Protection, Fault Location & Control in High Voltage Multi
Terminal Direct Current (HV-MTDC) Grids

Dimitrios Tzelepis

A thesis submitted for the degree of Doctor of Philosophy to
Department of Electronic and Electrical Engineering

University of Strathclyde

December 2017




This thesis is the result of the author’s original research. It has been composed by the
author and has not been previously submitted for examination which has led to the

award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due
acknowledgement must always be made of the use of any material contained in, or derived

from, this thesis.

Signature:




Abstract

With an increased penetration of renewable energy sources, balancing the supply and
demand is likely to be one of the major challenges in future power systems. Consequently,
there is a growing need for meshed interconnections between countries in order to
effectively share the available power capacity and thereby increase operational flexibility
and security of supply. This has been raised as a major issue in Europe but also in Asia
and United States of America.

The concept of supergrid has been identified as a possible solution towards a new
backbone transmission system, permitting massive integration of renewable energy sources.
High voltage direct current (HVDC) links, utilising voltage-source converters (VSCs),
are expected to become the preferred technology for the realisation of such a supergrid.
This is due to the fact that such systems offer improvements in terms of system stability,
lower cost and operational losses. A natural extension of the existing point-to-point
HVDC transmission technology is a multi-terminal direct-current (MTDC) system which
utilises more than two VSC stations, effectively forming a DC grid. Such a configuration
can provide further technological and economical advantages and hence accelerate the
realisation of a supergrid. However, technical limitations still exist, and it is not yet a
straightforward task to construct and operate an MTDC grid, as several outstanding
issues need to be solved. Consequently, it is essential to study, analyse and address
potential challenges imposed by MTDC systems in order to enable widespread adoption.

Even though numerous challenges are introduced for the practical implementation of
MTDC networks, this thesis deals with the challenges related to the DC-side faults, which
is the main issue when considering HVDC technology. DC-side faults in HVDC systems
are characterised by large inrush currents caused by the discharge of trapped energy
in the system capacitances, escalating over a very short period of time. These include
lumped capacitors installed on the DC side of converters, transmission line capacitances,

and also the sub-module capacitors contained within modular multi-level converters.
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When faults occur in multi-terminal HVDC grids, the DC protection system is
expected to minimise the detrimental effects by disconnecting only the faulted section
while permitting the remaining healthy part of the grid to continue normal operation. Such
requirements introduce the need for transient DC fault characterisation and subsequent
development of a discriminative, fast, sensitive and reliable DC protection method.
Therefore, one of the main objectives of this thesis is to provide demonstrable solutions to
the key challenges involved in protecting MTDC grids, and hence enabling the realisation
of HVDC-based supergrids. Two alternative, novel protection schemes are proposed,
designed and assessed with the aid of transient simulation. The key advantages of the
proposed schemes consist in enhanced reliability, fast fault detection, superior stability,
and high level of selectivity. To further validate the practical feasibility of the schemes,
small-scale laboratory prototypes have been developed to test the performance of the
schemes under real-time fault conditions.

It should be also highlighted that when a permanent fault occurs in an HVDC
transmission system, accurate estimation of its location is of major importance in
order to accelerate restoration, reduce the system down-time, minimise repair cost,
and hence, increase the overall availability and reliability of HVDC grids. As such,
another contribution of this thesis is related to the challenges involved in accurate fault
location in HVDC networks, including non-homogeneous transmission media (i.e. the
lines which include multiple segments of both underground cables and overhead lines).
Two novel fault location methods have been developed and systematically assessed. It
is demonstrated that the schemes can reliably identify the faulted segment of the line
while consistently maintaining high accuracy of fault location across a wide range of
fault scenarios. Further sensitivity analysis demonstrates that the proposed schemes are
robust against noisy inputs.

In its concluding section, the thesis also outlines a few possible avenues of further

research in this area.
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Chapter 1

Introduction

1.1 Introduction to the Research

High Voltage Direct Current (HVDC) power transmission is becoming increasingly
competitive compared to high-voltage alternate-current (HVAC) power transmission,
especially for bulk power transmission over long distances. This is because of many
commercial and technical advantages introduced by HVDC trasmission systems, utilising
the most recently developed voltage source converters. Those advantages include bulk
power transfer (notably from offshore wind) over long distances [5], upgrading existing
AC networks [6], interconnection of asynchronous grids and black start capability [7].
HVDC technology can be formed by two distinctive technologies, namely Line Com-
mutated Converters (LCCs) and Voltage Source Converters (VSCs) [8]. The LCC-based
technology has been a key player in bulk power transmission around the world over
the last sixty years [9]. However, it is accompanied by some well-known issues (e.g.
commutation failure and relatively large reactive power consumption [10,11]), that have
historically limited the applications of HVDC technology. Such limitations have been
overcome by the introduction of VCSs which are capable of providing independent control
of active and reactive power, immunity to commutation failures, faster dynamic response
and connectivity to weak grids [8]. Over the last decade, such technology has become
a universally-accepted solution for HVDC transmission due to all the aforementioned
dynamic features and operational flexibilities [12]. Those have been achieved by the
utilisation of two-level and neutral-point clamped converter topologies [13]. Further
improvements with regards to fault blocking capability, semiconductor losses, scalability,

improved AC-side waveform quality and elimination of DC-link capacitor, have acceler-
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ated the adoption of the so called Modular Multi-level Converters (MMCs) in many of
the recent HVDC transmission system projects [14-16].

