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Figure 5.11: Maximum SWT coefficient as a function of fault resistance for PTP and
PTG faults on cables (a) L13 and (b) L14.

5.4.5 Influence of Inductor Size

It has already been established in Subsection 4.3.3 that the size of current limiting
inductors directly influences the protection reach of non-unit protection algorithms.
To investigate this effect, the size of all series inductors of the HVDC grid test system
is varied from 20 mH to 200 mH in steps of 20 mH, and the SWTi3 coefficients are
calculated in each case for both a 500 2 fault at location F1 and a solid fault at
location F2. The corresponding WM Mgy and W M Mgy are reported in each case, and
the WM Mp1 /W M M ratios are shown in Figure 5.12(a). Moreover, Figure 5.12(b)
shows the corresponding thresholds W7}, obtained through Stage I of the proposed
protection method for the investigated inductor sizes.

It is evident from Figure 5.12(a) that with increasing DC inductor size, the ratio
W M Mgy /W M Mgy increases proportionally indicating that the protection margin of
the method is increased. From Figure 5.12(b), it is shown that the relative benefit of
the filtering effect of the inductor diminishes, as smaller changes occur in the calculated
threshold for increasing inductor sizes. It can be concluded that the enhanced sensitivity

of the proposed method is maintained for the entire range of inductor sizes that has
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Figure 5.12: (a) WM Mg /W M Mg, and (b) WTy, as a function of inductor size.

been investigated. In detail the minimum observed WM Mpi /W M Mps ratio is 6.24

for the case of a 20 mH inductor.

5.4.6 Influence of Noise

To demonstrate the performance of the proposed method in a noisy environment, the
monitored voltage measurements for the same fault scenarios of the previous subsection
are contaminated with artificial white noise to obtain different Signal-to-Noise Ratios
(SNR), starting from 50 dB until 5 dB (lower dB values correspond to higher noise
level). The WMMs in all cases are presented for relays R;3 in Figure 5.13(a), and Ry
in Figure 5.13(b). In both cases, the SWT coefficients are not affected by noise when
SNR is equal or higher than 20 dB. For SNR equal or lower than 15 dB, the impact
of noise becomes greater than the impact of the induced transients from the external
faults F2 and F4. In these cases too, however, the SWT coefficients for the external
faults do not exceed the selected thresholds.
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Figure 5.13: Maximum SWT coefficients at different noise levels for internal and ex-
ternal PTP faults on cables (a) L13 and (b) L14.

These results constitute the main driver behind the selection of a conservative reli-
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ability factor. Provided the already high selectivity and sensitivity capabilities of the
proposed method, k& has been conservatively set to 5 to achieve a trade-off between
sensitivity and resiliency to very high noise levels in voltage measurements. In a real
environment, if the expected noise level is above 20 dB (which is usually the case), k
can be set to a much lower value.

A detailed example is shown in Figure 5.14 for SNR=20 dB, where the DC voltage
for faults F1 and F3 is zoomed to illustrate the noise impact. It is noteworthy that
noise has less effect on the calculated coefficients by Ri4. This is attributed to the fact
that a lower frequency band is assigned to the third level used for the calculation of

coefficients SWT14 and hence, high frequency noise is filtered out.
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Figure 5.14: Voltage profiles and SW'T coefficients for SNR=20dB.

5.4.7 Influence of Sampling Frequency and Comparison

Faults F1 and F2 are repeated for different sampling frequencies to investigate their
impact on the proposed method. The same analytical methodology of Section 5.3 can
be applied for different sampling frequencies, resulting in different frequency bands and
calculated thresholds. Table 5.5 cites the WM Mgy /W M Mpo ratios and the corre-
sponding thresholds in each case for sampling frequencies ranging from 10 kHz to 100
kHz. It can be seen that lower sampling frequencies still deliver enough confidence for
discriminative DC fault detection.

Moreover, the maximum detectable fault resistance for the internal fault (F1) is

cited in Table 5.5 for each sampling frequency. The studies are repeated for another
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voltage-based non-unit protection method for comparison. The selected method for
comparison is the Rate Of Change Of Voltage (ROCOV) that was proposed in [164], and
the corresponding maximum detectable fault resistances for all sampling frequencies are
also derived and reported in Table 5.5. The same reliability factor (k=5) is used in all
cases. It is evident that as sampling frequency decreases, the maximum detectable fault
resistance is reduced. Nevertheless, the proposed method demonstrates significantly
improved performance in terms of resiliency to highly resistive DC faults for all sampling

rates, i.e. an improvement by a factor of 4.36 to 5.75 (from minimum to maximum).

Table 5.5: Protection thresholds, WMMpg;/ WMMFps ratios and comparison with RO-
COV for different sampling frequencies.

f [kHz] 10 20 40 60 80 100
Threshold [10%] 33.6 11.35 497 3.06 198 144
WMMpg1 /WMMgs 2.68 6 10.46 13.21 17.25 21.64
SWT Max Rp [(] 240 629 1128 1551 2044 2259
ROCOV Max Rp[Q] 55 127 211 271 370 393

5.4.8 Robustness of the Proposed Method

In this subsection the robustness of the method against external disturbances such as,
AC faults, active power changes and DCCB operation is investigated. The protection
scheme should remain stable and not react during these events. A three-phase fault
at the AC side of converter C1, a power order change from 800 MW to 0 MW for
converter C1, and a trip event of the DCCB next to relay Rs; (at the remote end of
the protection zone with respect to relay Ri3) are put forward for this analysis. The
DC voltage is monitored by Rj3 and the measurements are displayed in Figure 5.15(a).

The corresponding SWT coefficients are illustrated in Figure 5.15(b). The three-
phase fault and the power change order event have negligible impact on the coefficients’
magnitude, indicating the high robustness of the proposed method. Conversely, the
DCCB operation provokes a significant spike, which exceeds the corresponding WMM
for a fault at F2. Therefore, it is likely that a breaker opening will cause maloperation
of the protection. It is worth mentioning that operation of the DCCB that is adjacent
to Rgy with the concurrent non-operation of the DCCB next to Ry3 will only be required
in the event of a DC fault on the bus behind R3;1. Since in this scenario, there will be
no power flow across the protected cable, potential maloperation of Relay Ris will not
cause any disturbance to the operation of the HVDC grid. Nevertheless, the selected
reliability factor (k=5) of the proposed method also ensures that a breaker tripping

action at the remote line end does not interfere with the fault detection method.
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Figure 5.15: Waveforms captured by Rj3 during external disturbances: (a) DC voltages
and (b) SWT coefficients.

5.5 Implementation and Validation of Real-time SWT-

based Non-unit Protection

It has been shown that WT has been widely used in the technical literature, thus
verifying the strength of the technique for HVDC grid protection but limited practical
implementations have been reported. In particular, real-time implementation of WT
has been reported for AC power system protection based on a Digital Signal Processor
(DSP) [154], and a Field-Programmable Gate Array (FPGA) [155], while hardware
platforms have been employed for the practical implementation of WT-based HVDC
protection [184,190,245]. In all these applications, DWT has been utilised due to its
reduced complexity. Nevertheless, the downsampling stages involved in DWT lead to
loss of high frequency information which may compromise the performance in detecting
and discriminating DC faults. For this reason, the use of SWT has been recommended
in this thesis for increased HVDC protection performance. To date, there has been no
practical validation of SWT for power system protection applications.

The purpose of this section is two-fold. First, an approach is introduced for design-
ing an efficient real-time SW'T implementation for HVDC grid protection based on DSP
technology in order to demonstrate the technical feasibility of SW'T for fast transient
HVDC protection. Second, the suitability and the performance of the proposed SWT-
based non-unit protection algorithm is confirmed through dynamic validation using
real-time hardware-in-the-loop simulations under various realistic conditions. To fulfil
the second objective and perform a high fidelity validation of the proposed protection

technique, a representative HVDC grid model, which is identical with the one used in
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the offline simulation studies, is developed using a real-time digital simulator.

5.5.1 Real-time SWT Implementation
SWT Algorithm

The SWT algorithm can be efficiently implemented with the use of discrete convolution
based on Finite Impulse Response (FIR) filters [256]. In detail, the approximation and
detail coefficients at each decomposition level j are calculated as the sum of the product
of the N most recent input values with the N low-pass and high-pass filter coefficients,
respectively. At each level j the wavelet filter coefficients are upsampled and discrete

convolution is re-excecuted. This process is illustrated graphically in Figure 5.16.
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Figure 5.16: SWT algorithm.

This implementation of SWT algorithm can be extended for an arbitrary number of
levels. However, due to the intrinsic computational complexity of SWT, the maximum
decomposition level should not be too high because the computational delay accumu-
lates as the level increases. Nevertheless, this is not a limiting factor for HVDC grid
protection purposes since the most significant information of the transient phase of DC
faults lies in the high frequency region (lower decomposition levels) of DC voltage as

demonstrated in the previous sections of this chapter.

Hardware

For the hardware implementation of SW'T, the Texas Instruments C2000 MCU F28379D
Digital Signal Processor (DSP) has been used [257]. The device constitutes a low-cost
solution for implementing efficiently and with high accuracy the SWT algorithm. The

main features of the incorporated microcontroller are:

e 200 MHz dual C28xCPUs
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Dual 200 MHz programmable control law accelerators

1 MB Flash and 204KB RAM

Four ADCs with selectable 16-bit/12-bit operation

Three 12-bit DAC modules

The DSP was programmed in MATLAB-Simulink using an embedded coder support
package available from TI. The first core of the hardware is assigned to calculate the
SWT approximation and detail coeflicients for the first two levels, while the second
core is responsible for the calculation of the third level coefficients. To realise this
operation, the calculated approximation coefficients for level 2 are sent from one core
of the DSP to the other using inter-processor communication blocks available through
the simulink TT library. As it will be demonstrated later, this configuration has proven
to be effective for sampling frequencies up to 100 kHz and for mother wavelets with up
to 20 filter coefficients.

Digital Real-Time Simulator

A DRTS can perform robust electromagnetic power system simulation in real-time
and it can interact with external hardware via analogue and digital signals through
hardware-in-the-loop simulation. Hence, the DRTS of RTDS technologies has been
utilised to provide a realistic environment for the physical testing of the HVDC grid
protection technique running on the DSP. The HVDC grid model used for the simulation
studies is shown in Figure 5.17 and it has been developed with the use of RSCAD
software that is the graphic user interface of the employed DRTS.
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Figure 5.17: HVDC grid model in DRTS.
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The HVDC grid model is designed to be identical with the model used in Section
5.4 with the parameters shown in Table 5.3. Similar to the previously used grid model,
the cables are represented by frequency dependent (phase) models with the cable pa-
rameters from [81], 50 mH DC reactors are included in series with DCCBs at the ends
of each cable, and the DCCB opening time is set to 3 ms.

The concept of multi-rate real-time simulation is employed to achieve greater ac-
curacy and efficiency and consequently, two separate time steps are used. The large
scale network simulations run on the main timestep of 50 us. The AC networks and
the DC cables along with the converter control systems operate at the main timestep.
For greater accuracy in the representation of the converter dynamics, the MMCs are
solved in the small timestep of 2500 ns. Each MMC is modelled inside a separate small
timestep sub-network and requires a single core of a processor card (GPC). The ac-
curacy of this approach in high fidelity representation of the MMC response has been
confirmed in [258]. Due to the size of the simulated network, all available resources of
the real-time simulator are utilised. In detail, the whole grid is split between two DRTS
hardware racks that include two PB5 cards and five GPC (older generation) cards. The
PB5 cards are assigned for the total network solution and the control systems, while
the AC and DC power system components are assigned to the GPC cards.

To realise the multi-rate simulation concept, special interfaces available from the
RSCAD library are required to migrate from the small timestep to the main timestep
network and vice versa. In particular, interfacing transformers are employed to inter-
connect the AC networks and the Offshore Wind Plants (OWP) to the main converters,
while short travelling wave line models are used to interface the converters to the main
DC network. Due to the utilisation of the interface line models, which are effectively
Bergeron transmission line models, the length of the DC cables is appropriately reduced
to compensate for the addition of the interface lines. Finally, cables L12, L14 and L34

interface the two subsystems that run on a separate rack as shown in Figure 5.17.

Experimental Arrangement

The practical performance of the SWT hardware implementation is assessed in a
hardware-in-the-loop configuration, in which the DSP that runs the algorithm emu-
lates the operation of a protection relay by exchanging information with the HVDC
grid designed within the DRTS. The experimental arrangement and the utilised hard-
ware components are illustrated in Figure 5.18.

The DSP receives analogue DC voltage measurements at the relay point (shown
as R in Figure 5.17) from an output channel provided by the analogue output card of

the DRTS. The single-ended input signals are scaled down to fit the DSP operating
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Figure 5.18: Test platform arrangement and hardware components.

range (0-3.3 V) and are sampled by the ADC module with 12-bit resolution. When
an internal DC fault is detected, a digital trip signal is generated from a DSP DAC
module and is sent to a digital input port of the DRTS. The signal is used to trigger
the operation of the HVDC breaker next to relay R. The hardware module receives the
measurements at 20 kHz and is powered by an external power supply (3.3 V). Moreover,
the calculated SWT coefficients are sent to an analogue output channel of the DSP to
enable real-time monitoring of the protection scheme output.

Using the DRTS network arrangement presented in the previous paragraph, the
maximum sampling frequency is determined by the main time step and hence due to
the use of 50 us as the main step, 20 kHz is the maximum rate that may be achieved.
An alternative approach will be introduced later for the validation of the proposed

SWT-based protection solution for up to 100 kHz sampling frequency.

5.5.2 Functional Testing of SWT Implementation

This subsection aims to perform functional testing of the hardware module running the
SWT algorithm and to validate the algorithm’s proper operation. Towards this aim,
many test cases for various DC faults have been performed, and one representative
example is provided here to illustrate the correct operation of the SWT implementation.
Therefore, a PTP fault with R/=30 2 is applied at the end of the protection zone of
relay R, i.e. location F1 in the HVDC grid of Figure 5.17. The voltage measurements
from DRTS are recorded, stored and directly loaded to the DSP module for playback
simulation in order to investigate the hardware operation without any external effects
(e.g ambient noise, failure of communication with DRTS, loss of samples etc.).

Figure 5.19(a) shows the voltage measurements (Ug) provided to the DSP during
the first few ms of the DC fault and Figures 5.19(b) and 5.19(c) illustrate the detail
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and approximation coefficients for all three decomposition levels, respectively. Solid
lines correspond to the calculations of the hardware module (denoted as D; and A;),
and the theoretical coefficients (denoted as Dj’ and Aj’) which are calculated using the
MATLAB wavelet toolbox are shown with dashed lines. The wavelet coefficients are

obtained using sym4 as the mother wavelet
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Figure 5.19: Validation of SWT implementation: (a) DC voltage measurements for
an internal fault at location F1 with R¢=30 Q, (b) calculated and theoretical detail
coefficients, and (c) calculated and theoretical approximation coefficients.

The results indicate identical matching between theoretical and calculated SWT
coeflicients thus validating the proper operation of the DSP module. Figure 5.19 also
highlights that as the level increases, the response of the algorithm becomes slower due
to the greater filter lengths. This confirms the previous argument that for high-speed
operation of HVDC grid protection, lower decomposition levels are preferred.

Wavelet decomposition level and mother wavelet have a significant impact on the
real-time implementation of SWT both in terms of computational workload and DC
fault detection speed. To investigate this impact and the capability of the hardware
module to perform the SWT algorithm for longer wavelets, the same internal fault
is applied repeatedly for different wavelets and levels. Table 5.6 shows the DC fault
detection time in terms of the required number of main timesteps (50 us in this case) for
different wavelets with filter length ranging from 6 to 18 coefficients. For the purposes

of this stundy, the fault detection time is defined as the number of timesteps it takes
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for the detail coefficient to reach 30% of its maximum value. The use of timesteps
instead of operation time for measuring fault detection time is chosen since in fact, the
speed of the algorithm is always a fixed multiple of the timestep used. Furthermore,
the operation time is dependent on the sampling rate (length of timestep) to which it

is inversely proportional.

Table 5.6: Detection time for different mother wavelets and levels.

Mother Filter Detection Time [At]
Wavelet Coefficients Level 2 Level 3
db3 6 5 14
db5b 10 11 29
db7 14 15 39
db9 18 19 50
sym3 6 5 14
symb 10 14 31
sym7 14 17 41
sym9 18 24 52
coif2 12 14 35
coif3 18 23 55
bior2.2 6 7 15
bior2.4 10 13 29
bior2.6 14 19 43

The results demonstrate that the hardware module can successfully perform the
calculations associated with SWT algorithm within the timestep without loosing syn-
chronisation even when longer high-pass and low-pass filters are used. Generally, as
the filter length increases, the fault detection time rises. It is worth noting that this
analysis only aims to validate the performance of the algorithm for different decom-
position levels and wavelets without aiming for optimised protection performance in
each case. The analytical approach for selecting the WT parameters and the optimised

SWT-based non-unit protection algorithm is validated in the next subsection.

5.5.3 Validation of SWT-based HVDC Grid Non-unit Protection

To further corroborate the results and to evaluate the practical feasibility of the SWT-
based non-unit protection method proposed in Subsection 5.3.4, dynamic validation
based on hardware-in-the-loop simulations is performed in this subsection. In order
to test the method for applications with increased demands in sampling frequency
requirements, Cable L13 is modelled on a GTFPGA unit allowing the cable to be
executed in the small timestep. Since only one GTFPGA unit is available in the current

DRTS set-up in the laboratory facilities, it is possible to solve only one cable at such
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low time resolution. Therefore, for Cable L13, DC voltage measurements are captured
in the small-timestep network and provided to the hardware module at a rate of 100
kHz. Since the HVDC grid model in RSCAD has the same parameters with the model
used in Section 5.4, the relay settings (SWT parameters and thresholds) are those cited
in Table 5.4. In the conducted real-time simulation studies, special emphasis is paid
on the method’s performance in terms of speed, dependability (i.e. rate of successful
operations), selectivity and security. These tests are selected in order to complement
the findings of the offline simulation studies and to confirm the increased selectivity

which is the main benefit of the SWT-based non-unit protection solution.

Speed and Dependability Tests for Internal Faults

To asses the operation speed and dependability of the proposed method, internal faults
are applied repeatedly at various distances along cable LL13. The mean speed of the
algorithm for five repetitions at each fault location is evaluated and presented in Figure
5.20(a) when both solid DC faults (Ry~0 Q) and highly resistive faults (R;=500 2)
are applied. The operation time is measured as the time it takes from travelling wave
arrival to the relay location until a trip signal is sent to the DCCB next to relay R.
Moreover, the number of successful operations are recorded to check the dependability
of the algorithm. Similarly, Figure 5.20(b) displays the speed or operation time when
the 200 km cable L13 is replaced with a 350 km cable with the same parameters. In
this case, the third wavelet decomposition level and wavelet db5 are derived from the

analytical approach.
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Figure 5.20: Speed of protection algorithm for different fault distances when length of
cable L13 is (a) 200 km, and (b) 350 km.

The results demonstrate the high-speed operation of the SWT-based method. For
the 200 km cable, solid DC faults are detected within 20-50 us for all fault locations,
whilst highly-resistive faults are detected within 50-120 us. As a consequence of the
use of the third decomposition level by the hardware module for the 350 km cable,
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an increase in the fault detection speed of the algorithm can be observed from Fig-
ure 5.20(b). In detail, the operation speed varies between 120-210 us and 190-310 us
for solid and highly resistive DC faults, respectively. Nevertheless, the algorithm re-
tains its high-speed performance, and the speed deterioration is offset by the enhanced
protection margin that is bestowed by the third level. In addition, the algorithm has
been found to be 100% dependable as all applied internal DC faults have been suc-
cessfully detected and discriminated. It is worth noting that the sudden increase of
operation time observed in a few cases (e.g. between 320 and 340km in Figure 5.20(b))

is attributed to the mathematical operations for the calculation of SWT coefficients.