The majority of presently operational and planned HVDC links are point-to-point
with two points of connection with AC networks. These connections are utilised for long
distance power transmission within a country or for interconnection between different
countries. At present, there is only one MTDC grid in operation located in Zhoushan,
China which was commissioned in 2013 [17]. However, with an increased penetration of
renewable energy sources (RES), balancing the supply and demand is likely to be one of
the major challenges in future power systems [18]. Consequently, there is a growing need
for meshed interconnections between countries in order to effectively share the available
power capacity and thereby increase operational flexibility and security of supply. This
has been raised as a major issue in Europe but also in Asia and United States of America.

Due to several limitations of AC-based transmission (e.g. higher power losses for long
transmission lines, skin effect, high charging currents and prohibited interconnection of
asynchronous grids [19]), the utilisation of meshed DC grids is considered one of the
viable options for the aforementioned interconnections. Specifically, Figure 1.1 illustrates
the cost and losses distribution for AC and DC-based power transmission. Even though
DC systems require higher initial cost and impose larger terminal losses, after a ‘critical

distance’ the transmission of power is more beneficial both in terms of cost and losses.

t |——Tota AC cost
| ——Total DC cost

| Critical distance

Losses

Investment Cost

DC terminal
cost

r _IACterminal g - A AC termina IDClterminaI
codt ‘ ‘ Josses | loses |

Distance Distance

Figure 1.1: Cost and losses curves for AC and DC transmission systems.

To enable more efficient interchange of power and also to harness RES, there is a
business case for setting up a European Supergrid. A supergrid can be defined as a
transmission backbone which allows massive integration of RES [19,20]. It has the

ability to connect different remote energy sources to an existing grid, offer improved
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controllability, bring efficient energy balance over a wide geographic spread, and most
significantly, allow a more diversified energy portfolio. There are several concepts for

the topological setup of such a supergrid, proposed by several organisations which are

depicted in Figure 1.2.

(c) Airtricity [23] (d) European Commision [24]
Figure 1.2: European Supergrid concepts.
In addition to the Eurpoean Supergrid, there are proposed concepts for setting up

supergrids in Asia and United States of America [25], which are shown in Figure 1.3(a)

and Figure 1.3(b) respectively.

(a) North-East Asia [26] (b) United States of America [27]

Figure 1.3: Non-European Supergrid concepts.
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It is therefore evident that in many respects the development of a wide HVDC super-
grid is an inevitable outcome, especially in Europe due to its leading role in renewables
integration. Even though HVDC technology introduces many major advantages (Table
1.1) upon which planned future supergrids are based, it is also accompanied by several
technical barriers and challenges. Therefore, the work presented in this thesis is associated

with the challenges imposed by DC-side faults.

Table 1.1: VSC HVDC trade-offs.

Advantages Challenges

Interconnection of asynchronous AC grids DC-side fault management
Flexible integration of RES Grid code establishment

Fast power flow control Complex control systems

Connection to weak AC grids Development of pricing mechanisms
Enhancement of AC system stability Generation of harmonics
Reduced pylon and cable profile Compound grounding systems

Long-distances bulk power transfer Low availability-reliability

1.2 Research Motivation

For the practical implementation and operation of MTDC grids there are several out-
standing issues to be solved. Major categories of these include power flow control [28-30],
dynamic behaviour and stability [7,31,32], grid and system integration [33—-35] and finally
fault detection and protection [1,36-38]. Consequently, it is essential to study, analyse
and address potential challenges imposed by MTDC systems in order to accelerate their
widespread adoption.

DC-side faults is the main issue when considering HVDC technology. This is due
to the fact that DC-side faults in HVDC systems are characterised by large inrush
currents caused by the discharge of trapped energy in the system capacitances. These
include lumped DC capacitors installed on the DC side of the VSCs, transmission line
capacitances, and also the sub-module capacitors contained within MMCs. When faults
occur in multi-terminal HVDC grids, the DC protection system is expected to minimise
the detrimental effects by disconnecting only the faulted section while permitting the
remaining healthy part of the grid to continue normal operation. However, DC-side faults
escalate over a very short period of time and hence the permissible fault clearance time

(detection and isolation) is very short (in the range of 5 ms). This amount of time is
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essential to prevent DC voltage collapse and is also subjected to thermal boundaries of
power electronic components and limited interruption capability of DC breakers. Such
a short fault clearance time is extremely challenging when a meshed DC system is
considered and line discrimination (i.e. disconnection of the fault line only) is required.
Furthermore, interruption of DC current requires dedicated breakers due to the lack of
zero crossing point. As such, longer time delays are introduced which should be taken
into account.