Selectivity and Security Tests

The performance of the real-time implementation of SWT in selectively discriminating
internal DC faults from external faults in HVDC grids is investigated in this section. At
the same time, the security of the method in terms of remaining stable under external
fault conditions is assessed. For direct comparison with the offline simulations, a highly
resistive PTP internal fault is applied at location F1 (R¢=500 Q) and a solid PTP
external fault at location F2 behind the DC reactor.

After numerous repetitions of both DC faults, the algorithm has been found to
maintain its security and the hardware module generates a trip signal only for internal
faults. An example is shown in Figure 5.21 that shows the fault voltage profile, the
SWT coefficients and the trip signal for the internal fault F1. The SWT coefficients
rise significantly above the threshold and hence, a DC fault is successfully detected and
a trip signal is generated. The method generates a trip signal 120 us after the fault
wave reaches the terminal, which is consistent with the results shown in Figure 5.9,

thereby further corroborating the offline simulations.
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Figure 5.21: Real time simulation results for the internal fault F1: (a) overall view, (b)
zoomed view.

To demonstrate the closed-loop operation and the successful coordination of the
proposed method with the DCCBs that are embedded within the simulated system, the
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pole currents i4013, and igci3, are shown in Figure 5.22(a). The current measurements
are obtained through the RSCAD RunTime module of the DRTS. For simplicity, the
digital trip signal that is generated by the DSP is used to trigger the operation of
both positive and negative pole breakers of Cable LL13. Moreover, the tripping signal
(denoted as BrkT'rip) and the breaker operation signal (denoted as BrkOp) are also
captured via the DRTS and the results are shown in Figure 5.22(b). It can be seen
that the fault is detected very early in the fault current rising stage. Subsequently, the
DSP trip signal is received by the DRTS resulting in the operation of the breaker (3ms

operation time) and in the successful fault current interruption.
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Figure 5.22: Fault current signatures during fault detection and interruption process
for the internal fault F1.
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Figure 5.23: Real time simulation results for the external fault F2: (a) noise impact on
measured voltage, (b) protection scheme response.

Figure 5.23 displays example results for an external fault at F2, where the voltage
measurements are contaminated with noise (Figure 5.23(a)) in order to test the per-
formance of the method in a noisy environment. Figure 5.23(b) demonstrates that the

protection method does not react to the external fault, thus validating the capability
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of the method to remain stable under external faults (security).

5.6 Summary

In this chapter, a fast-acting non-unit protection scheme for detecting and discrimi-
nating DC faults in HVDC grids based on wavelet transform has been presented. A
generalised analytical approach, adaptable to any HVDC grid topology has been devel-
oped for deriving the main WT design parameters based on frequency domain analysis
of the fault voltage transfer functions that reveals significant traits in appropriate fre-
quency bands, which in turn are exploited for differentiating between internal and
external faults. In detail, the optimum wavelet decomposition level, mother wavelet
and protection threshold are flexibly derived analytically without the need for extensive
offine simulations. The methodology is applied for each relay separately considering
the prevailing local system conditions and grid parameters with the aim to achieve
general applicability and the highest performance of the method, especially in terms of
speed and selectivity. SWT has been proposed amongst the WT variants to yield the
maximum benefits for HVDC grid non-unit protection.

Offline simulations conducted using a detailed 4-terminal HVDC grid modelled in
PSCAD/EMTDC demonstrated the effectiveness of the proposed method, and it has
been found that the scheme can provide fast, reliable and selective protection even
against highly-resistive DC faults. Further analysis demonstrated robustness against
external disturbances and immunity against noise, while a sensitivity analysis revealed
that the method can be executed in lower sampling rates (i.e. 10 kHz).

Dynamic validation of the proposed SWT-based non-unit protection algorithm has
been performed with the use of a real-time digital simulator and a low-cost hardware
prototype, which are combined to form a hardware-in-the-loop configuration. An ef-
ficient SWT algorithm has been implemented based on discrete convolution and the
practical feasibility of the approach has been validated using a DSP to execute the
algorithm and emulate the operation of a HVDC protection relay.

The real-time simulations under various realistic conditions have confirmed the
reliable operation of the protection algorithm and its enhanced performance in terms of
dependability, speed, security and selectivity, while considering data acquisition issues
and the computational aspects of the technique. It is worth noting that the algorithm
was successfully executed at the relatively high sampling rate of 100 kHz and that no
overruns were noticed. The results obtained in a low-cost relay prototyping environment
provide a high level of confidence that the proposed method is effective, practical and
cost-effective despite the small available scale for voltage conversion of the deployed

hardware and the presence of ambient noise in voltage measurements.
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Chapter 6

DC Fault Management Strategy

for Continuous Operation of

HVDC Grids based on
Customised Hybrid MMCs

Successful deployment of HVDC grids necessitates effective DC fault handling strate-
gies, which can minimise the severe consequences caused by DC faults on the AC and
DC side of the HVDC grids. It has been identified in Chapter 3 that in HB-MMC based
HVDC grids the power and voltage recovery times following the occurrence of DC faults
are in the order of a few hundred milliseconds when fast and expensive hybrid DCCBs
are utilised to isolate promptly the faulted zone. Therefore, this chapter investigates
the enhanced DC fault performance of the Customised Hybrid Modular Multilevel Con-
verter (CH-MMC), in which a limited number of full-bridge sub-modules is added into
the arms of the conventional MMC in an effort to significantly extend the timespan
between fault inception and fault clearance, thus allowing the use of relatively slow
and cheaper mechanical DCCBs. By exploiting the merits of the CH-MMC, a novel
dedicated DC fault handling strategy for CH-MMC based HVDC grids is proposed,
which enhances the fault resiliency and security of HVDC grids for pole-to-pole faults.
Moreover, the developed strategy guarantees the continuous operation of the grid dur-
ing pole-to-ground DC faults, including full reactive power provision from the converter
stations. The performance of the strategy is demonstrated using comprehensive electro-
magnetic transient simulation studies conducted on an illustrative four-terminal meshed
HVDC grid through a range of scenarios with different fault current limiting inductors

and DC circuit breaker operation times.
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6.1 Motivation

As with any developing technology, the HVDC grid concept has its challenges, with the
requirement for sufficient DC fault ride-through capability being the most prominent. It
has been pointed out in Chapter 3, that when a DC short-circuit fault occurs in a HVDC
grid, the distributed cell capacitors of the commonly used HB-MMC tend to contribute
currents to the DC fault prior to converter blocking, while further current stresses are
induced on the converter semiconductor devices by the additional distributed capacitors
of the DC lines. Moreover, pole-to-ground DC faults can cause severe voltage stress
on insulation of the non-faulted DC pole of a symmetrical monopole transmission line,
and expose converter transformers to significant DC offsets.

Fault management strategies for HVDC grids primarily rely on the use of AC circuit
breakers, DC circuit breakers or fault blocking converters. The use of ACCBs for fault
clearance in HVDC grids is an economic and simple approach, which has been discussed
in [154,155], where the AC grid fault current contributions are eliminated using ACCBs.
Subsequently, when DC fault currents drop to zero, fast disconnectors are used to isolate
the faulty DC line/cable. Nevertheless, these approaches lead to de-energisation of the
DC grid and the post-fault recovery process may take several hundreds of milliseconds,
which is not suitable for critical power corridors.

The second option is to incorporate fast acting DCCBs at all line ends of the
HVDC grid. Hybrid DCCBs in conjunction with DC fault detection and discrimination
methods have been extensively investigated for fast and selective isolation of the faulted
line [141,165,184,186]. In addition, coordination of the HB-MMC with hybrid DCBBs
has been proposed in [202,259], where the HB-SMs are immediately bypassed after DC
fault detection in an effort to suppress the DC fault current and support the DCCBs.
The main shortcoming of the above solutions is that hybrid DCCBs require designs with
large footprint and high capital cost. Alternatively, mechanical DC circuit breakers can
be used for fault isolation in HVDC grids at the expense of increased breaking speed
but larger DC inductors are required [67,77].

A cost analysis in the PROMOTioN project for offshore HVDC grids has demon-
strated that the cost associated with DCCBs can be in the range of 5-9% of the total
system cost [260]. It has been shown that the reduction in cost when using mechanical
DCCBs instead of hybrid DCCBs is in the order of 15-20% per DCCB unit. It can
be argued that as the size of HVDC grids increases (and hence, the number of DCCB
units) the total cost reduction in absolute monetary terms decreases significantly when
mechanical breakers are utilised. Moreover, it was highlighted that the volume and
the weight of the DC reactor and the surge arresters used per mechanical DCCB unit

are quite significant and that the cost rises for higher DC reactor size (as does its as-
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sociated energy to be dissipated through the SAs). Consequently, the overall cost per
mechanical breaker can be further decreased if the reactor size is reduced.

An alternative method for addressing HVDC grid vulnerability to DC faults is to
use converters with fault current blocking capabilities, such as the FB-MMC [153,261].
Unlike the HB-SMs, FB-SMs can recreate any DC voltage the DC fault may present
at its DC terminal if the bipolar capability of the FB-SM is fully exploited, thus,
providing greater controllability during DC faults. Fault management strategies for
multi-terminal HVDC grids based on FB-MMCs have been developed using mechanical
DCCBs [261,262], or DC high-speed switches [263]. Both strategies can control fault
currents and facilitate continuous operation with limited periods of power interruption.

Moreover, the conventional Hybrid MMC (H-MMC) that employs equal number of
HB-SMs and FB-SMs in each arm, has been proposed to offer improved DC fault ride-
through capability at reduced semiconductor losses than the FB-MMC [264]. Other
hybrid topologies with similar functionality, which combine HB-SMs with FB-SMs or
other SM types have also been proposed [265-267]. A fault management strategy based
on the H-MMC for HVDC grids has been proposed in [243], which explores the capa-
bility to control either the converter current or the line current to clear the DC fault
with limited power interruption. Despite the fault current limitation capability, the in-
creased investment and operational costs and the higher conduction losses rarely justify
the additional functionalities offered by the FB-MMC and H-MMC. It is noteworthy
that the previously mentioned PROMOTioN report [260] demonstrated that when a 4-
terminal HVDC grid is considered, the additional capital expenditure of the FB-MMCs
(with regards to HB-MMCs) exceeds by approximately 25% the total cost associated
with all mechanical DCCBs in the system (eight units protecting four cables).

To achieve an adequate, cost-effective solution for improved security of supply in
hybrid AC/DC grids, an alternative approach that relies on converters with partial DC
fault tolerant capability and less expensive DCCBs is required [268]. Therefore, this
chapter presents a fault management strategy for handling DC faults in HVDC grids
using the bespoke design of the Customised H-MMC (CH-MMC), in which the number
of FB-SMs represents 25% of the total converter SMs. It has been found that the 25%
ratio is sufficient to block half of the nominal DC voltage thus, enabling the strategy
to achieve continuous HVDC grid operation during pole-to-ground faults, in which full
controllability of the converters is maintained. For pole-to-pole faults, the proposed
solution can significantly improve the DC fault survival of HVDC grids. The main

contributions of this chapter are the following:

e Development of a DC fault management strategy (FMS) for HVDC grids that
employ CH-MMCs with partial fault tolerant capability in order to extend the
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time frame for DC fault clearance to levels compatible with mechanical DCCB
operation times. This is achieved through the substantial suppression of the arm,
AC and DC-side fault currents, leading to further reduction in the maximum
current breaking capacity of the DCCBs. Furthermore, when the FMS is adopted,
the required current-limiting role of series inductors is significantly reduced. The
overall relaxation of DCCB requirements indicates that less expensive DCCBs

can be used as a result of the proposed FMS.

e Through quantitative studies and qualitative considerations, it is shown that the
CH-MMC leads to enhanced station and system wide performance. The CH-
MMC with 25% ratio provides practical trade-offs that prioritise extension of
fault clearance and high converter efficiency. At the same time the over-currents
and over-voltages exerted on the semiconductor switches and SM capacitors as a

result of PTP DC faults remain within tolerable levels.

e Rigorous simulation studies on an illustrative meshed HVDC grid, with detailed
converter control and protection systems included, confirm the suitability of the
proposed FMS in handling PTG and PTP DC faults.

6.2 Customised Hybrid Modular Multilevel Converter

The basic idea behind the CH-MMC topology with a limited number of FB-SMs has
already been presented in [268], where it is shown that a 15-25% ratio of FB-SMs can
limit the fault currents during pole-to-pole faults in a simplified point-to-point system.
The concept is further developed in this work by extending the use of CH-MMCs
in HVDC grids and developing an appropriate fault management strategy towards
achieving enhanced security and resiliency against both PTP and PTG faults. In this
section, the circuit topology and it associated control system that was developed and

used for the work in this chapter are subsequently presented in detail.

6.2.1 Fundamentals and Circuit Topology

Figure 6.1 shows a generic diagram of the CH-MMC topology with asymmetrical ratio
of FB-SMs and HB-SMs, in which Ngpg and Ngpg is the number of HB-SMs and FB-
SMs per arm, respectively. The ratio of Npp to the total number of SMs per arm, N,

is denoted as R and is defined as:

NrB NrB

R = P—
N Nrp+ Npgp

(6.1)
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Figure 6.1: Structure of the CH-MMC topology.

Theoretically, in the CH-MMC, the ratio R could be set anywhere between 0 and 1.
Nevertheless, the proposed bespoke design of the CH-MMC uses limited number of FB-
SMs incorporated in its arms to extend the controllable range of DC voltage, benefiting
from the combined negative voltage capabilities of the FB chain-links beyond that of
the conventional HB-MMC. In this research, R=0.25 which is equivalent to 25%, is
found to be beneficial for reasons that will be elaborated later. The HB and FB-SM
capacitors are designed to have the same rated voltage Vg as shown by:

Vbe  Vus _ Vpp

V pr— p— pr—
SM N Nup  Nrp

where Vp¢ is the rated pole-to-pole DC voltage and Vg, Vrp are the blocking voltages

(6.2)

of HB and FB chain-links, respectively. For ease of explanation in the rest of the section,
subscript j is used for the phase index (i.e. j = a,b,c) and k refers to upper and lower
arm (i.e. k = u for the upper arm and k = [ for the lower arm). Taking the upper arm

as an example, the arm voltage for any phase j of the CH-MMUC is given by:

1
‘/}m(t) = §VDC . (MACcOS(th + (5]') + ch) (6.3)

where M ¢ and mpc are the AC and DC modulation index, respectively. The compo-
nent M4c is related to the magnitude of fundamental AC voltage and it varies in the
range 0 < M4c < 1. The mpe component reflects the extent at which the customised

hybrid MMC can achieve operation over a wide range of DC voltages, exploiting the
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bipolar output voltages of the FB-SMs. The minimum value of the DC modulation

index depends on R and is given by:
MpC—min =1—2- R (6.4)

The general relationship that describes the DC voltage range in which the CH-MMC

retains controllability for a given R is

1-2-R<Vj, <1 (6.5)

Hence, the CH-MMC can synthesise the AC voltages imposed by the AC grid as
long as the DC link voltage remains within the range defined by the above inequality.

6.2.2 Converter Control

Figure 6.2 shows the control system of the CH-MMC with asymmetrical blocking volt-
ages of the HB and FB chain-links developed for the work of this chapter. The control
system consists of DC voltage or active power, and AC voltage or reactive power con-
trollers in the outer loops along the d- and - axes. The standard vector control is
employed in the inner current loops that regulate positive and negative sequence cur-
rents, and define the AC components of the modulation functions of the arms. Nearest

level modulation is used to generate the IGBT firing signals [50].
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Figure 6.2: Control system of the CH-MMC.
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The employed per phase circulating current suppression controllers (CCSC) modify
the modulation index in an effort to suppress the second-order current harmonics from
the converter arms [49, 50]. These controllers dominantly inject small second-order
harmonic components into the modulation functions of the phase-legs to suppress the
circulating currents, which largely contain second-order harmonic currents.

The horizontal and vertical energy balancing controllers modify the DC and AC
components of the modulation functions for the HB and FB chain-links. The con-
ventional implementation of vertical energy controller, which ensures the upper and
lower arms of each phase-leg have the same total average capacitor voltage, is adopted
from [49]. The per phase horizontal energy controllers ensure that all three phase-legs
have the same mean DC voltage to prevent DC circulating currents between the legs.

In the CH-MMC with asymmetrical ratio of HBs and FBs (e.g. 75% HB-SMs
and 25% FB-SMs), explicit horizontal energy controllers are required to ensure correct
voltage or energy sharing between the FB and HB chain-link of each arm. These
controllers primarily introduce a small DC component into the modulation function
of the HB and FB chain-link of each arm. Typically, the set-point for the per phase
horizontal controller defines the total arm blocking voltage or energy. Fundamentally,
the necessary condition for SM capacitor voltage balancing is that the energy exchange
between the SM capacitors of the HB and FB chain-links, and both chain-links with
the AC side, must be zero as described in (6.6) and (6.7).

T
Fug;, = /0 (mu - Larm,, (t) dt =0 (6.6)

T
Eps,, = /0 (155 Tapm, (1)) db = 0 (6.7)

The DC offset of the modulating signal mgp and mpp of the HB and FB chain-
link is manipulated in order to ensure that the HB and FB chain-links exchange zero
net energy or active power with the AC side. Modulation index myp and mpp are

adjusted according to the SM energy as shown in (6.8) and (6.9).

N, C — V2 n
1 up CSM—HB " Vi,

Won = 7k 6.8
HBj i NHB — 2 ( )
Wip Ly O Vg, (6.9)
FBj’k_NFB —~ 2 .

where Csp_pgp and Cgpy_pp is the capacitance of an individual HB-SM and FB-SM,
while VSM};B and Vg M2, is the voltage of the nt" HB-SM and FB-SM, respectively.
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6.3 HVDC Grid Topology

The meshed HVDC grid illustrated in Figure 6.3 will be used to assess the performance
of the proposed fault management strategy when CH-MMCs are used. The test system
of Section 3.7 is employed, in which the converters are replaced with CH-MMCs with
asymmetrical ratio of FB-SMs to the total number of sub-modules that can be set
to an arbitrary value (between 0% and 100%). All converters are modelled based
on extensively validated average value modelling, in which appropriate measures are
taken to accurately represent the converter behaviour during the blocking state [60].
Details on CH-MMC modelling are provided in Appendix B. All converters have 350
sub-modules and the capacitance is calculated assuming the same minimum inertia
constant of 30 ms (or 30 kJ/MVA) as suggested in [269].

F2 L2
& e 200km 2

EADIG e E @

B Protective Relay L13 350km L24
x DCCB 200km 175km

BRI | D ()

Figure 6.3: HVDC grid test system.

L34
250km

All transmission media are assumed to be DC cables, which are represented based on
the frequency-dependent cable model available in PSCAD library, and the parameters
are adopted from [81]. The network is operating at £320 kV in a symmetric monopolar
configuration, in which converters C1 and C2 are configured to control the active power,
while converters C3 and C4 employ DC voltage droop control to regulate the DC system
voltage. Moreover, all converters are configured to control reactive power. AC grids
are modelled by a voltage source and their equivalent short-circuit impedance that
comprises of a series resistance and inductance. Strong AC networks are assumed at all
terminals to demonstrate the performance of the fault management strategy for high
fault current levels. The main parameters of the HVDC grid and CH-MCCs with 25%
ratio are summarised in Table 6.1. The converters’ operating conditions are also shown
in the table.

175



Chapter 6. DC Fault Management Strategy for Continuous Operation of HVDC
Grids based on Customised Hybrid MMCs

Table 6.1: System and converter parameters.