Regarding fault-related issues in HVDC grids, according to ‘ENTSO-E Code on
HVDC Connections and DC-connected Park Modules’ [39], HVDC systems (including
DC overhead lines), shall be capable of fast recovery from transient faults within HVDC
system. In addition to this, it is highlighted that with regard to priority ranking in the
area of protection and control, the HVDC system owner shall organise its protections
and control devices in compliance with the following priorities, listed in decreasing order

of importance:

e Network system and HVDC system protection.

Active power control for emergency assistance.

Synthetic inertia, if applicable.

Automatic remedial actions.

Limited Frequency Sensitive Mode (LFSM).

Frequency Sensitive Mode (FSM) and frequency control.

e Power gradient constraint.

It is therefore evident that fault protection is of the highest importance for the healthy
operation of HVDC grids. As such, the above-mentioned requirements and challenges
introduce the need for transient DC fault characterisation and subsequent development of
a discriminative, fast, sensitive and reliable DC protection method. Therefore, one of the
main objectives of this thesis is to provide demonstrable solutions to the key challenges
involved in protecting MTDC grids and hence enabling the realisation of HVDC-based
supergrids.

Additionally, as reported in ‘IEEE Guide for Establishing Basic Requirements for
High-Voltage Direct-Current Transmission Protection and Control Equipment’ [40], along
with the HVDC protection equipment, the following important subsystems should interact

closely and effectively to implement the required functions:

5
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e DC line fault locator.

e Electrode line monitoring equipment.

e Transient fault recorder.

e Station clock synchronisation equipment.

e Harmonics monitoring equipment.

e Converter valve cooling control and protection equipment.

o DC measuring equipment.

Consequently, fault location is another important function required to run alongside
protection. This is due to the fact that after the successful detection and isolation
of a fault, and assuming the fault is permanent, accurate estimation of its location is
of major importance in order to accelerate restoration, reduce the system down-time,
minimise repair cost and hence improve the overall reliability and availability of the
transmission system. This is particularly important in the case of a supergrid, where a
single disconnection can tremendously affect power exchange between different countries.
As such, another major objective of this thesis is to provide solutions towards estimating

accurately the location of a DC-side fault.

1.3 Research Methodology

The research presented in this thesis has been undertaken in stages. The overall method-
ology including the dependencies between different elements of the work are depicted in
Figure 1.4.

Initially, a review of HVDC-based transmission was carried out which included the
principles of operation and the technology of various components such as converters,
network architectures and DC breakers. This was followed by a comprehensive literature
survey of the existing and proposed protection and fault location methods, with the aim
of identifying possible research gaps (the requirements of protection and fault location in
HVDC systems have been identified at this stage).

Specifically, a review of existing and proposed MTDC protection and fault location
techniques revealed that much of the reported research focuses on the conceptual aspects
but neglects important practical facets (e.g. sampling frequency, time window, breaking

capacity and time response of DC interruption devices, processing of digitised signals).
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Review of HVDC Review of existing and Review of measuring
. proposed protection and supporting
transmission systems fault location methods technologies/techniques
[ ]
Review of learning-based Review of signal
analysis techniques processing techniques
Y VvV Vv VY V¥

Proposed protection and
fault location solutions

\ 4

Simulation-based modelling
and validation

v

Hardware prototyping and
hardware-in-the-loop testing

v

Outcomes and conclusions

Figure 1.4: Research methodology outline.

Additionally, it has been found that there is no discussion or studies on the practical
feasibility of the schemes, and the way measurements and signals exchange can be realised
locally (either on a line or busbar) or within a DC substation and different converter
terminals.

Further research has been conducted on the available measuring technologies to
support real-time monitoring and recording of the system phenomena. Additionally,
signal processing techniques suitable for analysis of fast transient phenomena as well as
learning-based methods have been evaluated.

Based on the identified research gaps and potential merits arising from the utilisation
of certain measuring technologies/techniques, signal processing methods and learning-
based analysis approaches, novel protection and fault location solutions have been
proposed. Specifically, optical hybrid sensors have been selected to enable distributed
current monitoring of transmission lines. Moreover, signal analysis belonging to Wavelet
transform group and pattern recognition techniques have been put forward.

The performance of the proposed solutions have been initially validated by simulation-
based analysis. It has been found that the utilisation of optical hybrid current sensors
and Wavelet-based signal processing can accelerate the performance of protection schemes

by enhancing the speed of operation, sensitivity, selectivity and stability. Moreover, it
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has been demonstrated that they can enhance the fault location accuracy and assist
towards the faulted segment identification when overhead lines and underground cables
are combined in one feeder. Further application of machine learning techniques have
been found to be useful for reducing the fault location error and hence increasing the
accuracy of calculations.

The proposed schemes have been also validated by developing small-scale hardware
prototypes and testing them under real-time conditions using hardware-in-the-loop (HIL)

testing.

1.4 Principal Contributions
The key contributions of this thesis can be summarised as follows:

e Novel ‘Single-ended Differential Protection’ scheme based on distributed optical
sensing. The performance of the scheme has been demonstrated in detailed transient
simulation, and further validated using a scaled-down laboratory prototype. The
key advantages have been outlined which result in enhanced reliability, superior

stability, and high speed of operation.

e Enhanced ‘Travelling Wave-based Fault Locator for Hybrid Transmission Systems’
based on distributed optical sensing, suitable for hybrid networks with segments of
overhead lines and underground cables. The performance of the scheme has been
validated both in detailed transient simulation and laboratory testing. The proposed
algorithm has been found to successfully identify the faulted segment of the line

while consistently maintaining high accuracy of the fault location estimation.

e Novel ‘Centralised Busbar Differential and Wavelet-based Line Protection’ scheme
which utilises the principles of busbar differential protection and travelling waves.
The performance of the scheme has been demonstrated in detailed transient simu-
lation, and further validated using real time, hardware-in-the-loop testing. It has
been found that the proposed scheme can provide fast and discriminative protection

for busbar and line faults, including both solid and highly resistive.

e Novel ‘Single-ended Pattern Recognition-based Fault Locator’ which utilises current
measurements of hybrid circuit breakers during the interruption process. The fault

location method was found to be capable of classifying pole-to-pole and pole-to-
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ground faults, while consistently achieving high accuracy of the calculation of fault

location.

e Utilisation and practical demonstration of optically-based sensing methods and
techniques, suitable for DC voltage and current measurement. Such measuring
techniques have been employed to achieve fast line differential protection, fault

location based on travelling waves and voltage distribution across the lines.

e A methodology for sizing DC current limiting inductors with respect to the required

protection performance, voltage level and highest permissible fault current levels.

e Investigation of IEC-61689 with regards to its suitability for capturing DC-side fast
transient phenomena and its applicability for DC protection applications. No such

studies have been found in technical literature.

e Characterisation of DC-side faults through systematic evaluation of their depen-
dencies on the converter topology, fault location, ground resistance, fault type and

operating condition. No such detailed study had been found in technical literature.

e Investigation and transient performance evaluation of the state-of-the-art DC

breakers and VCSs, suitable for DC-side fault studies in MTDC networks.

e Analysis and investigation of signal processing methods explicitly suitable for
accurate and fast detection of DC-side fault transients in HV-MTDC networks.
The impact of network components, such as current limiting inductors, is also

considered in the analysis.

1.5 Thesis Overview

An outline of the work contained within this thesis is presented below:

Chapter 2 reviews the background literature relevant to HVDC grids. The review
includes network architectures, converter designs and configurations, transmission lines
and alternative grounding options. Additionally, the chapter includes important material
related to DC protection such as DC circuit breakers and various techniques for DC
voltage and current measurement. The techniques and approaches which enable fast,

effective and efficient full-scale modelling of HVDC grids are also described and analysed.
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Chapter 3 describes the outcome of a systematic, theoretical as well as simulation-
based transient analysis of DC-side faults. The characterisation is carried out considering
converter operating stages during DC-side faults, and their dependencies on converter

topology, fault type, fault resistance and operating conditions.

Chapter 4 analyses faults in MTDC networks focusing on the fault transient phe-
nomena known as travelling waves. It has been established that the transient-based
studies do not depend on the converter topology (or generally on the power source), but
rather on the DC network components such as current limiting inductors, cables/lines and
DC breakers. For these studies, cables and lines are modelled with a detailed approach,
in order to represent all transient phenomena. Additionally emphasis is given to signal

processing methods for obtaining a deeper insight into the nature of the faults.

Chapter 5 presents two novel protective solutions for MTDC networks enabling fast,
sensitive, reliable and discriminative protection. Simulation and experimental results are
presented to verify and support the feasibility of the proposed protection strategies. This
chapter also includes an explanation of the optical sensing technology, which is a key
enabler for one of the proposed protection methods. Moreover, the practical challenges

and requirements with regards to protection in HVDC grids are also discussed.

Chapter 6 describes the principle of operation and assesses two novel fault location
algorithms, also developed as part of this research work. The proposed methods aim to
accurately estimate the distance to fault in HVDC transmission lines. Transient simula-
tion based studies and experiments are presented, which verify the practical feasibility
of the proposed schemes. A few technical challenges related to the distance estimation

accuracy requirements are also discussed in this chapter.