Parameter Value

Nominal DC voltage + 320 kV

Rated AC (line-to-line) voltage 400 kV

Short circuit ratio of AC grids 15

X/R of AC grids 10

Rated power (C1~C4) 1000 MVA
Active power setpoint (C1~C4) 700,700,—800,—600 MW
Reactive power setpoint (C1~C4) 100,100,—100,—100 MVAr
Loading of L12,L.13,1.14,1.24,1.34 -90,510,280,610,-90 MW
Total number of SMs 350

Arm inductance 42 mH

Arm resistance 0.08 ©

Total FB-SMs capacitance 125.68 pF

Total HB-SMs capacitance 41.89 puF

6.4 DC Fault Management Strategy

This section puts forward fault-ride through methods for the CH-MMC for both PTP
and PTG faults, and then proceeds with the design of a comprehensive fault manage-
ment strategy for CH-MMC based HVDC grids. The enhanced DC fault ride-through
functionality of the CH-MMC is achieved through the customised design of ratio R in
order to exploit the reverse voltage capabilities of the FB chain-links. Based on this
design, a fault management strategy is developed for ensuring enhanced station- and

system-wide resiliency against DC faults.

6.4.1 CH-MMC Behaviour During Pole-to-pole Faults

Pole-to-pole faults have severe consequences on the safety and operation of HVDC grid
and consequently, they must be isolated as quickly as possible. It is worth reiterating
that the bespoke design of CH-MMC being pursued in this chapter aims to extend the
time frame for fault detection and isolation, so that effective protection coordination
with slow mechanical DCCBs in the order of 5 ms to 15 ms becomes technically feasible
[67,77,270]. The fault behaviour of the CH-MMC in this time frame for PTP faults

can be divided into two stages.

Fault Current prior to Converter Blocking

This stage initiates when travelling waves induced by the fault reach the converter
after a short propagation period through the transmission medium, resulting in the
discharge of sub-module capacitors into the fault and causing a rapid increase of the

fault current. As the converter retains controllability in this stage, equal discharge of
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the SM capacitors of the arms will be observed due to the active capacitor voltage
balancing algorithm. The rate at which the SM capacitors discharge is largely limited
by the arm inductance and the effective DC side inductance (current limiting inductor
and DC cable inductance). In the worst-case of a DC fault at converter DC terminals,

the fault network can be considered as an equivalent RLC circuit as follows:

R = —I-Rf, L=

2Rm«m 2La7"m
; +Lpe, C=6Cam (6.10)

where Ry is the fault resistance, Lpc is the DC current limiting inductor, Rarm, Larm
and Cgy, are the converter’s arm resistance, inductance and capacitance, respectively.

The fault current flowing to the DC fault can be derived as:
—at c .
It(t) =e 2Vpe fsm(wt) + Ipcos(wt) (6.11)

where 0 = %, w =4/ % — (%)2 ~ \/% and Iy is the pre-fault current. This stage

lasts until the worst-case converter arm current hits the pre-set over-current threshold,

or until the DC link voltage has fallen below a specified threshold.

Fault Current after Converter Blocking

This stage starts once the converter blocks, which subsequently triggers the activation
of the current limiting mode. In this mode, the CH-MMC uses its FB chain-links to
present increasing and opposing counter-voltages, which gradually suppress the AC
side, arm and DC currents at the expense of increasing cell capacitor voltages. This
mode necessitates blocking of the HB and FB chain-links as shown in Figure 6.4(a).
In the H-MMC, the total voltage formed by the series connection of all FB-SM
capacitors during converter blocking is higher than the peak AC line-to-line voltage,
Vie®, thus blocking the DC fault [264]. However, for the CH-MMC where the number
of FB-SMs is suggested to be significantly less than in the H-MMC, the total reverse

a

blocking voltage capability is less than V¥*. During time intervals in which any phase
voltage Vac; exceeds the arm voltages, the FB chain-links in the corresponding arms
of phase j conduct, and this results in the over-voltage of FB-SM capacitors. The
differential equation that describes the electromagnetic transient of each phase of the
CH-MMC during these time intervals is:

max . P dIJ
where R, Lt are the transformer leakage resistance and inductance, I; is the current

of phase j, and VFZBJ_ is the total voltage of the FB chain-links of phase j. From (6.12),
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Figure 6.4: Depiction of CH-MMC arm during (a) current limiting mode, and (b)
survival or fail-safe mode.

it is observed that the fault current that will be driven towards the converter from
the AC grid can be controlled according to the number of FB-SMs in each arm. In
detail, the lower the voltage difference between V4 ; and the sum of the upper and
lower FB chain-link blocking voltages (and hence, the higher the ratio R), the lower
the fault current. As the FB-SM capacitors charge during the conduction periods,
the relative voltage difference decreases leading to further reduction of the converter
current. Theoretically, when the total phase FB chain-link voltage matches Vj5*, the
fault current should drop to zero. It is worth noting that the FB chain-link blocking

voltage corresponds to the total capacitor voltage per arm and can be expressed as:

I — Csm—-FB ) V};Bj (t)
77 Npp dt
Accordingly, the voltage rise in the FB-SMs is determined by the magnitude of the

(6.13)

phase current and the total capacitance of the FB-SMs, and is described by:

Nrp !
Vig, () = ———— / Lidt + Vip, (6.14)

" Csm—rBJo
where Vlg B is the initial voltage of the FB chain-link of phase j the moment the second
stage initiates. To enable the fault-ride through functionality of the converter, the
capacitors should be designed to withstand overcharging for a short period of time,
and for their protection, a maximum allowable limit on FB-SM over-voltage should be

set, beyond which the FB-SM capacitors are bypassed using similar techniques as in
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HB-SMs, e.g. dedicated thyristors [202]. In this work, the survival or fail-safe mode is
activated when the worst-case arm capacitor voltage exceeds 1.6 p.u. to avoid damage
from excessive over-charging of the SM capacitors beyond the safety level. In this mode,
the CH-MMC resembles blocked HB-MMC, and each FB cell will be bypassed by a
dedicated thyristor as shown in Figure 6.4(b). Moreover, equation (6.14) indicates that
the higher the value of C'rp and hence, the higher the individual FB-SM capacitance
Csnyi—rB, the slower the rate of voltage increase in the FB chain-link. Consequently,
another method to limit the over-voltage rate until fault clearance is to utilise capacitors
of greater size. Once the fault current is cleared, all sub-module voltages will converge
to their pre-fault level due to the separate employed capacitor voltage balancing control.

As shown in equation (6.13), a higher ratio of FB-SMs to the total number of sub-
modules results in lower current in each arm, which in turn leads to a reduction in
total fault current. To illustrate this effect, a solid PTP DC fault is applied at location
F1 (as shown in Figure 6.3) on cable 13, 1 km away from converter C1 and the cable
current of the faulted pole is shown in Figure 6.5(a) for different ratios (R=0,5,15,25
and 35%) of the CH-MMC, without enforcing the capacitor over-voltage limit. The
current limiting inductance, Lpc , is set to 50 mH and the circuit breaker operation

time is assumed to be tp.=15 ms. The fault is applied at time t=0.1 s.
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Figure 6.5: Effect of R=0,5,15,25 and 35% on (a) cable fault current and (b) maximum
value of FB-SM voltages.
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In the initial stage of the fault, the cable current is composed of the SMs capacitor
discharge current and the current contribution from the adjacent cables. The effect of
ratio R during this period is minimal and the rise of fault current is mainly determined
by the DC inductor size. Around ¢=0.1025 s, the converter blocks, and the fault current
is regulated. It is evident that in comparison with lower ratios, R=25% and R=35%
lead to a more profound reduction in the fault current, which is controlled within a
reasonable range until the DCCB operates at t=0.115 s.

Moreover, the maximum value of the FB-SM capacitor voltages for all arms for the
entire fault duration is depicted in Figure 6.5(b) for all ratios. As the fault current flows
through the FB-SMs, the capacitors continue to charge, leading to voltage increase. It
is evident that ratios lower or equal to 15% lead to rapid increase of FB-SM capacitors
voltage. For R=25%, even for a fault at a very short distance, an extended time
window of reverse DC voltage is provided and the maximum voltage reaches 1.76 p.u.
approximately 15 ms after the fault. The charging of the FB-SM capacitors is further
restrained in the case of R=35%, where the voltage rises to 1.35 p.u.

Figure 6.5(a) and Figure 6.5(b) show the corresponding results of a more focused
analysis of R in the range 20-30% under the same DC fault scenario. In this case, the

fail-safe mode is activated when the 1.6 p.u. capacitor over-voltage limit is exceeded.
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Figure 6.6: Effect of R=20,22.5,25,27.5 and 30% on (a) cable fault current and (b)

maximum value of FB-SM voltages.
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Figure 6.5(a) shows that the CH-MMC with R=20% fails to regulate the fault
current for an extended period of time as the capacitor over-voltage limit is reached
within 7.5 ms from fault inception (as seen from Figure 6.5(b)) leading to the bypass
of the FB-SMs. Generally, it is evident that as the ratio increases, the time spent in
the current limiting mode before transitioning to the fail-safe mode is extended. Ratios
equal or above 25% can limit the fault current even after 10 ms. In detail, the 25% ratio
achieves a reduction of the fault current for the entire period until the fault current is
cleared, and the converter remains in the current limiting mode for 11.83 ms after fault
inception. 27.5% and 30% ratios lead to similar fault currents, while in the latter case
the over-voltage limit is never exceeded.

It can be argued that the significant fault current limitation bestowed by the use
of at least 25% ratio indicates that the current stresses on system components are
decreased and that the time provided for protection system response and fault iso-
lation can be significantly extended; therefore, slower but less expensive DCCBs can
be utilised. As a consequence of the blocking action of the converter, power transfer
capability during and after fault clearance is lost, as well as the ability for ancillary
services provision to the connected AC grids. Nevertheless, since the converter aims to
be blocked only for a short period of time (10-20 ms) only to allow for slow mechanical

DCCBs to operate, the influence on the connected AC grids can be minimised.

6.4.2 CH-MMC Behaviour During Pole-to-ground Faults

When a pole-to-ground fault occurs, the voltage of the faulted pole collapses to zero.
On the other hand, the healthy pole can experience a significant over-voltage up to
twice the nominal voltage. Assuming that the voltage measured on the positive and
negative pole are Vpc p and Vpce n respectively, the AC voltage of phase j relative to
ground, V¢ j, can be expressed as [271]:

17 -

VDC,P = V}',u + Larm . % + VAC,j (615)
dlrm.

VDC,N = V},l + Larm, - a;;nj’l - VAC,j (616)

Subtracting (6.16) from (6.15) and neglecting the voltage drops in both upper and

lower arm reactors yields:

1 1
Vacj = i(VDC’,P —Vpe,n) — §(Vj,u - Vi) (6.17)
A PTG DC fault on the negative pole of will force Vpco,n to 0 and Vpe,p to Vpe,

thus (6.17) becomes:
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Vac,j = %VDC - %(Vj,u — Vi) (6.18)

Expression (6.18) indicates that the output AC phase voltage Vac, ; develops a DC
bias of %VDC, which exposes the converter transformer to increased voltage stresses
and risk of insulation failure. An identical voltage stress would be experienced if the
fault occurred on the positive pole. Moreover, this phenomenon appears regardless of
transformer connection and grounding arrangement [272]. To mitigate voltage stresses
on the converter transformer, maintain the nominal voltage on the healthy pole and
ensure continuous operation of the HVDC grid during PTG faults, the DC voltage
reference for the converter voltage controller is set to 0.5 p.u. To accomplish 50%
reduced DC voltage operation during PTG DC faults, the DC components of the upper
and lower arm voltage being contributed by the FB chain-links are adjusted. In this
way, the minimum required number of FB-SMs to allow controlled operation at 0.5V,
during PTG faults is 25%, as described by (6.4). Thus, the modulation functions for

the upper and lower arms become:

mju = Mac - cos(wt) + 0.25 (6.19)

mj; = —Mac - cos(wt) +0.25 (6.20)

The issues that are overcome in the event of PTG faults and the benefits of using
CH-MMCs with a ratio of at least R=25% in HVDC grids are as follows:

e Healthy pole over-voltage avoidance: The PTG voltage of the healthy pole
can be maintained at nominal; hence, the risk of DC cable insulation failure is

prevented, and the need for pole rebalancing is eliminated.

e Fault current elimination. The controlled operation at 50% of the rated DC
voltage retains the ability of the converter to synthesise the full AC voltage and
control active and reactive power, while also the uncontrolled AC current flow
from the AC grid is eliminated. Also, the DC currents associated with the rise
of the healthy DC pole voltage across the DC grid can be dramatically reduced.
In cases where DCCBs of the HVDC grid are designed for interrupting fault
currents originating only from PTG faults rather than PTP faults, the current
breaking and energy absorption capabilities can be greatly reduced and hence use

of high-speed DC switches with reduced cost and footprint is possible.

e Mitigation of DC offset in converter transformer voltage. In HB-MMCs,

converter transformers are exposed to severe DC voltage stresses during PTG
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DC faults. On the contrary, with the utilisation of the CH-MMC, the DC voltage
stress on the converter transformer can be reduced to %VDC- The DC offset can

be further reduced when using a higher ratio R.

e Continuous HVDC grid operation. During PTG DC faults, the converter
retains full control of active and reactive power exchange with the connected AC
grids. Since the DC grid operates at %VDC, it retains at least half of the rated

power capability, which can lead to faster post-fault power flow restoration.

6.4.3 Proposed DC Fault Management Strategy for HVDC Grids

It has been established through the aforementioned discussions that a ratio of at least
25% achieves significant fault current limitation during PTP faults and ensures con-
tinuous converter operation during PTG faults. Therefore, to ensure both benefits,
the use of CH-MMCs with at least R=25% is promoted for the proposed DC fault
management strategy for CH-MMC based HVDC grids. The strategy is executed at
each converter station individually and requires coordination with local protection re-
lays. Taking converter C1 of Figure 6.3 as an example, the basic flowchart of the FMS
along with the coordination scheme with the protection relays are shown in Figure
6.7. Since PTG and PTP faults require different fault handling techniques, the FMS
receives information from the protection relays about whether a PTG or PTP DC fault
is detected, and then activates the corresponding measures for the converter.

To detect every probable fault on any cable of the HVDC grid, protection relays
are placed at both poles of each cable end. Owing to the fact that DC faults have
distinctive impact on DC voltages, under-voltage is used in this chapter for fast fault
detection. Protection relays monitor the DC voltage of both poles, and if the voltage
falls below 90% of nominal value a DC fault is detected. If both poles are affected (in
a 100 pus window) a PTP fault is detected, otherwise if only one pole is affected a PTG
fault is determined.

Moreover, DC cable faults are cleared selectively to ensure continued operation
of the remaining HVDC grid. Towards this aim, fault discrimination is performed
by protection relays to identify the faulted cable and issue a trip command to the
corresponding DCCBs, which are installed at each cable end. The HVDC non-unit
protection solution of Chapter 5 can be used to offer discriminative protection at very
high speed. Nevertheless, a simplified non-unit protection method based on du/dt is
preferred in this chapter, in which pole voltage measurements are used with a reduced
sampling frequency of 20 kHz (for simplicity). It is worth noting that du/dt is selected
for illustration only, and the proposed FMS is applicable for any fault discrimination

method that is employed, including unit protection techniques.
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Figure 6.7: Flowchart of the proposed FMS.

Also, a Central Grid Controller (CGC) is introduced for exchanging information
between converters when required. Due to the severity of PTP DC faults and the
requirement for fast fault clearance, the fault management strategy for PTP faults
precludes the use of the CGC. On the contrary, in the case of a PTG fault, the CGC
is employed to coordinate converter actions before commencing the grid restoration
process after fault clearance. More details on the fault management strategy and the

sequence of events during PTP and PTG faults are subsequently provided.

Sequence of Events for Pole-to-pole Faults

Figure 6.8(a) shows the sequence of events when the FMS is activated for a PTP fault
that occurs at tg and starts to propagate in the HVDC grid. The fault is detected by
the corresponding protection relays at instance tg4.;. Provided a PTP fault is detected,
the FMS initiates when any converter arm current Ia,nijc exceeds the maximum over-
current limit that is set as Iq4,=1.8 p.u., or when the DC link voltage Vpco falls below
the peak line-to-line voltage, V}¢#*. In this way, unnecessary blocking of the CH-MMC

in case of non-critical faults with limited impact (e.g. highly resistive faults) is avoided.
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Figure 6.8: Sequence of events during the fault management strategy.

Following activation of the FMS for a PTP fault, the converter HB-SMs and FB-
SMs will be blocked, prompting the FB chain-links to gradually recreate the reverse
DC voltage as explained in Subsection 6.4.1. During this process, the voltages of all FB
chain-links are continuously monitored. If any of the FB chain-link voltages exceed the
maximum allowable limit Vep_q4:=1.6 p.u., all FB-SMs of the converter are bypassed
to protect the SM capacitors. When the fault is discriminated by the protective relays
of the faulted cable, a trip signal is generated for the corresponding DCCBs, which trip
after the operation time, t;,, has elapsed. The converter resumes normal operation when
information is received by the corresponding relays that the fault is successfully cleared.
Once the DCCBs are opened and the converter exits the strategy, grid restoration
process will start, at time t¢,.s. To ensure security of the FMS during PTP faults, a
dead time dt=5 ms is introduced between circuit breaker operation, at t4._,p, and the

grid restoration starting time, t,.s. For converters in which the FMS has been activated
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but are not connected to the faulted medium (discrimination of an internal fault is not
a prerequisite for FMS activation), the DC fault is deemed to be cleared when time
(tyr + dt) has passed after discrimination of an external fault.

It is worth noting that fault discrimination is realised by the protection relays
independently from the converter actions. Therefore, the converter may block during
or after the fault discrimination stage, depending on the impact of the DC fault on
converter voltage and arm currents. Moreover, the strategy can be activated for all
converters of the HVDC grid or at least for the local converters (i.e. connected to the
faulted medium). If blocking of only local converters is required, appropriate measures
should be taken, (e.g. use of high line inductor value), for ensuring that the arm over-
current or under-voltage limits of the remote converters are not violated. It should be
stressed that for PTP faults, the FMS is applicable for any ratio R of the CH-MMC,
while for the effective operation of the strategy during PTG faults, a ratio of at least
R=25% is required.

Sequence of Events for Pole-to-ground Faults

Figure 6.8(b) shows the corresponding sequence of events when the FMS is activated
for both temporary and permanent PTG faults. When the PTG fault is detected
by the local protection relays, activation of the FMS is triggered at each converter
terminal individually, and the modulation signals for the upper and lower arms of all
grid converters are modified based on equations (6.19) and (6.20). Voltage controlling
converters set DC voltage reference to 0.5 p.u., while converters that regulate active
power also reduce their active power orders in proportion to the DC voltage to avoid
overloading of the DC cables.

As the proposed CH-MMC design is able to retain controllability during PTG faults,
the FMS remains active until the protection systems perform fault identification, (i.e.
to identify whether the fault is temporary or permanent). Several fault identification
techniques for HVDC grids have been proposed in the technical literature [273-275].
Therefore, for the purposes of the analysis in this chapter, it is assumed that if the fault
is not deemed temporary within 180 ms (tperm — tget), then a trip command is sent to
the DCCBs of the faulted medium. It is worth mentioning that this process is more
relevant to OHL-based systems in which DC faults are more likely to be temporary as
opposed to DC cables where faults are typically permanent.

For PTG faults, the central grid controller is utilised to ensure that all converters
exit the strategy and resume normal operation almost simultaneously. The CGC re-
ceives information of when either a temporary or permanent PTG fault is cleared and

then a grid restoration start signal is distributed to all converters. To account for the
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communication delay between the grid controller and the converters, a conservative

fixed time delay t;=30 ms is assumed before starting the grid restoration process.

6.5 Performance of DC Fault Management Strategy

The enhanced DC fault ride-through performance of the CH-MMC and the performance
of FMS during PTP and PTG faults are assessed in this section using the illustrative
meshed HVDC grid of Figure 6.3. To evaluate the performance of the DC fault man-
agement strategy over a wide range of scenarios and to provide an operating envelope
for the proposed strategy, several values of ratio R, current limiting inductances Lpc,
and operating speeds of DCCBs tp, are tested. The selected values for Lpc and t,
correspond to typical values used in hybrid and mechanical DCCBs for HVDC grids.
Initially, a sensitivity analysis for the size of the current limiting inductance is
performed and its impact on pole-to-pole fault current is investigated. Subsequently,
the FMS is evaluated and the fault response of the CH-MMC based HVDC grid in terms
of voltage and power recovery times is assessed and compared against conventional HB-
MCC based HVDC grids. Finally, example PTP and PTG fault cases are selected and
discussed including aspects related to the coordinated actions of the protection relays
in an effort to further demonstrate the operation and the effectiveness of the fault

management strategy for handling DC faults.

6.5.1 Impact of Series Inductor

The size of current limiting DC inductors is one of the dominant factors that determine
the rate of rise of fault current, and directly affects the available time margin for
protection response. To investigate this effect, 50, 100 and 200 mH DC current limiting
inductors (which are commonly used values for series inductors [276]), are selected for
further analysis. The maximum fault currents observed in DC cable current values are
depicted in Figure 6.9, for different values of R of the CH-MMC, when a solid PTP
fault is applied at location F1. This fault location has been selected due to its direct
proximity with the converter (C1) and the high number of adjacent cables for increased
fault current magnitudes. This study aims to reveal potential trade-offs between the
ratio R of the CH-MMC, magnitude of Lpc and DC circuit breaker operating times.
In other words, the study aims to identify potential savings in the size of minimum
current limiting inductance required to enable the use of a range of existing mechanical
circuit breakers, with operating times ranging from 5 ms to 15 ms [67,77].

The observations drawn from the results in Figure 6.9 are summarised as follows:

e For R =25% and R =35%, a significant decrease in fault current is achieved when
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Figure 6.9: Maximum cable fault current for different R, when (a) Lpc=50mH, (b)

Lpe=100mH and (c¢) Lpe=200mH

compared to R <25%.

e Compared to R=0% (i.e. typical HB-MMC), the proposed R=25% achieves a
maximum reduction in peak DC fault current of 42.9%, 47.5% and 41.5% for
Lpc=50, 100, 200 mH, respectively, when t3.=15 ms. Furthermore, when oper-
ating times higher than 8 ms are considered, ratios R=25% and 35% with 50 mH
inductors lead to smaller fault current magnitudes than the HB-MMC with 200

mH inductors.

e The differences between R=35% and R=25% are marginal in all scenarios, and

the observed current magnitudes for both ratios are almost identical for all DC

circuit breaker operating times. Similar to the case shown in Figure 6.5(a), the

maximum current values are observed in the early stage of the fault, i.e. within
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5 ms in Figure 6.9(a) and within 8 ms for Figure 6.9(b) and 6.9(c). Afterwards,
both ratios achieve successful regulation of the fault current at lower levels for an
extended period of time as long as the FB-SM capacitor voltages remain below
the designated limit (1.6 p.u.)

In summary, the above discussion shows that the customised current suppression
capability exhibited by the FB chain-links of the CH-MMC for various R values can
replace or minimise the required current-limiting role of series inductors when the
proposed FMS is adopted. The reduction observed in the fault currents with the
increase of R is practically meaningful as it leads to a reduction in the required DCCB

current breaking capacity.

6.5.2 Fault Management Strategy Evaluation for Pole-to-pole Faults

As PTP DC faults provoke serious disruptions of power flow across HVDC grids and
the surrounding AC networks, the priority is to minimise the power flow interruption by
quick isolation of the faulted section; however, the cost of fast acting hybrid DCCBs to
realise such an approach can be prohibitive. An alternative approach as proposed in this
chapter, is to create a shielding state in which the converter terminals must contribute
to minimisation of magnitude and duration of system wide power flow interruption, and
facilitation of rapid resumption of power flows to pre-fault or new post-fault states. The
indicators used to assess DC grid recovery from a PTP DC fault are the DC voltage
and power flow recovery times. The former and the latter represent the times that
DC voltage and power recover within £5% of the nominal voltage and +£10% of the

post-fault steady state power flow, respectively.

Table 6.2: Case studies for FMS evaluation for PTP faults.

Case Study Description Comment
A HB-MMC (R=0%) Local converters are
with high Lpc allowed to block
B CH-MMC (R=25%) Local converters are
with high Lp¢ allowed to block
C CH-MMC (R=25%) All converters are
with Lpc=50mH allowed to block

This subsection assesses the extent of improvement in HVDC grid performance when
the FMS and CH-MMCs are employed, considering the cases listed in Table 6.2, which
are denoted by A-C. In cases A and B, converters C1 through C4 of the four-terminal
HVDC grid of Figure 6.3 are simulated as CH-MMCs with R=0% and 25%, respectively,

while in both cases the minimum DC side current limiting inductance that is required to
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prevent blocking of remote converters is used (calculated using the approach presented
in [157]). Recall that R=0 resembles conventional HB-MMC. Based on the findings of
the previous subsection, Case C uses R=25% and Lpc=50 mH (significantly smaller
than that in cases A and B) to demonstrate the broader benefits of the FMS, when
temporary blocking of the FB chain-links of all CH-MMCs is permitted based on DC

under-voltage or arm over-currents thresholds.
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Figure 6.10: System transients for fault F1 for all case studies (¢5,,=10 ms).

Figure 6.10 presents the DC voltages of converter terminals C1 through C4 and their
respective active powers for each case, when the DC grid in Figure 6.3 is subjected to
a solid PTP fault at location F1 and the DCCB operating speed () is set to 10
ms. At this operating speed, the calculated minimum DC side current limiting series
inductance to prevent blocking of remote converters (C2 and C4) is 320 mH. The main

observations drawn from Figure 6.10 are:
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e The continuous operation of the remote converters is maintained in cases A and
B, in which DC voltage collapse is observed only at DC terminals of converters

C1 and C3 (the nearest to the fault point).

e The use of CH-MMCs with R=25% in case B instead of conventional HB-MMCs
leads to an improvement in voltage and power recovery time by 30% and 19%,

respectively.

e Despite the temporary blocking of all converters, it is evident that case C leads
to much faster power and voltage recovery times when compared with base-case
A, ie., 35% and 50.3% reduction in DC voltage and power recovery times, re-

spectively.

Furthermore, Figure 6.11 displays the most affected arm current, the upper arm
of phase A of converter C1, which is the nearest to F1. It can be seen that the use
of CH-MMUC leads to reduced peak arm currents during the fault. In detail, the arm
current reaches a magnitude of 3.31 p.u. for case A, while the maximum observable
current in case B is limited to 2 p.u. The peak arm current is further reduced to 1.8

p-u. in case C, even though a significantly smaller current limiting inductance is used.

2

Arm current [p.u.]

|
0.1 0.12 0.14 0.16
Time [s]

Figure 6.11: Comparison of arm currents for all case studies. The arm current shown
is the upper arm of phase A.

The same PTP fault is repeated for different DCCB operating times and the ob-
served voltage and power recovery times are summarised in Figure 6.12. For cases A
and B, the derived series inductor values for t;.=5, 8, 10, 12, 15 ms are Lpc=110,
230, 320, 425 and 590 mH, respectively, while in case C, Lpc=50 mH. For cases A and
B, as the circuit breaker operating speed increases, a higher inductor value is required
to ensure continuous operation of the remote converters, while also system recovery

times increase. Case C exhibits much faster recovery times than the other cases, a
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trend which remains consistent for all DCCB operating times indicating that tempo-
rary blocking of all CH-MMCs leads to improved converter and system response during
DC faults. In detail, the average improvement in voltage and power recovery times in
case C with respect to the HB-MMC based grid (Case A) is 32.44% and 43.6% respec-
tively. The benefits obtained from Case C also suggest that incorporation of sizeable
series inductors is not required, thus reducing DCCB cost and footprint, and avoid-
ing their interference with the upper level converter controls that may lead to erratic
behaviour during post-fault recovery.
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Figure 6.12: Voltage and power recovery times for all cases.

For a more rigorous performance assessment of the FMS under PTP DC faults,
several fault locations are simulated, in which all converters are permitted to participate
in the proposed FMS (as performed above in Case C). In the assessment, solid PTP DC
faults are applied in the beginning, middle, and end of each cable of the HVDC grid.
Table 6.3 summarises the average voltage and power recovery times for different ¢, and

R, with Lp¢ fixed at 50 mH. The main conclusions of this study are the following:

e Compared with HB-MMC (R=0), it is evident that the DC voltage and power

recovery times reduce consistently as the ratio R increases.
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e Ratio R=25% reduces power recovery times to less than four-five fundamental
cycles for DCCB operating times up to 12 ms. This reinforces the benefits of
the CH-MMC and the proposed DC fault management strategy, i.e. reduced
protection requirements in terms of DC fault detection speed, series inductor
size and breaking operation speed, without significantly compromising DC grid

security during DC faults and the speed of power system restoration.

e Moreover, use of R=35% for the CH-MMC further improves system recovery
time for DCCBs with operating time slower than 12 ms. Nevertheless, for faster
operating times, R=25% and R=35% demonstrate small differences in voltage

and power recovery times.

Table 6.3: Average voltage and power recovery times for PTP faults.

FB-SM Voltage Recovery [ms] Power Recovery [ms]
Ratio DCCB speed, tp, [ms] DCCB speed, tp, [ms]
[%] ) 8 10 12 15 5 8 10 12 15
0 105 125 147 235 343 100 139 162 183 209
15 92 99 124 188 266 78 126 142 151 163
25 69 7 91 149 205 65 71 81 95 116
35 67 73 86 129 188 61 68 7 86 107

6.5.3 Example Pole-to-pole Fault

For a detailed demonstration of the DC fault behaviour of a HVDC grid that employs
CH-MMCs (R=25%) and operates under the fault management strategy for PTP faults,
an example fault scenario is selected, in which a solid fault is applied at location F1 at
time t=0.1 s, when Lpo=50 mH and t;,=8 ms.

Figure 6.13 shows the DC voltages and the calculated dv/dt at the protection relays
of buses Bl (connected to C1) and B3 (connected to C3) for the first ms after fault
inception. Vj; and dv;;/dt refer to the measurements and calculations of the protection
relay located at the end i of cable Lij. The under-voltage fault detection criterion is
set to 0.9*Vpe/2=288 kV (-288 kV for negative pole), and for the fault discrimination
criterion dv/dt, a conservative threshold -1 kV/us is selected. It is evident from Figure
6.13(a) and 6.13(c) that all relays detect the DC fault, while the relays of the faulted
line L13 (as seen from Vi3, and V3;,) detect the fault only a few us after the travelling
waves reach their locations. Figures 6.13(b) and 6.13(d) demonstrate that only dvis,/dt
and dvsyp/dt exceed the selected threshold and consequently a DC fault on cable L13

is correctly identified.
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Figure 6.13: Fault detection and discrimination for PTP fault: (a) DC voltages and
(b) calculated dv/dt at relays of bus B1, (c) DC voltages and (d) calculated dv/dt at

relays of bus B3.

Selected system-wide simulation results are shown in Figure 6.14. Within a short

time from fault inception, the PTP fault is detected by all relays of the grid and the

FMS is initiated at all converters, at different time instances depending on the moment

when the converter blocking criteria are satisfied. Meanwhile, protection relays of cable
L13 discriminate the DC fault and send a trip command to the cable DCCBs. The

main observations from Figure 6.14 are summarised as follows:

e Figure 6.14(a) shows that the activation of the FMS has led to brief collapse of DC

voltages at all converter stations and to relatively fast recoveries, approximately

100 ms after fault inception.

e Figure 6.14(b) shows that the proposed FMS significantly reduces the converter

DC currents and thus, the DCCBs’ let-through current and required breaking

capacity.

e The temporary loss of controllability over the active and reactive power exchange

with the surrounding AC grids has led to brief interruption of power flows across

the DC grid, which are re-established in less than 80 ms as shown in Figures
6.14(c) and 6.14(d).
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Figure 6.14: Exemplary PTP fault waveforms: (a) converter voltages, (b) converter
currents, (c) active power of CH-MMCs, (d) reactive power of CH-MMCs, (e) C1
chain-link voltages, (f) C3 chain-link voltages, (g) C1 arm currents, and (h) C3 arm
currents.

e Figures 6.14(e) and 6.14(f) display the DC voltages across the HB and FB chain-
links of all arms for the most affected (nearest) converters (Cl1 and C3). It
is evident that the moment the fault management strategy starts, HB-SMs are
blocked, while the FB-SMs that provide counter voltages are charged by the fault
current. In this way, higher counter voltages are generated in the arms of the
CH-MMC, which aid to suppress the AC-side fault current contribution as well
as the DC fault currents. It is worth mentioning that the capacitor over-voltage

limit (1.6 p.u.) is not reached in any of the converters’ arms.

e Following fault clearance, all HB and FB chain-links briefly exhibit disturbances
and eventually converge to the nominal set-points as designated by the horizontal

controllers.
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e Figure 6.14(g) and 6.14(h) show the upper arm currents for the same converters.

It is observed that converter arm currents remain within normal operating range.

e Inspecting figures 6.14 and 6.13, it is observed that DC fault detection and dis-
crimination occur before blocking of the converters and consequently, there is no

interference between the actions of protection relays and converters.

6.5.4 Example Pole-to-ground Fault

This subsection illustrates the performance of the proposed FMS when the HVDC grid
is subjected to a permanent positive PTG fault at location F2 (as shown in Figure 6.3)
on cable L12, 1 km away from converter C1 at 0.1 s. R, Lpc and ty, are fixed at 25%,
50 mH and 8 ms, respectively.

Figure 6.15 shows the DC voltages and the calculated dv/dt at the protection relays
of buses B1 (connected to C1) and B2 (connected to C2) for the first 20 ms after fault
inception. Similar to the PTP fault scenario, the DC fault is detected by all protection
relays of the positive pole of the same bus (Figure 6.15(a) and 6.15(c)), but only the
relays of cable L12 discriminate the fault as internal as seen from dvi2/dt and dvayp/dt
in figures 6.15(b) and 6.15(d).
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Figure 6.15: Waveforms for PTG fault (positive pole): (a) DC voltages and (b) calcu-
lated dv/dt at relays of bus B1, (¢) DC voltages and (d) calculated dv/dt at relays of
bus B2.
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The corresponding voltage traces and dv/dt for the relays of the negative pole
are shown in Figure 6.16(a) and 6.16(b), respectively. Figure 6.16(a) shows that the
protection relays of the negative pole do not detect the DC fault. Since, the fault
is detected only by the relays of the positive pole, a positive PTG fault is confirmed,
correctly prompting the activation of the FMS for PTG faults at converters C1 and C2.
Finally, Figure 6.16(b) demonstrates that there is no visible change in the calculated
dv/dt by negative pole relays.
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Figure 6.16: Waveforms for PTG fault (negative pole): (a) DC voltages and (b) calcu-
lated dv/dt at relays of buses B1 and B2.

Similar actions take place at terminals of C3 and C4 leading to the activation of
the FMS at all converters. Selected system-wide simulation results are shown in Figure
6.17. Since the fault is not identified as temporary within 180 ms from FMS activation,
a trip command is sent to the DCCBs of cable L12. For the entire fault duration,
all converters participate in the fault management process and controlled continuous
HVDC grid operation is retained with partial loss of power transfer capability. Fol-
lowing isolation of cable L.L12, the CGC is notified that the fault has been cleared and
a grid restoration start signal is distributed to all converters (assuming 30 ms delay).

The main observations from Figure 6.17 are summarised as follows:

e Figure 6.17(a) shows that all converter DC voltages are halved in a controllable
manner, and after fault clearance they are simultaneously restored to nominal

value as a result of the actions of the CGC.

e Figure 6.17(b) shows the positive and negative pole-to-ground voltages at the
cables connected to bus B1 (DC bus of converter C1). It is evident that the DC
voltages of the faulty poles are collapsed to zero, while those of the healthy poles

are maintained at nominal level.

e Moreover, it can be noticed from Figure 6.17(c) that shortly after fault detection,

the converter currents are controlled at the pre-fault set-points. With the em-
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Figure 6.17: Exemplary PTG fault waveforms: (a) converter voltages, (b) cable voltages
at bus Bl (c) converter currents, (d) cable currents at bus B1, (e) active power of CH-
MMCs, (f) reactive power of CH-MMCs, (g) C1 arm currents, and (h) converter C3

transformer secondary voltage.

ployed FMS, the current of the faulted cable (I12) decays rapidly towards zero as
shown in Figure 6.17(d).

e After PTG fault detection, converters operate at almost half of the prefault power
setpoints, as demonstrated in Figure 6.17(e). Once the fault is cleared, power
flows are quickly re-established. Due to the continuous operation of the HVDC
grid, reactive power flows are marginally affected (Figure 6.17(f)). It is evident
that the proposed FMS allows the converters to retain controllability for the
entire fault duration and thus, the capability to provide ancillary services to the

connected AC networks.
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e Figure 6.17(g) shows that the nearest converter to the fault is not experiencing

current stresses in any of its arms throughout the fault period.

e The converter transformer is experiencing a DC offset equal to 1/4 of total Vpeo
(Figure 6.17(h)). Compared with a converter transformer connected to a HB-
MMC, the DC offset is decreased by 50%.

6.6 Discussion

The proposed fault management strategy that is developed particularly for HVDC
grids that employ the CH-MMC offers a plethora of functionalities achieved at antic-
ipated lower capital and operational costs. Table 6.4 summarises the findings of the
comprehensive quantitative studies presented in this chapter, in the form of high-level
qualitative comparison, in which the ratio R of the CH-MMC is varied, with empha-
sis given to the following aspects: fault current contribution, breaking speed, system
recovery times in PTP DC faults, and continued operation in the event of PTG DC
fault. For completeness, a qualitative loss indicator, which assumes that the converter

total semiconductor loss varies proportionally with ratio R, is provided in Table 6.4.

Table 6.4: Comparison between different ratios of the CH-MMC.

Performance indicator R =15% R = 25% R = 35%
Converter fault current .
contribution (PTP faults) medium low very low
Breaking speed requirements high low very low
System recovery time (PTP

low very low very low
faults)
Continuous operation (PTG
faults) no yes yes
Converter transformer DC hich low verv low
offset (PTG faults) & Y
Converter losses low medium high

It is evident that the CH-MMC with 25% ratio represents an attractive option for
the practical realisation of the of the proposed fault management strategy, in which the
HVDC grid PTP and PTG fault performances can be achieved at reasonable overall
costs (capital and running costs). At a granular level, the sensitivity analysis has shown
that the CH-MMC with R=25% offers practical compromises in terms of the magnitude
of the fault currents that the mechanical DCCBs can interrupt, and the system recovery
times following DC faults clearance. Furthermore, it has been demonstrated that the
CH-MMC with R=35% can lower the fault currents during PTP faults and further
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extend the time window for the protection systems. However, the enhanced fault
performance of the CH-MMC with R>35% is achieved at the expense of the increased
cost of semiconductor losses over the project lifetime. It is worth stating that the
overall system performance improvement in the latter case, with R=35% is marginal
compared to that of R=25%.