Chapter 7 concludes the thesis by summarising and highlighting the key outcomes
and contributions resulting from this work. A few potential avenues for future research

in this area are also suggested.
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Chapter 2

Layout, Control and Modelling of
HVDC Grids

2.1 Basics of HVDC

HVDC power transmission is becoming increasingly competitive compared to HVAC, due
to numerous commercial and technical advantages such as those listed below [5,6,8,41-43]:
e Efficient bulk power transfer over long distances (notably from offshore wind).

e Interconnection of asynchronous grids.

e Black start capability.

e Reduced cable and tower profile.

e AC system frequency support.

e No technical limit to the length of a submarine cable connection.
e Increase of power infeed without increasing the short circuit level.

e AC decoupling (immunity from impedance, phase angle, frequency or voltage

variations).
e Independent management of frequency and generator control.
e AC system stability improvement.

e Independent and fast control and provision of active and reactive power.

HVDC technology can be formed by two distinctive technologies, namely LCCs and
VSCs [8]. The LCC-based technology has been a key player in bulk power transmission
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around the world over the last sixty years [9]. However, it is accompanied with some
well-known issues, which to a certain extent limit further applications of this technology.
One of the limitations is the significant amount of reactive power required at both ends of
the HVDC link. Such requirement originates from the thyristor firing after commutation
voltage becomes positive. This results to a delay in the current rise (with respect to
voltage) and hence both rectifier and inverter consumes reactive power [10]. An additional
major drawback of LCC-based technology (especially in the context of supergrids) is the
difficulty to be connected to weak grids such as wind farms. In such grids the effective
short circuit ratio and the inertia constant are both significantly lower [44] and therefore
LCC-based technology cannot be utilised easily. Moreover, large harmonic filters are
required, which in the case of offshore wind farms, calls for bigger platforms located at
rectifier stations [45,46]. One of the most important challenges in the employment of
LCC-based technology is the commutation failure under fault conditions [11], which leads
to the interruption of transmitted power [47] and impose further electrical stresses on
the converter equipment [48].

The aforementioned limitations have been overcome by the introduction of VCSs,
which are capable of providing independent control of active and reactive power, immunity
to commutation failures, faster dynamic response and connectivity to weak grids [8].
Over the last decade, due to all the aforementioned dynamic features and operational
flexibilities [12], such technology has become the universally-accepted solution for HVDC
transmission. This has been achieved by the utilisation of two-level and neutral-point
clamped converter topologies [13]. Further improvements with regards to fault blocking
capability, lower semiconductor losses, scalability, improved AC-side waveforms quality
and elimination of DC-link capacitor, has led to the increased adoption of MMCs in
many of the recent HVDC transmission system projects [14-16].

It should be highlighted that the main reason VSC-based technology is superior than
the LCC-based (especially in the context of supergrids) relies on the power reversal
mechanism. In VSC-based systems, power flow can be reversed without altering the DC
voltage polarity. On the other hand, LCC requires voltage reversal in order to change the
power flow direction. This is not a challenge for point-to-point links, but LCC does not
support a meshed grid operation without physical isolation. Consequently, VSC-based
technology is the natural choice for the implementation of meshed DC grids.

A simple representation of an VSC-HVDC system is shown in Figure 2.1. Active

16



CHAPTER 2 Lavyour, CONTROL AND MODELLING OF HVDC GRIDS

and reactive power is fed to or from a converter, operating as a rectifier or inverter
respectively. DC power is transferred through a transmission media (cable or overhead
line), and is independent of the AC frequency, phase and voltage level. Power converters
are connected with AC grid using power transformers. This arrangement provides a
galvanic isolation which is essential especially in the cause of faults both on the AC
and DC side of the system. AC-side filters are also utilised in order to eliminate all the
unnecessary harmonics, present both on voltage and current components. The formation
of harmonics is mainly determined by the switching frequency of semiconductor devices,
the selected control approach and the converter architecture. A reactor is usually utilised
on the AC side to act as a low-pass filter for the line currents. Due to its inductive nature,
it limits the rate of change of current and prevent abrupt changes in voltage polarity,

caused mainly by the switching of the valve devices and faults either on AC or DC side.

Converter

AC grid  Transformer
DC transmission media

Figure 2.1: Typical structure of an VSC-HVDC system.

2.2 Network Architectures

An HVDC transmission system can be formed by adopting numerous operating design
architectures. The most commonly accepted are presented in this section indicating their
characteristics, advantages and disadvantages. The reviewed HVDC network architectures

are summarised in Table 2.1 and depicted accordingly in Figures 2.2 to 2.6.

Table 2.1: HVDC Network Topologies.

Monopole Bipole

Symmetric Metallic return
Asymmetric - Metallic return ~ Ground return
Asymmetric - Ground return -

Monopole configurations, as the name indicates, employ only one set of conductors.
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Such systems are the simplest and least expensive for moderate power transfers, since
only one high voltage insulated cable (or line conductor) and two converters (one per
each terminal) are required.

Bipole configurations introduce at least two converter stations located at each DC
terminal which gives an advantage of a doubled power rating, compared to monopole
configuration. Moreover, the advantages of a bipole solution over a solution with two
monopoles are reduced cost, due to one common or no return path, and lower losses. The
main disadvantage is that unavailability of the return path with adjacent components
will affect both poles.

According to the return path option, both monopole and bipole configurations can be
further classified. For return path, such systems can be equipped with ground electrodes
(both sea or land electrodes) or with dedicated insulated conductors of medium-voltage,
normally know as ‘metallic return’ [49]. The main difference is that for the ground return
configuration, each station is individually grounded whereas the metallic return needs
only one grounding point. What is also worth mentioning is that the metallic return
path is utilised under situations where the earth resistivity is too high, or when other
underground metallic installations can interfere with the system [18]. Additionally, the

metallic return path has a very low insulation requirement.

2.2.1 Symmetric monopole

Symmetric monopole configuration (refer to Figure 2.2) assumes the DC voltage on
each pole to be half of the nominal. In such a configuration, DC-side grounding can be
totally absent, or alternatively located at the mid point of the DC-link capacitors [43].
Such a configuration has a unique characteristic that eliminates the AC feed during pole
to ground faults and at the same time the AC-side transformer is not exposed to DC
stresses [50]. However, due to the insulation requirement of both conductors, it has a

higher cost than other monopole configurations.

VSGC VSC,

Figure 2.2: Symmetric monopole.
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2.2.2 Asymmetric monopole with metallic return

Asymmetric monopole with metallic return operates with full nominal DC voltage on
one of the poles. Due to the utilisation of a metallic conductor as a return path (refer
to Figure 2.3), such a configuration does not introduce any ground currents. Since the
full voltage is present on one of the poles, the metallic conductor has low requirements
for high voltage insulation. Additionally, such network architecture can be expanded
to a bipole network [18]. However, such a system requires that the AC transformers
be designed for DC stresses and there is a limited redundancy compared to a bipole

configuration [2].

VSC: VSC.

|||l—

Figure 2.3: Asymmetric monopole - metallic return.

2.2.3 Asymmetric monopole with ground return

Asymmetric monopole with ground return configuration employs ground electrodes,
located at both converter stations, as the return path. In such a case the positive pole
voltage is equal to the full nominal DC voltage. This topology offers the great advantage
of significantly reduced cost due to requirement of a single DC conductor. Additionally,
by a quick observation of its equivalent circuit, depicted in Figure 2.4, it can be seen
that there is an option for expansion to a bipole network. However, during DC pole to
ground faults there is an in-feed from the AC side which in turn imposes the need for
the DC stress resilience of the AC side transformer [1]. Moreover, permission is required

both for continuous operation with DC ground current and the installation of electrodes.

VSC: VSC
- 1

Figure 2.4: Asymmetric monopole - ground return.
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2.2.4 Bipole with metallic return

Bipole with metallic return systems utilise a single metallic return path to be shared by
both poles as shown in Figure 2.5. Since the two poles operate with an equal voltage,
the current will flow to the return path only in the case of voltage imbalance between
the two poles. If a fully insulated cable were to be installed as the metallic return, it
could be used as a spare cable during a faulted condition and thus provide a more flexible
solution [50]. Moreover, in such network architecture there is a 50 % redundancy of the
total rating. On the other hand (and compared with monopole configuration) the cost
for the same voltage and power rating is higher. Additionally, there is a requirement for
low-voltage insulated neutral conductor and the AC transformers should be designed to

withstand DC stress [2].

VSCG VSC,
1+ [ |
1 4@
VSGCs VSCa

le H

Figure 2.5: Bipole - metallic return.

2.2.5 Bipole with ground return

Bipole with ground return configuration introduces the placement of ground electrodes
at each side as shown in Figure 2.6. Compared to bipole with metallic return, this
topology is costly effective as it does not require an extra conductor. However, compared
with monopole configuration the cost for the same voltage and power rating is higher.
Moreover, during DC pole-to-ground faults, there is an infeed of fault current from the
AC side and hence the AC transformers should be designed to withstand DC stress.
Additionally, permission is required both for temporary operation with DC ground current

and the installation of electrodes (including environmental effects) [2].
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VSCu VSC,
1+ 1
4@ .
VSGCs VSCa
1 4@
I 1

Figure 2.6: Bipole - ground return.

2.2.6 Multi-terminal

Multi-terminal systems can be designed based on all the configuration mentioned above
with their advantages and disadvantages. For the sake of a robust DC voltage and power
control, especially for large wind farm integration [51], multi-terminal HVDC networks
are constructed using the symmetric monopole. An example of a MTDC network based

on symmetric monopole architecure is depicted in Figure 2.7.