Even though R=25% has been put forward as a minimum requirement for achiev-
ing all the desired functionalities for technically sound and cost-effective HVDC grids,
the final design in a particular project may differ, depending on the required balance
between practical design considerations and broader system operational objectives and
priorities, which are beyond those accounted for in this chapter. For example, in certain
scenarios where the extended downtime is allowed, the PTP DC fault-ride-through may
not be a stringent requirement. In such cases, CH-MMC with lower R ratios (R < 25%)
might be adopted, and the proposed FMS can still be used to coordinate protection
actions, reduce fault currents and for the effective coordination with DCCBs with re-
duced requirements. However, continued operation during PTG DC faults cannot be
achieved. In conclusion, the proposed FMS may be tailored according to the given re-
quirements in order to mitigate the capital and operation costs, and ensure the desired
degree of full or partial controllability during DC faults. In line with the findings of
the cost analysis on protection equipment performed in [260], the reduction in breaking
speed requirements and reactor sizes achieved by the use of CH-MMCs can significantly
reduce the cost per DCCB unit. Nevertheless, further cost analysis would be required

to estimate the exact cost savings for different ratios.

6.7 Summary

In an effort to align the security of supply requirements of HVDC grids with those of
the conventional HVAC grids, while at the same time maintaining the affordability of
total system cost at reasonable levels, this chapter has presented a detailed DC fault
management strategy for HVDC grids that employ CH-MMCs which have the poten-
tial for partial fault tolerant capability. Adoption of the CH-MMC is motivated by
an attempt to lower the cost associated with protection of HVDC grids, by devising
alternative ways in which the expensive fast acting hybrid DCCBs can be replaced with
slower but inexpensive mechanical DCCBs, which can isolate DC faults within 8 ms
to 15 ms. Although the CH-MMC offers several avenues for performance optimisation,
it has been shown quantitatively and qualitatively that the CH-MMC with 25% ratio
(number of FB-SMs with respect to the total number of sub-modules per converter
arm) achieves a practical and attractive trade-off between fault tolerant capability, effi-

ciency, and cost over typical project lifetimes. This is achieved through the substantial
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suppression of the magnitude of AC-side and DC-side fault currents, when the current
limiting mode of the CH-MMC is invoked despite the limited number of FB-SMs.

The functions of the developed fault management strategy include coordination
with local protection relays, coordination with DCCB actions, activation of the appro-
priate converter actions depending on whether a PTP or PTG fault is detected by the
relays, and communication with the central grid controller (only for PTG faults). In
addition, the FMS monitors the FB chain-link voltages in order to instruct bypassing
of the FB-SMs, if the specified over-voltage limit is exceeded. Rigorous simulation
studies using an illustrative four-terminal HVDC grid based on CH-MMCs have been
performed to demonstrate the working principle of the FMS and the enhanced fault
ride through performance of the entire HVDC grid. In detail, a number of parametric
studies investigate the performance of the FMS for different: types of faults, ratios of
the FB-SMs, sizes of DC side inductors and DCCB breaker operation times.

Initial parametric studies have revealed that the 25% ratio is critical for the proper
operation of the proposed FMS and its effective coordination with DCCBs. Further
studies have demonstrated that the FMS enables continuous operation during pole-
to-ground faults, and fault-tolerant operation with minimum power flow interruption
during pole-to-pole DC faults. It has been shown that the current limiting modes of
the CH-MMUC enable the extension of fault clearance times to levels compatible with
the mechanical DCCB operation times, and significantly reduce the magnitude of fault
and arm currents during pole-to-pole DC faults. In this way, the current breaking
capacities of required DCCBs are reduced using significantly smaller current limiting
series inductors. Also, it has been demonstrated that the proposed FMS results in
improved DC voltage and power recovery times with respect to conventional HB-MMC
based HVDC grids. The above-mentioned features collectively, lead to a satisfactory
trade-off between cost, efficiency and DC fault-ride through capability, which renders
the proposed strategy an attractive option for the technical and economical feasibility
of future HVDC grids.
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Chapter 7

Single-ended Fault Location for
HVDC Grids Embedding
High-speed DCCBs

This chapter presents a novel fault location method for HVDC grids that relies only on
short data windows of single-ended voltage measurements, thus rendering the technique
practically applicable to HVDC grids employing high-speed circuit breakers. Based on
the available post-fault voltage traces, a frequency domain voltage profile is initially
constructed, which is then iteratively evaluated against theoretical voltage profiles,
synthesised with the use of travelling wave principles. The evaluation routine is based
on a genetic algorithm regime, which once terminated indicates a close approximation of
the feeder’s fault location. The result of this process is further refined using a weighted
averaging function to obtain the final fault distance estimation. The performance of
the method is demonstrated using comprehensive electromagnetic transient simulation
studies conducted on a four-terminal HVDC grid using PSCAD/EMTDC. The results
revealed that the method can estimate the fault location with high accuracy for all
transmission media types, including hybrid lines that comprise of cable and overhead
line segments. Moreover, the method has been found to maintain its accuracy for very

long transmission lines, highly-resistive faults and different fault types.

7.1 Motivation

HVDC grids necessitate the use of reliable HVDC protection systems to guarantee
safety of the HVDC grid components and minimise the potentially detrimental effects
of DC faults. Such HVDC protection systems commonly involve the use of DC circuit

breakers to selectively isolate the fault as soon as possible. Following fault clearance,
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the location of the fault should be accurately determined in an effort to accelerate
system restoration and diminish operational costs and power outage duration.

Successful fault location becomes increasingly challenging in HVDC grids due to
the short time windows between fault inception and fault clearance as a consequence of
the utilisation of high-speed DCCBs with operating times in the order of 2-8 ms. Con-
sequently, the available data windows for applying a DC fault location technique for
HVDC grids is confined to only a few milliseconds after fault occurrence. Nevertheless,
the majority of the fault location methods proposed in the literature (see Subsection
3.5.6) are either designed for point-to-point HVDC links in which large data measure-
ment sets are available due to the absence of DCCBs, or have ignored the impact of
high-speed DCCBs on the data window length.

In addition, an increasingly challenging task for fault location arises from the utili-
sation of non-homogeneous or else hybrid transmission media in HVDC systems, which
include segments of both overhead lines and underground cables. In such networks, ad-
ditional challenges are introduced from the unequal wave propagation speed in OHL and
cables, and from the dense travelling waves reflections that occur due to the presence of
multiple joint points. Most of the existing fault location solutions focus exclusively on
either cable-based or OHL-based HVDC systems and only a few have been designed for
non-homogeneous feeders [220, 235, 236], which are in principle TW-based techniques.
Nevertheless, these methods either depend on distributed sensor technology, which in-
creases cost and complexity, or face the usual challenges of TW-based techniques.

To overcome the aforementioned issues, this chapter proposes a fault location method
for HVDC grids that can be used for any transmission line geometry including hybrid
transmission media. The proposed fault location technique is single-ended, and only lo-
cal voltage measurements are required, thus eliminating the need for time-synchronised
measurements. The method is based on an adjustable limited post-fault data win-
dow that is selected based on the available time frame between fault inception and
subsequent events arising from high-speed DCCB actions or further travelling wave
reflections. From the available measurements, the frequency domain voltage character-
istic is constructed. Subsequently, the fault location estimation is performed by using
genetic algorithm to flexibly generate theoretical profiles until a match with the existing

voltage characteristic is achieved.

7.2 Frequency Domain Profile of Transient Voltage

7.2.1 Transient Voltage Characteristic Representation

To ensure its suitability in a multi-vendor environment and the general applicability of

the fault location technique that is developed in this chapter, the same generic HVDC
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grid section of Chapter 4 is considered for as the fundamental starting point for the
design of the technique. For convenience, the generic HVDC grid section is repeated
in Figure 7.1. The section comprises of two VSC terminals that are connected through
a transmission medium with a series inductor at both ends, while further v and p DC

links are connected to terminal buses B1 and B2, respectively.

T vlink M ¥
B Pl i
Bl 7
r <«—Dr—>»

£ o

Figure 7.1: General section of a HVDC grid.

The aim of the proposed fault location method is to estimate the fault distance Dy
based exclusively on local voltage measurements at the measuring point M. The fre-
quency domain formulation of the fault voltage at M can be derived based on travelling
wave principles and forms the basis for the proposed method. The approach for deriv-
ing the voltage transfer function (voltage characteristic) at the measuring point with
respect to the voltage at the fault point is similar with the approach used in Chapter
4 for determining the voltage at the protective relay location. Similarly, assuming a
PTP DC fault at location F of Figure 7.1 at distance D; from M, the voltage at the
measuring point M following the reflection of the first incident voltage wave is given

by:

Um = pp1 - Hp, - U (7.1)

where U J’c is the voltage wave at the fault point, Hp, is the propagation function repre-
senting the attenuation experienced by the voltage wave after propagating along fault
distance Dy, and ppi is the transmission coefficient, which determines the fraction of
the fault voltage wave that passes through Lpc. To eliminate the mutual coupling effect
between the system poles and ensure extensibility of the analysis to bipolar configu-
rations, the phase-mode transformation is utilised, according to which the decoupled

ground-mode voltage Uyy,, and line-mode voltage Uy, are given by [241]:

Uty
U,

Um+

o (7.2)

111
V2 1 -1
Using the same assumptions, converter modelling (HB-MMC), distributed param-

eter frequency dependent transmission line model and inductive termination that were
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assumed in Chapter 4, and applying the phase-mode transformation, the transient

line-mode voltage at the fault point can be obtained:

ez,
"~ 2(Ze, + Ry)

where Ry is the fault resistance, and Z,, is the line-mode component of Z.. By substi-

U} Uy (7.3)

tuting (7.3) to (7.1), the voltage transfer function (Uar, /Uy) is expressed as:

UM1 \/§Zc1

- Hp. - roa 7.4
Uf /’LBl Df 2(ch+Rf) ( )

With the converter and transmission line parameters known, the voltage transfer
function depends on the fault distance (represented through Hp,) and the fault resis-
tance. It is worth mentioning that a similar analysis can be performed for deriving the
voltage transfer function for pole-to-ground faults. Moreover, equation (7.4) can be
generalised for hybrid transmission mediums that comprise of an arbitrary number of
cable and/or OHL segments. For instance, for a fault that occurs in segment Sy of the
hybrid transmission medium of Figure 7.2 the voltage transfer function is calculated

as:

Um
Tl = UB1 * Hlsy—sy ° Hxl ' HCL’Q :
!

V27,

25(Ze, + Ry) (7:5)

where H,, represents the wave propagation over z; (whole length of segment S),
H,, represents the wave propagation over za of segment So, and pg,—,s, describes the
fraction of the fault wave that travels from Sg to S;. It can be seen that Hps can be split
into separate propagation functions that represent the distance covered by the incident
travelling wave in each segment of the hybrid transmission medium. The segmentation
of the propagation function is a very significant property that will be exploited later
by the proposed method to locate DC faults without having to identify the faulted

transmission medium segment first.

Bl “——Xi—r—X2—p

Figure 7.2: DC fault on a hybrid transmission medium.
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7.2.2 Frequency Response of Voltage Transfer Function

Figure 7.3 displays the frequency response of (7.4) in terms of the magnitude of the
voltage transfer function for PTP faults at various locations and various fault resis-
tances, when Lpc=50 mH, R.;=0.53 Q, L=28 mH, Cg=94.26 uF', v=2 and the
faulted medium is a cable, with the parameters adopted from [81]. It is evident, that
fault resistance and fault distance have a distinct and different effect on the voltage
transfer function. In detail, an increase in Ry provokes a reduction in magnitude of the
voltage characteristic across the whole bandwidth, while an increase in Dy moves the
characteristic leftwards and downwards, indicating both a reduction in magnitude and
a progressively higher attenuation in the high frequency region.

These attributes form the main principles of the developed fault location method.
Given a DC fault with unknown Ry and Dy, the objective of the method is to construct
the voltage transfer function based on local voltage measurements and determine the

fault location from the position of the voltage characteristic in the magnitude-frequency

plane.
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Figure 7.3: Frequency response of voltage transfer function for PTP DC faults with
different fault distances and resistances on a DC cable.

Similar trends are observed when the cable is replaced with an OHL, as shown in
Figure 7.4 (OHL parameters are adopted from [243]). In this case, the impact of Dy and
Ry on the voltage characteristic is more distinct. Moreover, the impact of Dy is more
pronounced in the high frequency region, while when compared with the corresponding
voltage characteristic for DC cables (see Figure 7.3), the affected frequency band is
lesser and concentrated in higher frequencies. This implies that in order for the fault
distance to have a noticeable effect on the voltage characteristic, a higher sampling rate

is required to capture the high frequency traits.

206



Chapter 7. Single-ended Fault Location for HVDC Grids Embedding High-speed

DCCBs
2 — T —— T — T ——
16 —Dy=150km R;=0€ --- D;=100 km R;=300 Q |
' — Dy=200 km R;=0Q Dy=100 km R;=500 Q
g 127 Ry effect Dy effect
S B A [RRRR DR i
= 0.8) 8
=3 A R
04 ST .
Oii/’ Lol Lol Ll :‘;::
102 103 10* 10° 106

Frequency [Hz]

Figure 7.4: Frequency response of voltage transfer function for PTP DC faults with
different fault distances and resistances on an OHL.

7.3 Proposed Fault Location Method

This subsection explains in detail the rationale behind the operation of the developed
fault location method. The proposed method is only dependent on a limited set (in
terms of duration) of single-end post-fault voltage measurements. The available data set
is processed by a transfer function identification tool in order to construct a frequency
domain profile. Subsequently, a genetic algorithm is used to identify the optimum fault
distance and the corresponding theoretical frequency profile (based on the analysis of
Section 7.2) that better matches the occurred fault case.

The overall flowchart of the proposed fault location scheme is illustrated in Figure
7.5. It is worth mentioning that since processing time is not of critical importance in
fault location applications, the overall process is assumed to be executed offline. The
method comprises of four stages, which are described in the remainder of the section.
To illustrate the overall process in detail, an example solid DC fault with D ;=100 km

is considered assuming the same parameters used in Section 7.2.

7.3.1 Stage I: Data Window Determination

Wavelet transform is a common tool that is used to detect signal singularities, such as
travelling wave reflections in the fault signal. To mitigate the impact of the downsam-
pling effect caused by other discrete wavelet transform variants and to avoid distortion
of the induced fault transients, SWT is employed for this task. SWT typically involves
greater computational burden, since all data points are utilised at each decomposition
level, but it results in more accurate solutions. By denoting the sampled measure-

ments of DC voltage as x[k], the first level detailed coefficients using stationary wavelet
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Figure 7.5: Flowchart of the proposed fault location method.

transform are obtained through:

T
)

Di[n] =S a[klhi[n — K] (7.6)
0

B
Il

where n is the sample index and L represents the order of the high-pass filter hy[k],
which depends on the selected mother wavelet (db4 has been found to be suitable for
the purposes of this application). The magnitude of D; is used to identify the time
instance at which an event occurs. The samples between two events form the main data
set to be used in the next stages. The obtained data set is oversampled using cubic
spline interpolation to complete the measurement set. Oversampling by a factor of 4 is
utilised to ensure that there is a sufficient number of samples for Stage III, even when
the fault is situated close to the line ends (down to 1 km fault distance). The fault type
(PTP or PTG) can be identified with ease by the application of SWT, however, this
information is assumed to be known. The data window size is constrained at 2 ms and
is typically well below 1 ms (for mediums with 50-500 km length), thus rendering the
proposed method practically applicable to HVDC grids employing any type of breaker
technology and breaker operating speed. In addition, such a short data window ensures
immunity to reflected or refracted waves from peripheral or remote lines.

It is worth noting that the objective of this stage is not to determine the actual
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arrival time of the TWs but rather to identify the available suitable samples between
two events. The first event is always the first incident TW (generated at the fault
location) that reaches the measuring point. A subsequent event is defined as a TW
reflection that originates from the fault point or the remote end of the line or any other
action that is triggered by the employed DC protection systems such as, converter
blocking or breaker opening. This process ensures that the analysis of the previous
section is valid for the selected data window. A near-zero threshold is set on D; to
ensure the effectiveness of this stage under noisy measurements situations. The DC
voltage Ups4 and the corresponding D; coefficients are illustrated in Figure 7.6 for the

example DC fault of this section.

3(— selected window —)i — Uy

3001 L l— Dy
2 l
= ] 20
& 150 l -
g :
= ‘ d
S :
2o | 10
2 |
A |

~150| k |

| | l | A O
0.5 1.5 2

Time [ms]

Figure 7.6: Data window determination based on D coefficients.

7.3.2 Stage II: Frequency Domain Profile Construction

The objective of this stage is to estimate the continuous time transfer function and
construct the frequency domain profile for the examined fault case using sampled volt-
age measurements. Assuming an input signal u(¢), and an output signal y(t), we can

describe the continuous-time linear system:
y(t) = G(s,0) - u(t) (7.7)

in which, G(s, 0) is the transfer function that is aimed to be identified, which is defined

as:

B(s) bo+by-s+...+by-s™
A(s)  ag+ar-s+..+ay-s"

G(s,0) = (7.8)

where a,=1 with n > m, and s is the differential operator (dx/dt), which can be

interpreted in this analysis as the Laplace operator. For the identification problem it

209



Chapter 7. Single-ended Fault Location for HVDC Grids Embedding High-speed
DCCBs

is also assumed that signals y(¢) and u(t) are sampled at regular time intervals, with a
sampling time of Ts(=1/fs).

In this chapter, signal u represents the step voltage generated at the fault point (i.e.
Uyge for PTP faults or +Uy./2 for PTG faults), and signal y is formed by the N voltage
measurements obtained through Stage I. Hence, based on discrete time input output
data {u(kTy), y(kTs)} with k=1,2,..., N, the objective is to estimate the parameter
vector:

92 [an,an_l,...,ao,bm,bm_l,...,bo]T (7.9)

To identify the transfer function coefficients, the simplified refined instrument vari-
able (SRIV) method is used, where firstly, the measured signal y is passed through a
prefilter L that is equal to 1/A(s), to initialise the parameters. The parameters are
then updated through an iterative process using a non-linear least squares solver until
the prediction error is minimised. This process is described in detail in [277], where
it also shown that SRIV can provide a considerable degree of resiliency against noise.
Benefiting from this feature, frequency domain voltage profiles can be constructed ac-
curately in this stage even when noisy measurements are considered.

The result of this process is the frequency domain profile, which should be identical
with the frequency response of Uy, /Uy of equation (7.4), if the same fault distance
and resistance is assumed. For the example fault case, the identified transfer function
is plotted in Figure 7.7, along with the theoretical transfer function obtained through
(7.4). It is evident that the two transfer functions (frequency domain profiles) corre-

spond well with each other within a specific frequency band.
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Figure 7.7: Frequency response of the identified transfer function and the theoretical
transfer function (Uyy, /Uy) for Dy=100 km, R;=0 €.

The range of this frequency band depends on the length of the data window and
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the employed sampling rate. By satisfying the Nyquist theorem, the bounds of the

frequency band are defined as follows:

L (7.10)

fminzrl'ﬂy fmaac: B

where At is the length of the obtained time window from Stage I, and ry and ry are
two reliability factors, which are introduced to further constrain the frequency band
and ensure that only the accurately reconstructed part of the frequency domain profile
is selected for the next stage. After thorough investigation through offline quantita-
tive analysis, it has been found that by selecting r1=2 and ro=1/5, a region with a
close match between theoretical and reconstructed profiles is selected in all fault sce-
narios. For the same example used in this section, the time window At is 0.882 ms
(see Figure 7.6), while fs=500 kHz. Based on these, the resulting frequency band
is [1.34kHz—50kHz]. It is evident from Figure 7.7 that in this band the constructed
(identified) profile and the theoretical profile closely match each other. This is the
main principle of the proposed method, which seeks to estimate the fault location by
comparing the profile constructed in this stage with the frequency response of equation

(7.4) by iteratively trying different values of fault resistance and fault distance.

7.3.3 Stage III: Genetic Algorithm

The objective of this stage is to iteratively generate potential frequency domain profiles
based on arbitrary values of fault distance and fault resistance (within an allowed set)
and retrieve a single profile that better matches the corresponding profile constructed
in Stage II. This problem can be defined as an optimisation problem by formulating
an objective function that is aimed to be minimised. The Root Mean Square Error
(RMSE) is selected as a metric of comparison to quantitatively measure the similarity
between the constructed frequency domain profile and the various candidate profiles.