VSC: VSC.
[ |
q L] 4@
VSCa
i
VSGs
VSCs
_l
_i

Figure 2.7: Multi-terminal.

As it can be observed, only the symmetric monopole operates with negative and
positive DC voltage. In the case of asymmetric monopole, only one pole operates at full
DC voltage. Nevertheless, a negative polarity is preferred (mainly for overhead lines) due

to reduced corona losses and radio interference [18].
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2.3 Converter Designs

2.3.1 Two-level converters

The two-level converter is by far the most common VSC for a wide variety of applications
such as industrial drives, automotive drive systems and integration of renewable energy
sources. Figure 2.8 illustrates the basic structure of a two-level VSC. Such converter
is equipped with a short-term energy storage (i.e. DC capacitor) whose main purpose
is to cater for a low-impedance route during the converter turn-off phase (fraction of a
fundamental cycle) and hence maintain a constant DC-side voltage (Vg.). An inductance
is also connected in series with the AC terminals which should maintain the AC-side

currents sufficiently constant in the short time-frame between switching.
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Figure 2.8: Two-level VSC.

A two-level VSC synthesises an AC voltage at its terminals from the DC voltage
supplied to it and vice versa. This is typically implemented using a fast switching technique
(e.g. PWM, SPWM) between the voltages at the upper and lower DC supply [3] as
illustrated in Figure 2.10(a). High order switching harmonics are removed by appropriately

sized AC-side filters.

2.3.2 Neutral point clamped converters

Further improvement of two-level converter has been achieved with a three-level topology,
using the Neutral Point Clamped (NPC) converter as illustrated in Figure 2.9. The use of
optimal PWM (detailed switching selection to reduce harmonics [52] and third harmonic
injection [53] to boost DC voltage utilisation) allow a further reduction in switching
frequency, harmonic generation and losses.

Due to the voltage withstand of each IGBT, both in two-level and three level designs,
each switch in reality consists of hundreds of series-connected IGBTs. Consequently this

creates some additional challenges related to control of the simultaneous switching of the
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Figure 2.9: Three-level Neutral Point Clamped VSC.

IGBTs. Another major drawback of such converter design is the generation of harmonics
(see Figure 2.10(b)), which in turn increase losses, size of filtering equipment and hence

the footprint (very important in offshore platforms) [54].

2.3.3 Modular multi-level converters

In an attempt to overcome the aforementioned challenges, manufactures have proposed a
new converter design concept known as MMC, as illustrated in Figure 2.11. Both the
working principle and the design of the MMC are completely different from two-level and
three-level converters. From the design point of view, it is observed that the DC-link
capacitance is completely absent. In fact, the total capacitance is now divided and
installed on each sub-module (SM) which each arm is built upon. Each sub-module can
be constructed by adopting half bridge [55], full bridge [56] or mixed cell topology [57].
In order to balance any transient voltages and limit possible fault currents, arm inductors
(Larm) are also inserted [58,59].

In MMC-based VSCs, AC and DC voltage is formed by connecting and disconnecting
the capacitors in the series-connected SMs of each arm. The resulting voltage is now
formed in discrete levels as shown in Figures 2.10(c) and 2.10(e) (example AC waveforms
for 20-level and 400-level respectively), and it is evident that the resulting voltage is
smoother. As a result, the harmonic content in now significantly reduced (Figures 2.10(d)
and 2.10(f)), which means that AC-side filters can now be significantly reduced in size or
completely eliminated.

Due to its design and operating principle, MMC is characterised by some very
advantageous features such as lower switching frequency [60,61], DC fault blocking

capability [15,62], reduced semiconductor losses [63,64], enhanced reliability [65], reactive
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Figure 2.10: AC waveform and harmonic content for different converter topologies.

power support [66], improved AC and DC power quality [67] and scalability [68].

Even though the MMC offers a wide variety of advantages and operation features, it
comes accompanied with some challenges related to the control. Specifically, there is a
voltage balance issue of series-connected capacitors [69], which is very important as AC
and DC voltage is formed by the sum of these capacitor voltages [70]. Moreover, during
the operation there will always be some degree of voltage imbalance between the arms of
the converter. This will lead to the formation of circulating currents among the three

phase units, which will distort the sinusoidal arm current, and introduce further losses.
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Figure 2.11: Modular multi-level VSC.

2.4 Grounding Options

The aspect of system grounding is essential to power systems, as it affects the behaviour
of the system to transients, determines the load types which the system can accommo-
date and influences the system protection requirements and grading. The grounding
configuration refers to the way that any neutral point of a power component is connected

to the ground, which can be referred to any of the following devices:

o Generators

Transformers

Power Converters

STATCOMs/Filters

e Loads

Within the scope of VSC-HVDC fault analysis (especially for pole-to-ground faults),
grounding configuration plays a significant role. This is because different conducting
paths and current loops are formed within the system components during such faults. The
possible grounding configurations can be numerous depending on the point of grounding,
both at AC transformers (Figure 2.12), and DC-link capacitors (Figure 2.13).