Hence, the objective function can be expressed as:

1 ¥ 2
fx) = RMSE(G,F) = \| - > (Gn — F,(Dy, Rf)> (7.11)
n=1

where M is the length of an evenly spaced set of frequencies from fiin t0 finaz, G is
the profile obtained from Stage II (see Figure 7.7), and F' is the candidate frequency
domain profile which is a function of fault distance Dy and fault resistance Ry, which

should satisfy the following criteria:

OSDfSZ & OSRfﬁR?nam (7.12)
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where [ is the length of the faulted medium and R3* is the maximum fault resistance
considered in the optimisation problem. For the realisation of (7.11), G and F' are
defined as vectors, which are compared for all M frequency points. All the candidate
frequency domain profiles are generated iteratively by deriving the frequency response
of equation (7.4) for DC cables or lines, or equation (7.5) for a hybrid medium. Lower
RMSE values correspond to higher similarity between the two profiles.

To flexibly solve this problem, the genetic algorithm (GA) is used, which is a general-
purpose population-based stochastic search technique based on the principles of evo-
lution and genetic mechanisms. Due to its nature the GA significantly reduces the
computational complexity and speeds up optimum solution convergence. The genetic
algorithm iteratively modifies a population, which is formed by a set of candidate so-
lutions termed as individuals, to produce a new population or generation. In each
generation, every individual is assigned a quality value (based on a fitness function)
and then a selection process is applied to choose the fittest individuals, called parents,
to be part of the reproduction process and create the individuals of the next generation,
called offsprings. In the reproduction process, the offsprings are formed through the
operations of selection, crossover and mutation. The vector entries of each individual
of the population are commonly referred to as genes and correspond to the variables of
the optimisation problem.

One of the advantageous aspects of the genetic algorithm is that it requires no in-
formation of the properties of the objective function to be minimised and it is only
dependent on the evaluation of the fitness function for each potential solution (individ-
ual) that is investigated. In addition, the algorithm offers a more flexible and selective
approach in handling the optimisation problem by focusing on individuals with better
fitness value, and hence with a higher probability to be closer to the optimum solution,
rather than scanning the entire search space.

The optimisation problem is solved as an integer programming problem, in which
equation (7.11) is directly used as the fitness function and the variables or genes are
decoded as integers [278]. This means that the fault distance and fault resistance are
represented by two vectors with integer elements, which correspond to actual Dy and
Ry values. The two vectors range from 0 to [/, and from 0 to R7**, with intervals of
AD;=0.1 km, and AR;=1 Q, respectively. The genetic evolution operators used by
GA are subsequently described.

Selection

The selection mechanism initiates the generation of the mating pool by selecting better

individuals from the current population. Initially, a specified number of individuals
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with the best fitness values (lower values of (7.11)) are automatically advanced to the
next generation. These individuals are called elite and their count is set to 5% of the
population. A relatively large population size (50) is used in order to force the genetic
algorithm to search a larger region of the solution space more thoroughly and locate
the global minimum of the entire search space rather than a local minimum. In this
way, the possibility of a premature convergence is eliminated. It is worth noting that
the fitness function of elite individuals is not re-evaluated in the next iterations since
its value has already been calculated.

For the rest of the individuals, the binary tournament selection operator is used as
a reproduction operator. According to this operator, tournaments are played between
two random individuals and the individual with the best fitness value survives to the
mating pool. The same procedure is applied systematically until each solution has
participated in exactly two tournaments. It can be understood that the best solution
will win in both tournaments it participates, thus generating two copies in the mating
pool. In a similar way, the worst solution will be eliminated from the next population.
The employed selection mechanism ensures that the best solutions of each generation

are advanced to the next generation and contribute to the genes of their offsprings.

Crossover

The crossover operator defines how the genetic algorithm combines two individuals of
the parent population to generate two offsprings for the next generation. In detail,
this operation enables the genetic algorithm to extract well performing genes from the
parent population and recombine them into potentially superior offsprings. Laplace
operator is used as the crossover function [279], according to which two offsprings,

Y = (yﬁ)f,y%f) and ¢/ = (y‘})f,y%f) of generation k, are generated from two parents
= (m’bf@’éf) and 77 = (a:jbf,mg%f) of generation k-1 in the following way (when

taking fault distance gene as an example):

Yp, = &p, + Bz, —p,)
j j j j (7.13)

Yp, =op, + Alep, —ap,)
where i, j represent two random population individuals, and $ is a random number
which satisfies the Laplace distribution. Crossover is responsible for the recombination
of genes and the convergence speed of GA, and it is typically applied with high prob-
ability. Hence, the probability for an individual of the mating pool to be subjected to

crossover is set to P.=85%.
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Mutation

Mutation ensures genetic diversity through the creation of new genes (new values of Dy
and Ry), and it enables GA to search over a broader space, leading to regions not yet
explored and increasing the likelihood to generate individuals with better fitness values.
This is achieved by applying random changes to individual parents. This process can
be interpreted as maintaining the same fault distance for a new offspring, and changing
the fault resistance (or vice versa) to a value that leads to a better fit.

In this paper, the power mutator is employed for performing mutation [278], in
which a solution y is sought to be created in the vicinity of a parent solution z. A
random number p is generated which satisfies the power distribution, d=d}, where d;
is a uniform random number between 0 and 1, and p is the index of mutation, which is

set to 4 [278]. Taking gene yp ; as an example, the mutated solution is given by:

rp, —d(zp, — D:ﬂm), ift<r.
YD, =
rp, — Dmin
o f
where r is a uniformly distributed random number between 0 and 1, and D}m”, D}”‘”
is the minimum and maximum length of the faulted medium. The mutation rate
should be refrained to avoid the counter-productive effect of increasing the likelihood

of introducing bad genes. Therefore, the mutation probability is set to P,,=2.5%.

Termination Criteria

The aforementioned genetic operations are repeated in each generation of the GA until
the termination criteria are satisfied. The termination criteria are based on the max-
imum number of generations Ng, and the maximum number of stall generations Ng.
Stall generations are defined as the iterations which do not lead to further improve-
ment of the best individual’s fitness value, which means that the algorithm has attained
optimal convergence.

For the example DC fault case, the evolution process of the genetic algorithm is
illustrated in Figure 7.8, which displays the mean fit (mean RMSE of all population
individuals) and the best fit (lowest RMSE) for each generation. It can be seen that
the algorithm gradually moves to better fitness values and the best fit is found within
a low number of generations. Generally, through the relevant analysis for the purposes

of this application, the GA has been found to be capable of identifying the optimal
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solution within 30 generations. Nevertheless, to further refrain the probability for a
premature convergence, the maximum number of generations and the maximum number
of stall generations are conservatively set to 100 and 25, respectively. Therefore, for the
example of Figure 7.8, since optimal convergence is achieved at the 15" generation, the
GA terminates at the 40" generation when the maximum number of stall generations
is reached. The final population includes multiple copies of the optimum solution (i.e.
D¢=100 km and R;=0 ).
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Figure 7.8: Mean and best fitness value in each GA generation.

7.3.4 Stage IV: Fault Location Estimation

In the last stage of the proposed method, the final fault location estimation is performed
using the solution derived from the GA. Since GA provides the optimum fault distance
that satisfies equation (7.11) as a multiple of 0.1 km, this stage is introduced to provide
higher precision. This is realised by forming a subset A of fault distances that comprise
of the optimum fault distance as well as the two previous and two next distance inter-
vals. Subsequently, the fault location is estimated using a weighted averaging function

based on exponential kernels as shown by:

Z Df(w) e —RMSE(w)

D,y = 42 (7.15)

S e ~RMSE(w)
weEA

where D, is the estimated fault distance. The objective of the weighted averaging
function is to apply more weight on the solutions with lower RMSE values, thus en-
hancing the impact of more accurate approximations to the final estimation. It is
worth noting that the subset A is selected to have a length of 5 elements in order to

ensure that the best three candidate solutions are always included in the calculation
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performed by equation (7.15). Moreover, RMSE has been selected from the available
similarity /distance measures due to its characteristic of applying relatively high weight

to large errors and hence more accurate solutions are better revealed.

7.4 Simulation Results

7.4.1 HVDC Grid Test System and Methodology

The symmetrical monopolar four-terminal HVDC grid model that was developed with
the PSCAD/EMTDC simulation tool and presented in Section 3.7 is used in this chapter
to validate the performance of the proposed fault location method. The lengths and
the types (cable, OHL or hybrid) of the frequency dependent transmission lines models
have been modified as shown in Figure 7.9 in order to test the method for different
mediums. The DCCBs placed at each line end have an operation time of 2 ms. The

main parameters of the HVDC grid and the MCCs are summarised in Table 7.1.

L12
C1 200km . C2
G W e lantEn
B FL station (100 km)
L14
o DECE L13 500km L24
= OHL 200km 200km
e (Cable
3 (100 km) C1
I FGICEN
L34

500km
Figure 7.9: Four-terminal HVDC grid test system.

PTP and PTG faults have been simulated in all transmission media of the test
system, at different locations and with fault resistances up to 500 Q. Solid faults (i.e. 0
1) have been simulated with R¢=0.01 2. Moreover, sensitivity analysis in terms of noise
contamination in voltage measurements, sampling frequency and loading conditions has
been performed. Finally the findings of a performance comparison with existing fault
location methods for HVDC applications are also discussed in this section. In all cases,
the simulations have been carried out with a 1 us time step and voltage measurements
are captured at the fault location (FL) stations illustrated in Figure 7.9 at 500 kHz.

The fault location estimation error in percentage for each fault case is calculated as:
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Table 7.1: System and converter parameters.

Parameter Value

Nominal DC voltage + 320 kV

Rated power (C1~C4) 1000 MVA

Active power setpoint 700,700,—800,—600

(C1~C4) MW

Reactive power setpoint 100,100,—100,—100

(C1~C4) MVAr

DC inductors 50 mH

Arm inductance 42 mH

Arm capacitance 31.42 pF
error [%] = ’DeStlfAf‘ -100% (7.16)

where Ay is the actual fault location and [y is the length of the faulted transmission

medium.

7.4.2 Fault Location Results for Different Transmission Line Media

In order to verify the performance of the proposed fault location method for all types
of transmission media, a series of PTP and positive PTG faults are applied on a DC
cable (L12), an OHL (L13) and a hybrid line (L24) and the results are summarised in
Table 7.2, Table 7.3 and Table 7.4, respectively. Each feeder has 200 km length, while
faults with the same fault distances and fault resistances, (0, 300 and 500 2) have been
simulated for each medium for direct comparison.

The fault location results demonstrate that the proposed fault location method
can successfully estimate the fault distance for all medium types, while in the case of
the hybrid line the reported fault location always corresponds to the correct faulted
segment. A similar performance is achieved for both PTP and PTG faults in all cases.
Moreover, the impact of fault resistance on the method’s performance is minimal, since
as explained in Section 7.2, fault resistance has a different effect on the frequency
domain profile than the fault distance.

For the DC cable (L12), the maximum and average error for all fault cases is 0.175%
(or 0.349 km) and 0.071% (or 0.142 km), respectively. The corresponding maximum
and average error for the overhead line (L13) is 0.447% (or 0.893 km) and 0.154% (or
0.307 km). The increase in the fault distance estimation error for OHLs is attributed
to the faster wave propagation that results in more dense travelling wave reflections

and therefore, shorter data windows are obtained in Stage I of the method. Since, the
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Table 7.2: Fault location results for line L12 (200 km cable).
Fault Fault PTP Faults PTG Faults

Distance  Resistance Estimated Error Estimated Error

[km] [Q] distance [km] [%] distance [km] (%]
0 5.156 0.078 4.857 0.072
5 300 4.651 0.175 4.650 0.175
500 4.750 0.125 4.850 0.075
0 19.893 0.053 20.350 0.175
20 300 19.652 0.174 20.052 0.026
500 19.501 0.249 20.051 0.026
0 40.061 0.031 40.193 0.096
40 300 40.051 0.025 39.951 0.024
500 40.052 0.026 40.055 0.028
0 59.872 0.064 60.124 0.062
60 300 59.602 0.199 60.205 0.102
500 59.600 0.200 59.983 0.008
0 79.927 0.036 80.124 0.062
80 300 80.007 0.004 80.054 0.027
500 80.055 0.027 80.254 0.127
0 100.012 0.006 100.135 0.067
100 300 99.863 0.068 99.953 0.024
500 99.858 0.071 100.052 0.026
0 120.109 0.055 120.145 0.072
120 300 120.061 0.031 120.054 0.027
500 120.108 0.054 120.053 0.027
0 140.084 0.042 140.984 0.042
140 300 140.062 0.031 140.052 0.026
500 140.058 0.029 140.001 0.001
0 160.083 0.042 160.074 0.037
160 300 160.260 0.130 160.031 0.016
500 160.258 0.129 160.110 0.055
0 180.115 0.057 179.980 0.010
180 300 179.956 0.112 180.262 0.131
500 180.097 0.049 179.762 0.119
0 195.322 0.161 195.068 0.034
195 300 195.232 0.116 195.652 0.326
500 195.152 0.076 195.651 0.326
Average error [%] - 0.073 - 0.068
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Table 7.3: Fault location results for line L13 (200 km OHL).
Fault Fault PTP Faults PTG Faults

Distance  Resistance Estimated Error Estimated Error

[km] Q] distance [km] [%] distance [km] (%]
0 5.251 0.126 5.052 0.026
5 300 5.052 0.026 5.051 0.025
500 5.250 0.125 5.151 0.075
0 20.098 0.049 19.864 0.068
20 300 19.862 0.069 20.105 0.052
500 19.457 0.271 19.853 0.073
0 40.050 0.025 40.456 0.228
40 300 40.102 0.051 39.852 0.074
500 40.062 0.031 40.072 0.036
0 59.718 0.141 60.002 0.001
60 300 59.559 0.221 59.753 0.124
500 59.706 0.147 59.702 0.149
0 80.198 0.099 79.198 0.401
80 300 79.350 0.325 80.225 0.112
500 80.110 0.055 80.007 0.004
0 99.664 0.168 100.398 0.199
100 300 99.398 0.301 99.838 0.081
500 99.659 0.171 100.112 0.056
0 120.400 0.200 120.851 0.426
120 300 120.199 0.100 120.582 0.291
500 120.166 0.083 120.377 0.188
0 139.531 0.235 139.888 0.056
140 300 139.932 0.034 140.454 0.227
500 140.560 0.280 139.558 0.221
0 159.170 0.415 159.880 0.060
160 300 159.926 0.037 160.688 0.334
500 160.334 0.167 160.008 0.004
0 180.615 0.307 179.798 0.101
180 300 180.712 0.356 180.661 0.331
500 180.893 0.447 180.212 0.106
0 195.322 0.161 194.621 0.189
195 300 194.553 0.223 195.572 0.214
500 194.880 0.060 195.787 0.107
Average error [%)] - 0.167 - 0.141
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Table 7.4: Fault location results for hybrid line L24 (100 km cable segment followed by
100 km OHL segment).

Fault Fault PTP Faults PTG Faults

Distance  Resistance Estimated Error Estimated Error

[km] Q] distance [km] (%] distance [km] (%]
0 4.858 0.071 4.854 0.073
5 300 5.051 0.025 4.950 0.025
500 4.971 0.015 4.950 0.025
0 19.834 0.083 20.102 0.175
20 300 20.057 0.028 20.052 0.026
500 20.034 0.017 20.051 0.026
0 39.999 0.001 40.123 0.061
40 300 40.011 0.006 40.014 0.007
500 40.059 0.030 40.125 0.063
0 59.971 0.015 60.151 0.151
60 300 60.263 0.131 59.959 0.020
500 60.063 0.032 60.055 0.028
0 80.017 0.009 80.316 0.158
80 300 80.064 0.032 80.155 0.077
500 80.059 0.029 80.152 0.076
0 94.909 0.045 95.297 0.148
95 300 95.059 0.030 95.051 0.026
500 95.454 0.227 95.050 0.025
0 105.191 0.096 105.055 0.027
105 300 104.764 0.118 105.032 0.016
500 105.704 0.352 105.071 0.036
0 120.058 0.029 119.705 0.147
120 300 120.072 0.036 119.502 0.249
500 119.881 0.059 120.151 0.075
0 139.811 0.094 139.256 0.372
140 300 140.272 0.136 139.954 0.023
500 139.993 0.034 140.112 0.056
0 159.697 0.151 160.453 0.227
160 300 160.132 0.066 160.354 0.177
500 160.233 0.117 160.251 0.126
0 179.996 0.002 179.852 0.074
180 300 179.976 0.012 179.252 0.374
500 180.310 0.155 179.320 0.340
0 195.095 0.047 194.231 0.385
195 300 195.859 0.429 195.114 0.057
500 195.737 0.368 194.251 0.375
Average error [%] - 0.087 - 0.117
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hybrid line L24 consists of a cable and an OHL segment of equal length, the average
error of the proposed method lies between the corresponding estimation errors for L12
and L13. In particular, the maximum and average error for all fault cases is 0.429%
(or 0.859 km) and 0.102% (or 0.204 km), respectively.

7.4.3 Fault Location Results for Greater Line Lengths

In order to asses the effectiveness of the proposed method for longer transmission lines,
a series of PTP DC faults is applied every 25 km on cable LL14 and OHL L34 of the
test grid of Figure 7.9. The fault distance estimation errors for both sections, which
have 500 km length, are illustrated in Figure 7.10.
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Figure 7.10: Fault location results for PTP faults (Rf~0 Q) on longer transmission
media L14 (cable) and L34 (OHL).

It is evident that the estimation errors are significantly smaller in both cases, when
compared to the corresponding results for their shorter counterparts (L12 and L13).
In particular, the average error is 0.024% (or 0.118 km) for L14, and 0.056% (or 0.278
km) for L34. This is partly explained by the effect of the line length on the estimation
error formula of (7.16). Nevertheless, longer transmission lines also result in longer
available data windows for the proposed method due to the less dense travelling waves
reflections, which in turn lead to more accurate fault distance estimations. It can be
concluded that the proposed fault location method demonstrates superior performance

for longer transmission lines.

7.4.4 Fault Location Results for a Three-segment Line

In this subsection, the fault location method is applied on a transmission line medium
that comprises of three segments. For the purposes of this study, line L34 of the test
grid of Figure 7.9 is replaced with a line that comprises of an 150 km OHL segment,
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a 300 km cable segment, and a 150 km OHL segment. PTP faults at various points
across the medium with fault resistance of 0, 300 and 500 2 have been simulated and

the results are shown in Figure 7.11.
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Figure 7.11: Fault location results for PTP faults on a three-segment transmission line
medium.

The average and maximum error for all fault cases is 0.073% (or 0.366 km) and
0.1422% (0.711 km), respectively. In comparison to the results for the 500 km OHL
that was considered in the previous subsection, it can be observed that the performance
of the method is slightly degraded in terms of the errors in km (0.366 km average
error as opposed to 0.278 km error for OHL). This behaviour is expected due to the
higher number of segments of the transmission line, which suggests that the density
of travelling wave reflections increases, thus leading to smaller available data sets.
Nevertheless, the average estimation error remains low and it can be concluded that the

method maintains its high accuracy for transmission mediums with several segments.

7.4.5 Impact of Sampling Frequency

Due to the dependence of the proposed fault location scheme on the length of the data
window obtained through Stage I, it becomes apparent that the employed sampling
frequency largely affects the performance of the method. In order to investigate this
impact, cable section L12 and OHL section L.13 are selected for applying PTP faults
with Ry=0 Q using 100 kHz (only for cables), 200 kHz, 500 kHz and 1 MHz sampling
frequency. The estimation errors in each case are illustrated in Figure 7.12.

For both sections, it is evident that for increasing sampling frequencies the es-
timation error decreases. For decreasing sampling frequencies, the estimation error
increases in all media due to the higher frequency of travelling wave reflections that
lead to smaller data sets of post-fault voltage measurements. In detail, the average
error for the cable segment is 0.08% (or 0.161 km) for 200 kHz, 0.06% (or 0.12 km)
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Figure 7.12: Fault location results for different sampling frequencies for (a) cable L12
and (b) OHL L13 (PTP faults with R;~0 ).

for 500 kHz and 0.0389% (or 0.078 km) for 1 MHz. The corresponding results for the
OHL segment are 0.494% (or 0.988 km), 0.193% (or 0.386 km) and 0.106% (or 0.212
km), respectively.

A sampling frequency of 100 kHz is also possible for the execution of the method for
DC cables and the resulting average error is 0.1203% (or 0.243 km). Nevertheless, use
of 100 kHz sampling frequency is not possible for locating DC faults in OHLs due to
the significantly reduced data windows, especially for faults close to line ends in which
Stage III of the algorithm fails to construct a frequency domain profile. It can be
concluded that even lower sampling rates can be used for estimating the fault distance
with high accuracy for faults on DC cables, but for overhead lines, a minimum sampling
rate of 500 kHz is required to ensure an average estimation error within +0.4 km. It is
worth reiterating that DC voltage measurement with sampling frequencies in the order

of 500 kHz is considered readily accessible (see Section 3.6).

7.4.6 Impact of Noisy Measurements

In order to further scrutinise the performance of the proposed method, the impact of
noise is considered. In particular, the simulations for PTP faults with Ry=0 € on line
L12 are repeated and the DC voltage measurements are subjected to artificial noise
with increasing amplitude in order to obtain Signal-to-Noise Ratios (SNR) of 30, 20
and 10 dB (lower dB values correspond to higher noise level). Figure 7.13 depicts the
results in terms of the fault distance estimation error for each SNR along with the
original test case (SNR=00).

It can be observed from Figure 7.13 that in the majority of the cases the noisy
measurements have limited effect on the final fault distance estimation. The largest

deviation in the final estimation is noticed in the case of a PTP DC fault at 40 km,
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in which the absolute relative difference between the original test case and the corre-
sponding case for SNR=10, is 0.222% (or 0.444 km). In Table 7.5, the average and
absolute maximum error for each SNR are also summarised. It is evident that both
average and maximum errors present a marginal increase for increasing noise levels.
The results demonstrate that the proposed scheme is sufficiently robust against noisy
measurements. This advantage of the technique is attributed to the inherent capability
of SIRV to accurately construct the transfer function (frequency domain profile) even

when the input signal is contaminated with noise.
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Figure 7.13: Fault location results for different SNR ratios (PTP faults with R;~0 ).

Table 7.5: Average and maximum errors for varying levels of noise.

Case Average Error Max Error
SNR=00 0.0601 0.1612
SNR = 30 0.0804 0.2264
SNR = 20 0.0805 0.2498
SNR = 10 0.0817 0.2690

7.4.7 Impact of Transmission Line Loading

In this subsection the performance of the method for varying transmission line loading
conditions is evaluated. The power set-points of the converters have been modified
appropriately to achieve different DC current and hence, different loading conditions
for the DC cable L12 and the OHL L12. Using this approach, the power transfer across
the mediums is adjusted to 100, 300, 500 and 700 MW. Solid PTP faults are applied on
both .12 and L.13 and the estimation errors are shown in Figure 7.14. It is observed,
that loading conditions have minimal effect on the fault location estimations for both

mediums. This outcome is expected as the proposed technique primarily utilises TW
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principles, and the behaviour of TWs is hardly affected by the loading conditions of
the transmission medium. It is worth reiterating that only voltage measurements are

required for the execution of the proposed method.
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Figure 7.14: Fault location results for varying loading conditions of Line L12 (PTP
faults with R;~0 ).

7.4.8 Comparison with Existing Methods

In order to clearly show the advantages of the proposed method, a comparison of
its performance in relation to other techniques reported in the technical literature is
pursued in this subsection. Table 7.6 cites the results of the compared methods in
terms of number of fault cases, average and maximum errors (in km), sampling rates,
fault resistance ranges, and data window sizes. From the methods that were considered
in Section 3.5, only work in which the fault location estimation results are cited in
numbers are used for the analysis in this subsection. In an effort to perform a fair
comparison among all considered methods, only the baseline fault location results are
taken into account, while the corresponding results of sensitivity analyses in terms of
noise contamination and sampling frequency (which are not available for all methods)
have been neglected. Similarly, only the results of Subsections 7.4.2 and 7.4.3 have
been considered for the proposed method.

The results of the comparison confirm the high accuracy of the proposed technique,
which demonstrates the second best performance in terms of average error in km, out-
performed only by the method in [220]. Similarly, the method presents a satisfactory
maximum error in comparison to the other techniques. It is worth mentioning at this
point that the work presented in this chapter was rigorously tested across a wide range
of operational conditions and fault cases (256), and only the method in [280] has consid-
ered a higher number of fault cases (336). In terms of sampling frequency requirements,

the proposed method utilises a moderate sampling rate, while the corresponding rates
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used in the rest methods range from 10 to 2000 kHz. Moreover, the maximum fault
resistance considered in this chapter is at least equal or higher than the ones considered
in other reported work. Resiliency against resistive faults is also a significant advantage
of the proposed solution, which along with the method presented in [281], are the only

ones that exhibit similar accuracy regardless of the DC fault resistance.

Table 7.6: Comparison between the proposed method and other existing fault location
methods for HVDC systems.

Moethod Fault ~ Average  Maximum Sampling Max  Resilient Data
Cases Error km| Error [km] rate [kHz] Ry [Q] to Ry  size [ms]
[220] 72 0.112 0.36 2000 100 x ]
[235] 18 0.314 0.93 200 70 N/A 16
[224] 20 0.351 1.60 10 100 N/A 5
[225] 33 1.418 2.90 100 50 N/A 10
[222] o1 0.249 0.78 1000 500 X 17.76
[230] 105 1.461 16.05 80 100 x 10
[280] 336 0.323 2.58 20 500 X 5
[281] 19 0.367 0.49 1000 500 v N/A
[232] 100 14.5 28.45 20 100 N/A 10
229 59 2.92 7.89 100 500 x 12
Proposed | 256 0.214 0.86 500 500 v <2

One of the most significant benefits of the proposed technique is that the required
data window size is very limited (less than 2 ms). This attribute is considered partic-
ularly advantageous in fault location applications for HVDC grids, where the available
fault records are confined by the operation speed of DCCBs, i.e. 2-8 ms for hybrid and
mechanical DCCBs (see Section 2.5). It is indicative that in the test system considered
in this chapter, in which the breaker operation speed is equal to 2 ms, none of the
existing techniques cited in Table 7.6 would have the required number of samples to be
successfully executed.

The methods presented in [220] and [235] are the only ones in the literature which
have considered hybrid transmission lines. In comparison to [235], the method presented
in this chapter performs better in all categories of Table 7.6. However, the method
in [220] demonstrates higher accuracy in fault location estimation. Nevertheless, as
it was revealed in Section 3.6, a sampling rate of 2 MHz cannot be easily achieved
by existing HVDC measuring instruments. Furthermore, like any other single-ended
TW-based method, wave head identification in [220] becomes harder in case of highly-
resistive faults due to the attenuation caused on the TWs. In conclusion, it can be
argued that the proposed method achieves a satisfactory trade-off between accuracy,

resiliency to fault resistance and sampling frequency requirements.
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7.5 Summary

In this chapter, two major challenges of fault location for HVDC grids have been iden-
tified. The first challenge arises from the recent trend for utilisation of fast protection
systems for DC fault management in HVDC grids that lead to very short time-frames
between fault inception and fault clearance and confine the available data set for exe-
cuting fault location algorithms. The second challenge is associated with fault location
estimation in hybrid transmission media, an issue that has generally received very lim-
ited attention. It has been pointed out that most of existing fault location methods
proposed in the literature fail to deal with these challenges effectively.

To solve these problems, an advanced single-ended fault location method is pre-
sented that is suitable for locating DC faults in HVDC grids that are characterised by
short post-fault data windows due to the use of high-speed DC breakers and fast acting
protective actions. A frequency domain analysis of transient voltage at the point of
measurement has revealed that fault distance and fault resistance introduce distinct
features on the voltage profiles. Exploiting these features, a genetic algorithm driven
method is employed to calculate the optimum fault distance that produces a theoreti-
cal voltage profile that best matches the voltage profile of the existing fault case. The
mathematical formulation of travelling wave principles in conjunction with the flexi-
bility offered by the genetic algorithm allow for accurate DC fault location estimation
even for hybrid transmission media with an arbitrary number of segments.

A simulation-based analysis has demonstrated the effectiveness and the high ac-
curacy of the method for any transmission line geometry across a wide range of DC
fault cases including both pole-to-pole and pole-to-ground faults with up to 500 €2 fault
resistance. Using 500 kHz sampling frequency, the average fault distance estimation
error has been found to be 0.071% for a cable, 0.154% for an overhead line and 0.102%
for a hybrid transmission line (OHL and cable segments), each with a length of 200
km. Moreover, the accuracy of the method improves for longer transmission lines due
to the availability of larger measurement data sets. It was demonstrated that the pro-
posed method maintains its high accuracy for transmission line mediums comprising
of several segments (average error of 0.073% in a 500 km three-segment line). Further
sensitivity analysis revealed that the scheme is robust against noise and different load-
ing conditions, while also it has been shown that lower sampling frequencies can be
used for locating DC faults in cable sections. Nevertheless, the use of a higher sam-
pling frequency is advantageous in the case of overhead lines. Finally, a comparison
with existing techniques in the technical literature revealed that the proposed method
demonstrates enhanced accuracy in terms of both average and maximum error in fault

location estimation.
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Conclusions and Future Research

HVDC grids are expected to be an integral part of future power networks towards
the achievement of a net zero future through the better utilisation and integration of
massive amounts of renewable energy into the interconnected AC networks, while of-
fering a plethora of attractive features such as enhanced controllability, flexibility and
redundancy, improved reliability and security, and lower investment costs. However,
as with any developing technology, the HVDC grid concept is also accompanied with
significant challenges, with the requirement for effective protection and fault location
solutions being one of the most prominent. HVDC protection is of utmost importance
to ensure the necessary reliability and security of HVDC grids, yet very challenging
due to the fast nature of development of DC faults and the abrupt changes they cause
in currents and voltages across the entire network that may damage the system com-
ponents. In addition, timely and accurate fault location is required to minimise power
outage time and elevate the total availability of the HVDC grid.

Therefore, this thesis has provided the necessary methodologies and concepts for
non-unit protection design, and the implementation of protection algorithms and fault
location techniques to promote the deployment of highly meshed multi-vendor HVDC
grids. These concepts include: i) a technology review of DC current and voltage mea-
suring devices from the perspective of enabling HVDC protection and fault location,
ii) analytical design, development and demonstration of generally applicable non-unit
protection algorithms, iii) a fault management strategy for enhanced technical and eco-
nomical feasibility of HVDC grids, and iv) an enhanced fault location method for HVDC
grids embedding fast acting protection equipment and/or heterogeneous transmission
line media. This chapter concludes the thesis by first summarising the contributions and
general outcomes of the conducted research, and second providing potential directions

for future research in HVDC protection and fault location areas.
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8.1 Conclusions

The new knowledge produced from the research work presented in this thesis can be

condensed in four main themes, which are subsequently described in detail.

8.1.1 Identifying the Capabilities of Existing Measuring Instruments
for HVDC Protection and Location Applications

A technology review of voltage and current measuring devices has been performed
from the perspective of enabling HVDC protection and fault location in HVDC grids.
The review in conjunction with the mapping of the sampling frequency requirements
of existing DC fault detection and location solutions on a frequency diagram against
the bandwidth of existing technologies have provided valuable insight into selecting
measuring equipment for achieving the required sampling rate. In contrast to current
measurements, it has been established that voltage measurements for HVDC applica-
tions are considered readily accessible, indicating a competitive advantage of protection
solutions that are based exclusively on voltage signals. For DC current measurement,
there is a wider variety of options and the final selection of the suitable technology
depends primarily on the required application.

It has been shown that fault detection and protection methods are mainly con-
centrated in a frequency spectrum ranging from a few kHz to 100 kHz, while fault
location methods require measurements with a frequency range starting from 100 kHz
and reaching up to 2 MHz. It is argued that since both applications are required to
be executed in parallel in HVDC grids, a convergence in their sampling frequency re-
quirements is desirable to ensure that common measuring instruments are employed.
Based on the analysis, such a convergence is achieved for sampling frequencies around
100 kHz that concentrate a significant proportion of the fault detection and location
functions. Such a sampling frequency can be achieved from both voltage and current
measuring technologies that are commercially available. Furthermore, this finding is
identified to be well aligned with the IEC 61869-9 standard, which recommends the use

of 96 kHz with specific reference to DC protection and fault location applications.

8.1.2 Analytical Design and Development of Generally Applicable
and Optimised Non-Unit Protection Algorithms

Having identified the main challenges, requirements and design aspects of HVDC grid
protection, it has been established that high-speed protection algorithms which should
be ideally based exclusively on local measurements are required due to the stringent

time scales for DC fault clearing. Furthermore, the corresponding review on the exist-
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ing protection algorithms revealed that there is an ongoing research activity towards
the development of non-unit protection methods that utilise travelling wave principles.
It has been observed that the vast majority of the developed solutions are designed
based on extensive offline simulations using specific HVDC test systems in EMT-type
software. This raises concerns with regards to their general applicability to any HVDC
network. Moreover, it has been highlighted that in the absence of a common framework
for the design of non-unit protection methods, their interoperability with other protec-
tion equipment (DCCBs, IEDs etc.) is not necessarily guaranteed. To overcome these
limitations, a more fundamental approach to the design and development of generally
applicable non-unit protection algorithms is proposed in this thesis, the conclusions of

which are presented in the following two subsections.

Development of Generalised Design Guidelines for Non-unit Protection

A new and generalised methodology is proposed for facilitating the design of travel-
ling wave based non-unit protection algorithms for HVDC grids. The approach uses
frequency domain analysis on strategically selected fault scenarios for performing a
comprehensive investigation of the parameters that influence HVDC grid non-unit pro-
tection, and providing design guidelines. The general applicability of the methodology
is ensured by basing the analysis on a generic HVDC grid section, in which only lo-
cal parameters in the vicinity of the protection relay are required to be known. Such
an approach eliminates typical issues associated with time domain simulations using
standard EMT-type software, such as the use of a single network for the validation of
protection algorithms. Moreover, it enables flexible and systematic investigation of grid
and fault parameters that influence the voltage response for both internal and external
faults. It has been shown that the proposed methodology can play an instrumental
role for the design of travelling wave based non-unit protection algorithms which can
be easily configured for any grid topology and grid parameters, while also consider-
ing multi-vendor aspects. In particular, based on the relevant analysis, the following

recommendations have been formed to facilitate non-unit protection design:

e The critical frequency beyond which the impact of forward internal faults becomes
more pronounced than that of external faults can be evaluated. This frequency
serves as an indicator for selecting the appropriate sampling frequency and defin-

ing the filtering requirements.

e An approach for analytically deriving the protection threshold based exclusively

on the prevailing local system conditions is provided.
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e A complementary tool for selecting series inductor sizes is proposed with the aim

to improve protection margins.

e Flexible configuration of algorithm-specific settings (for any method that may be
selected) is facilitated by the proposed methodology which can be used to develop
appropriate quantitative metrics for identifying the corresponding settings that

ensure optimised protection performance.

e The proposed methodology supports the deployment of multi-vendor HVDC grids
with optimised protection systems, and renders the configuration of the selected

non-unit protection methods immune to varying system conditions.

Design and Implementation of WT-based HVDC Non-unit Protection with
Optimised Selectivity and Protection Reach

A fast acting, single-ended and easily configurable non-unit protection scheme based on
wavelet transform with optimised settings for enhanced protection reach and discrim-
ination capabilities is developed in this thesis. The generalised approach introduced
for configuring and implementing a WT-based solution specifically tailored for HVDC
non-unit protection overcomes key technical barriers that have impeded the use of WT
in practical protection applications. Example of such barriers include the complexity
in design due to the multitude of WT-related parameters, and the common erroneous
concept that WT implementations are characterised by increased computational bur-
den.

To remove these barriers, an analytical approach that is adaptable to any HVDC
grid topology has been developed for the first time for deriving all main WT param-
eters based on the methodology and the design guidelines described in the previous
subsection. The key WT parameters are flexibly determined for each relay separately
according to the prevailing local system conditions in order to achieve enhanced pro-
tection margins for the WT-based solution, while ensuring reduced computational re-
quirements. This approach eliminates the need for extensive offline simulations for
designing a WT-based method which is the current practice in the literature, and en-
sures optimised protection performance regardless of which transmission media, DCCB
and converter technologies or grid topologies are employed.

An efficient SWT algorithm is also developed for real-time applications based on
discrete convolution. The performance of the method has been demonstrated through
both offline simulations in PSCAD/EMTDC and real-time simulations using a digital
real-time simulator and a low-cost hardware prototype. The latter constitutes the first

attempt for experimental implementation of SWT for HVDC protection applications.
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Through these studies, the following conclusions have been drawn:

e The high-speed performance of the WT-based non-unit protection algorithm has
been demonstrated. In detail, depending on the fault resistance and location,
the method operates within 20-120 us for faults on a 200 km cable, and within
120-310 ps for faults on a 350 km cable.

e It has been found that the proposed method can provide reliable and enhanced
selective protection even against high-resistance DC faults (more than 500 ).
Similar performance is achieved for both pole-to-ground and pole-to-pole faults.
Moreover, the real-time simulation studies proved the method’s enhanced de-
pendability with the rate of successful correct operations being 100%, and high

security with the method remaining stable under all external fault scenarios.

e Noise immunity is revealed to be one of the main advantages of the proposed
technique. The employed W'T configuration methodology achieves dynamic ad-
justment of the filtering applied to voltage measurements in an effort to extract
the most valuable frequency content for discriminating internal faults. On this

basis, the relative effect of noise on the generated WT coefficients is mitigated.

e The WT-based solution has been successfully implemented and executed at a
sampling rate of 100 kHz, which is in line with the recommendation provided
from the review of DC instruments. Further sensitivity analysis showed that the

method remains highly selective for lower sampling rates (down to 10 kHz).

e A comparison of the proposed method against the widely used ROCOV (dv/dt)
demonstrated a remarkable increase in the range of 4-6 times in protection mar-
gins and resilience against highly-resistive DC faults for all sampling rates that

were examined.

e The hardware-in-the-loop real-time simulations have taken into consideration
data acquisition issues and computational aspects of the technique, and provide
a high level of confidence that the proposed method is efficient, practical and

cost-effective.

8.1.3 Fault Management Strategy for Improving the Technical and
Economical Feasibility of HVDC Grids

In an effort to meet the requirement for security of supply in HVDC grids, while also
maintaining the total system cost at reasonable levels, a detailed DC fault manage-

ment strategy is introduced for resilient HVDC grids incorporating CH-MMCs. The
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CH-MMC is an efficient topology equipped with a limited number of FB-SMs that
demonstrates partial fault tolerant capability. Adoption of the CH-MMC is motivated
by an attempt to lower protection-related costs, by devising alternative ways in which
the expensive fast acting hybrid DCCBs can be replaced with slower but inexpensive
mechanical DCCBs.

The functions of the developed fault management strategy include coordination
with local protection relays, coordination with DCCB actions, activation of the appro-
priate converter actions depending on whether a pole-to-pole or pole-to-ground fault is
detected by the relays, and communication with the central grid controller for remedial
grid restoration measures, (required only for pole-to-ground faults). In addition, the
FMS monitors the FB chain-link voltages in order to instruct bypassing of the FB-SMs,
if the specified over-voltage limit is exceeded. Detailed transient simulation studies have
shown that the proposed fault management strategy allows for the continuous opera-
tion of the HVDC grid during pole-to-ground faults, and the fault tolerant operation
with minimum power flow interruption under more severe pole-to-pole DC faults. In

detail, the analysis revealed the following features of the strategy:

e The current limiting modes of the CH-MMC enable the extension of fault clear-
ance times to levels compatible with the operation times of mechanical DCCBs,
and significantly reduce the magnitude of line and converter arm currents during

pole-to-pole DC faults.

e It has been shown that the current suppression capability of the CH-MMC can
replace or minimise the required current-limiting role of series inductors, thus
further reducing the cost and footprint of mechanical DCCBs. In detail, use
of CH-MMCs with 25% ratio can lead to up to 40.5% reduction in peak fault

currents when series inductors of only 50 mH are used.

e Parametric studies demonstrated that a 25% ratio of FB-SMs with respect to the
total number of SMs per arm is adequate for the proper operation of the proposed

strategy and its effective coordination with DCCBs.

e For pole-to-pole faults, the strategy results in significant improvement in converter
and overall system response with respect to conventional HB-MMC based HVDC
grids. In detail, voltage and power recovery times can be reduced by up to 35%

and 50.3%, respectively.

e During pole-to-ground DC faults, the strategy ensures that all converters retain
control of active and reactive power exchange with the AC grids. At least half of

the rated power capability can be maintained leading to faster post-fault power
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flow restoration. Furthermore, over-voltage of the healthy pole is avoided, and

the DC voltage stress on converter transformers is mitigated by 25%.

e The strategy is not dependent on high-speed fault detection and discrimination
algorithms. For illustration, a simplified non-unit protection method based on
under-voltage and du/dt with a sampling frequency of 20 kHz was selected and

found to be more than adequate.

e A quantitative and qualitative comparison for various ratios of FB-SMs to total
SMs highlighted that the proposed strategy offers several avenues for performance
optimisation of HVDC grids integrating CH-MMCs. Therefore, the strategy can
be tailored according to the practical design considerations and broader system
operational objectives in order to achieve a trade off between cost and the desired

degree of fault-ride through capability.

8.1.4 Accurate Fault Location Method for HVDC Grids with Minimal

Time Window Requirements

A novel single-ended frequency domain fault location method with improved accuracy
is developed, which overcomes issues that are anticipated to be faced in future large
scale HVDC grids. An extensive review on existing fault location methods highlighted
that there is a range of options for locating DC faults in HVDC systems, nevertheless,

the following identified challenges have not been adequately addressed:

e Current methods are either designed for point-to-point HVDC links in which large
post-fault measurement data sets are available due to the slower response of their
protection systems, or are designed for HVDC grids but have ignored the impact
of high-speed DCCBs on the data window length.

e The application of fault location methods for heterogeneous transmission line
media (or hybrid lines) that have segments of both cable and overhead lines has

received very limited attention.

To address the above challenges, the proposed method is designed to operate based
on an adjustable limited post-fault data window that is selected based on the avail-
able time frame between fault inception and subsequent events arising from the actions
of high-speed DCCBs or other protection equipment. The same generic HVDC grid
section used for the generalised non-unit protection design is employed and used as
the fundamental starting point for the design of the technique, thereby ensuring its
applicability for a wide range of HVDC grid equipment that may be selected during

the project design stage, and its suitability in a multi-vendor environment. Based on
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the available post-fault voltage traces, a frequency domain voltage profile is initially
constructed, which is then iteratively evaluated against theoretical voltage profiles us-
ing a routine based on a genetic algorithm regime. The mathematical formulation of
travelling wave principles in conjunction with the flexibility offered by the genetic al-
gorithm allow for accurate DC fault location estimation for cables, OHLs and hybrid
transmission media of an arbitrary number of segments. An extensive simulation-based
analysis has demonstrated the effectiveness of the method across a wide range of DC

fault cases, and has revealed the following key features:

e The proposed fault location method has been found to provide a high level of
accuracy for any transmission line geometry including hybrid lines, and for both
pole-to-pole and pole-to-ground faults. A comparison with existing techniques in
the technical literature revealed that the method demonstrates improvements in

terms of both average and maximum error in fault location estimation.

e Using 500 kHz sampling frequency, the average error in fault distance estimation
was observed to be 0.071% for a cable, 0.141% for an overhead line and 0.094%
for a hybrid transmission line, each with a length of 200 km. Furthermore, an
average estimation error of 0.1422% has been observed for a three-segment line
with 500 km length.

e A sensitivity analysis of the employed sampling frequency revealed that relatively
accurate fault location estimation (/0.15% error) can be achieved at 100 kHz for
faults on DC cables, but use of 500 kHz is recommended for applying the method
for overhead lines. Nevertheless, one of the merits of the proposed method is that
it relies exclusively on voltage signals, for which sampling rates in the order of

500 kHz can be readily achieved by the available voltage measuring technologies.

e In contrast to most existing methods, the proposed solution demonstrates in-
creased resiliency against highly resistive faults. In detail, fault resistances up to

500 ©2 have been found to have no effect on fault distance estimation.

e Due to the availability of longer data windows when faults at greater fault dis-
tances are required to be located, the performance of the fault location method

is improved for longer transmission line media.

e The proposed scheme is robust against noisy measurements as fault location esti-

mation errors remain unchanged for varying noise levels in voltage measurements.

e The comparison with existing methods showed that most techniques utilise data

windows of 10 ms or more. On the contrary, the proposed method requires only
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limited post-fault records (less than 2 ms), and is therefore practically applicable
to HVDC grids that employ high-speed circuit breakers with opening times in the

range of 2-8 ms.

8.2 Future Research

Based on the conducted research, several areas for future work have been identified.

Therefore, potential research directions are highlighted in the following paragraphs.

8.2.1 Further Assessment of Sampling Frequency Requirements for
HVDC Grid Protection and Location

The use of common voltage and current measuring devices is suggested in this thesis
for both protection and fault location applications, which implies a need for conver-
gence in their respective sampling frequency requirements. Based on current solutions,
this convergence seems to occur at a sampling rate around 100 kHz, which has been
identified to be suitable for many DC applications, with the exception of detailed fault
location methods that typically require finer capture of fault transients. Therefore,
further investigation of the adequacy of this rate for analysing transient phenomena for

HVDC grid protection and fault location applications is proposed for future research.

8.2.2 Extending Frequency Domain Analysis

This thesis presented a methodology that contributed to the development of generalised
design guidelines for voltage-based non-unit protection methods. The frequency domain
analysis can be extended to current signals to provide further guidelines primarily for
unit protection algorithms, such as travelling wave differential or other travelling wave
based methods. Furthermore, the analysis focused exclusively on faults on the DC-
side of HVDC grids to uncover the key factors that influence discrimination between
internal and external DC faults. Although it has been shown through the evaluation
studies of the proposed WT-based protection solution that external disturbances do
not lead to erroneous operation of the algorithm, this may not hold true for other non-
unit methods or for special cases of grid topologies and configurations. Representation
of external disturbances (AC faults, power changes, line disconnections etc.) in the
frequency domain will enable their investigation and ensure robustness of the selected

method against such events.
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8.2.3 Development of Back-up Protection Measures

The non-unit protection solution and the fault management strategy proposed in this
research concern exclusively primary protection system actions. Back-up protection
has received limited attention in the open literature and typically it is assumed to be
achieved via AC-side equipment which need several cycles to operate. Consequently,
further research is required to develop fast and effective back-up protection algorithms
and strategies. In addition, the effect of breaker failure and other events that activate
backup protection on the operation of the proposed fault management strategy should
be further investigated to identify any modifications required to accommodate back-up

protection measures, thereby ensuring survival of the HVDC grid.

8.2.4 Investigation of Fault Location Under Non-optimal Conditions

As follow-up research for the proposed fault location solution presented in this thesis,
the performance of the method under non-optimal conditions could be investigated.
In order to accurately estimate the fault position, the proposed method requires prior
knowledge of the transmission medium characteristics it is applied to. Consequently,
any discrepancy in the transmission line parameters that may result from degrada-
tion or ageing of the medium will have a direct effect on the proposed solution. A
sensitivity analysis of cable/line parameter variations (e.g. wave speed, thickness and
other characteristics of insulating/conducting layers etc.) is hence required to assess
the consequences of potential discrepancies and determine any mitigation actions that
can be applied. If available, actual transient fault record data over the lifespan of a

transmission line can be used for facilitating this analysis.
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Appendix A

Equivalent Converter Models for
FDA

This appendix describes the approach which can be used to represent different converter
topologies in the frequency domain. The presented equivalent models are only valid
during the initial transient period of PTP DC faults after the arrival of the first incident
travelling wave that travels from the fault location to the converter terminal. This short
period is sufficient for the purposes of frequency domain analysis that is used in Chapter

4 for designing high-speed non-unit protection algorithms.

A.1 Equivalent Model of Two-Level Converter

Figure A.1 shows the equivalent model of the two-level converter in the frequency
domain. In the transient stage of a PTP DC fault, the two-level converter can be
regarded as a controlled current source as the drop of DC-link voltage is still relatively
small. As a result, the grid current contribution can be ignored during this short period
and the two-level converter can be regarded as a parallel connected capacitor for the
purposes of frequency domain analysis. The equivalent converter impedance Z.o, is

given by:

Zeony = 1/sC (A.1)

where C' is the total DC-link capacitance. It is worth noting that this representation is
also valid for NPC converters and any other converter topology that contains a central

DC-link capacitor.
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Figure A.1: Equivalent model of the two-level converter in the frequency domain.

A.2 Equivalent Model of MMCs

Figure A.2 shows the equivalent model of MMC topologies in the frequency domain.
This model is valid for the most commonly used HB-MMC, FB-MMC and H-MMC,
as well as for the CH-MMC described in Chapter 6. The fault current contribution of
a MMC topology in the initial stage of PTP DC faults is governed by the discharge
of the distributed capacitors contained in the sub-modules of the converter. This is
because the MMC remains operational in the transient stage of PTP DC faults and
hence, there is initially no current contribution from the AC-side of the converter. In
this case, the upper and lower arm currents in each phase are almost identical and all

three legs of the converter carry a part of the DC fault current.

Lbc sLbc
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Larm "@ 1/5Ceq
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Figure A.2: Equivalent model of MMCs in the frequency domain.

As shown in Figure A.2, the converter impedance can be approximated as a series
RLC model:
2 1

2
Zconv = Req + SLeq + 1/SCeq = gRarm + SgLarm + 8301
eg

(A.2)
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where Rypm and Ly, are the converter arm’s resistance and inductance, respectively,
while Cj, is the total capacitance of a converter leg, Assuming exactly half of the total
SMs per converter leg remain connected at all times during normal operation of the

converter, then Cj., is equal to arm capacitance Cypp,.

A.3 Equivalent Model of LCCs

The work presented in this thesis including the application of frequency domain analysis
has focused on VSC topologies, which have been identified in Chapter 2 to be more
suitable than LCCs for facilitating the deployment of large-scale meshed HVDC grids.
Nevertheless, as HVDC grids in the future may develop organically based on initially
independent HVDC systems, it is likely that hybrid LCC-VSC systems will emerge as
is the case in the Wudongde three-terminal system in China [195].

Frequency domain analysis can be extended to LCC-based or hybrid VSC-LCC
systems. Accordingly, the equivalent model of LCCs in the frequency domain is shown
in Figure A.3. During the transient stage of PTP faults in a LCC-based system, the
converter’s control system has not responded yet. Therefore, the equivalent model
reflects the response of the DC-side system to the DC fault, and the fault component
from the AC grid can be neglected for the fault analysis during this stage. As shown

in Figure A.3, the converter impedance can be approximated by [193]:

Zeony = SLth//Z} = (2sLgr + SLl)//Z} (A.3)

where Z} is the series combination of DC pole filters Z; (typically series LC filters),
Lggr is the smoothing reactor per system pole, and L; is the leakage inductance of the

three-phase transformer.

Lsr Lbc sLpc
Yy ym
| ) ]
Y yy,
Lsr Lbc sLpc

Figure A.3: Equivalent model of LCCs in the frequency domain.
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Appendix B

Average Modelling of the
CH-MMC

This appendix describes the averaged model for the CH-MMC that was used for the
conduction of the electromagnetic transient simulation studies in Chapter 6.

Similar to HB-, FB- and H-MMCs, the CH-MMC practically adheres to the same
fundamental operating principles during normal operation. As a result, the same as-
sumptions made in Subsection 2.2.5 of Chapter 2 for the development of the HB-MMC
averaged model, also apply to this MMC topology. In practice, the CH-MMC is similar
in structure with the H-MMC as it also contains a HB chain-link and a FB chain-link in
each arm of the converter. The principal difference is that instead of an equal number
of HB-SMs and FB-SMs, the CH-MMC can have an arbitrary ratio R, i.e. the ratio of
FB-SMs to the total number of sub-modules.

In the average CH-MMC model, the HB chain-link is represented in a similar manner
as in the HB-MMC (see Subsection 2.2.5). Additional power electronic switches in a
full bridge configuration are included to represent the FB chain-link. Both the FB and
HB chain-links are shown in Figure B.1 that illustrates the averaged CH-MMC model
for a single leg (phase). The additional full bridge in each arm is introduced to mimic
the collective response of the FB-SMs during normal operation and converter blocking.
In normal operation, auxiliary IGBTs S1 and S4 are turned on for synthesis of positive
voltages, while IGBTs S2 and S3 are turned on for synthesis of negative voltages.

In analogy to the HB-MMC averaged model, controlled voltage and current sources
are also used in each arm of the CH-MMC model. In the following analysis, Ngas is
the number of total SMs, Ngp is the number of HB-SMs and Ngp is the number of
FB-SMs in each converter arm. Moreover, Vigpsas; is the HB-SM capacitor voltage of
the j* sub-module (with j € [0, Ny p]), Vrpsa, is the FB-SM capacitor voltage of the
k™ sub-module (with k € [0, Ngg]), and symbols U and L are used to refer to the upper
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Figure B.1: Illustration of one phase of the CH-MMC average model.

and lower converter arms, respectively. Since the analysis is valid on a per phase basis,
the phase notation (A,B and C) is omitted. The switching voltages across the upper
arm and lower arm of the MMC, V,,mmu—_gB and Vyrmr— g for the HB chain-links, and
Vermu—rB and Vg —pp for the FB chain-links can be represented by their average

voltages as follows:

N
Varmu-mB = > ;2% Vapsmu; = Vearmu—HB - MU—HB

N
Varmr—us =357 Vapsmr, = VearmL—HB - MU—-HB
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N
Varmu—rB = Y 21 VFBSMU, = VearmU—FB - MU—FB (B.2)

VarmL—FB = chvff VeBsmr, = VearmL—FB - MU—-FB
where Vigrm—mgp and Viegrm—pp are the total blocking voltages of the HB-SM and FB-
SM capacitors in each arm, respectively, which are given by Vi.gpm_gp = Zj-v:HlB Vs,
> Vpe - (1= R) and Vearm—rp = 0 F Viessu, > Ve - R.

In the average model, the inter-sub-module dynamics of the converter are neglected
and the SM capacitor voltages in eah arm are considered to be balanced and oscil-
lating together. Therefore, assuming Cppgsas as the cell capacitance of the HB-SMs,
the upper and lower arm equivalent capacitances are Cyp_y = Cypsym/Nuyp—uv and
Cup-1 = Cupsm/Nup-1, respectively, where Ngp_y and Nyp_r, is the number of
HB-SM capacitors that are inserted in the power path from the upper and lower con-
verter arm. Similarly for the FB-SMs, assuming Crpsas as the FB-SM capacitance,
the upper and lower arm equivalent capacitances are Cpp_y = Crpsy/Nrp—uy and
Crp—1 = Crsy/Nrp—1, respectively, where Npp_y and Npp_p is the number of
FB-SM capacitors that are inserted in the power path from the upper and lower con-
verter arm. Assuming m as the AC modulation index, Ngp_y, Ngp_r and Nrpp_yp,

Npp_ are approximated by:

Nup-u =~ tNpgp[l — msin(wt +6)] ~ Nup - mu_np (B.3)

Nup-r ~ $Nyp[l + msin(wt + 6)] ~ Ngp - mr_pp

Nrp—v ~ sNpp[l — msin(wt +6)| ~ Npg - my_rp (B.A)

Npp_1 ~ %NFB[l + msin(wt + (S)] ~ Npp-mj_rpB

Based on (B.3), the dynamics of the upper and lower arm HB-SM capacitors are
given by:

Cupsm  dy, ~i

Nupu  di carmU—HB armU—-HB

C d 1 . .

ZHBSM U HB A 5[1 — msin(wt 4+ 0)] - tarmU—HB (B.5)

Nyg dt

Corm—HB %VcarmU—HB X MU—HB * tarmU—HB
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Cupsm d v .
Nup_1 : & carmL—HB =~ larmL—HB
Cupsm d 1 ) .
————  —Vearmi—-aB ~ =[1 + msin(wt + 0)] - igrmi—HB (B.6)
NHB dt 2
d .
Corm—HB - &charmLfHB R ML—HB " tarmL—HB

where Cyrm—_pgp is the equivalent capacitance of all HB-SMs in each converter arm.
From (B.5) and (B.6), the upper and lower equivalent arm capacitor currents of the

HB chain-links are approximated by:

. - d - )
tcapi—~HB ~ Carm—HB * E‘/carmeHB ~ My—HB " tarmU—-HB (B 7)

] ~ d ~ .
YecapL—HB ~ Ca’rm—HB ’ E‘/carmL—HB ~ ML-HB " tarmL-HB

Similarly based on (B.4), the dynamics of the upper and lower arm FB-SM capaci-

tors are given by:

Crsm d v .
m : % carmU—FB ~ larmU—FB
CrBsm d 1 . .
——— —Vearmu—rB =~ =[1 — msin(wt + 0)| - tarmv—FB (B.8)
NFB dt 2
d .
Carm—FB : %charmU—FB ~ MU—-FB * larmU—-FB
Crsm d v .
NFB—L ' % carmL—FB =~ larmL—FB
Crpsm d 1 . .
————  —VearmrL—rB =~ =[1 + msin(wt + 0)| - igrmL—FB (B.9)
NFB dt 2
d .
Corm—FB - %V;:armLfFB N ML—FB " tarmL—FB

where Cyrm_pp is the equivalent capacitance of all FB-SMs in each converter arm.
From (B.8) and (B.9), the upper and lower equivalent arm capacitor currents of the

FB chain-links are approximated by:

. - d - .
tcapU—FB = Carm—FB * gz VearmtU—FB = MU—FB * tarmU—FB (B.10)
. N d N . ’
tcapL—FB ~ Corm—FB - E‘/VcarmLfFB ~ ML—-FB " tarmL—FB

Equations (B.1) to (B.10) describe the operation of the converter under steady-state
conditions, while the same principles also apply during PTG faults, when the FMS of
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Chapter 6 is employed. For pole-to-pole faults, the blocking state of the HB chain-links
is realised as described in Subsection 2.2.5 of Chapter 2. The blocking state of the FB
chain-links is achieved by gating off all the IGBTs S1, S2, S3 and S4, and by setting
the upper and lower arm modulation functions my_pg = myp_pp = 1. Under these
conditions, the fault current path through the CH-MMC during the current limiting
mode can be seen in Figure 6.4. Based on these modifications, the HB chain-links block
and the FB chain-links present increasing opposing counter-voltages (the magnitude of
which depends on ratio R) by charging arm capacitors Cyppm—rp, thus emulating the
behaviour of the CH-MMC during pole-to-pole faults.
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