System grounding forms a medium in order to keep the voltage-to-ground of each pole
to predictable and safe limits. In addition, it allows the isolation of faulted components

within the system during fault conditions. Determining the system grounding is strongly
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Figure 2.12: AC transformer grounding configurations.
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Figure 2.13: DC-link capacitor configurations.

related to the selection of system layout. Choosing the grounding scheme includes a
trade-off between cost of insulation, protection design and desired measuring points and
techniques.

The different options to connect the neutral connection point with the ground are
shown in Figure 2.14 [6]. The neutral point of the system can be left intentionally

ungrounded (no grounding) or solidly grounded. Additionally, by utilising and combining

R, L,C components, there is a option for an impedance grounding.

~4—— Solid
grounding

| |
. |
| T

| Impedance
: L 1< grounding
| T
| |

|

_F’_", No .
grounding

Figure 2.14: Grounding options.

Ungrounded systems refer to the system operation with no intentional ground

connection. In fact, such systems are connected to the ground through the capacitance
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of live conductors and the ground [71]. As there is no voltage reference, in most cases
such configuration forms an extremely high impedance. In fault conditions involving
ground, the resulting currents can be low, which is advantageous, as the system can keep
operating with ground fault present. Moreover, ungrounded systems are costly more
beneficial, as the capital investment for grounding equipment is eliminated. On the other
hand, an ungrounded system can produce high transient pole-to-ground over-voltages,
which can lead to breakdown of any involved insulation medium, or any other equipment.
In particular, in the case of a pole-to-ground fault, the faulted pole voltage would drop
to zero, while the voltage on the healthy pole would jump to a high value (nominal or
double nominal for assymetric monopole and bipole schemes respectively) [72].
Impedance grounded systems establish a connection with the ground via a
resistance, inductance, capacitance or any combination of them. This type of grounding
can be classified into high impedance and low impedance. Even though in practice there is
a clear difference between them, there are no standards for the level of current that could

potentially define them [73]. However, two general shortcomings can be deduced [74]:

e High Impedance = Limits the fault current. In particular a high value of impendence

can make the system as if ungrounded.

e Low Impedance = Such configuration can be characterised as solid. During faulty
conditions, such option will double the pole-to-ground voltage on the non-faulty

(healthy) pole.

In resistive grounding, the neutral is connected to the ground through one or more
resistors. In case of pole-to-ground fault, a resistive grounding can be used to reduce
the steady-state fault current. A low resistive grounding configuration can limit the
voltage while premiting a greater level of fault current. On the other hand a high resistive
grounding can limit the fault current, but the system voltage can be higher. When a
reactor is used to establish a grounding connection the rate of change of fault current can
be significantly reduced. However, during fault transients, an inductive component will
introduce a voltage between the ground and the neutral point. This imposes a voltage
rise in the healthy pole and introduces further electrical stresses. When a capacitive
grounding configuration is used, any voltage excursion is eliminated during pole-to-ground
faults. However, a capacitor would absorb a huge current after the fault, which could

cause problems to the performance of a protection scheme.
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Solidly grounded systems refer to the direct connection of a neutral point to
ground. Such configuration does not provide any restriction to the fault current levels.
However such behaviour can be advantageous, as it causes a faster fault detection. The
largest element of impedance in this configuration is formed by the soil surrounding
the grounding and the conductor itself. Consequently, during pole-to-ground faults, the
steady state fault current is only limited by the aforementioned elements.

Another concern regarding the system grounding configuration, refers to the DC
current distribution [75]. Great ground potential differences will be present due to the
flow of great DC currents. Such currents will flow through the transformer (taking into
consideration that their neutral is grounded) which in turn will introduce a DC bias
stress. Consequently such stress may cause noise, vibrations, rise of temperature and
even make protection systems mal-operate. Additionally, according to [76] the selection
of the grounding element can affect the distribution of DC currents in the neighbouring
AC system components. In particular, the error on AC measurements can be increased,
but also the current flowing to other substations’ transformers may experience a great

rise.

2.5 HVDC Circuit Breakers

The majority of the presently operational and planned HVDC links are point-to-point with
two points of connection. Traditionally, in these networks DC-side faults are disconnected
through AC-side breakers (see Figure 2.15(a)) or by fault blocking converters [60,62,77,78].
However, within the context of MTDC grids these two options are not practical, as
the whole grid would be de-energised. Consequently, the feasibility of operating secure
MTDC networks relies largely on the ability to quickly interrupt DC-side fault currents,
so that the operation of the healthy parts of the network is not compromised when one
element of the network is faulted (see Figure 2.15(b)).

DC-side fault currents in VSC-based networks are characterised by large magnitudes
with small rising time [79]. The absence of a natural current zero crossing (as is the
case with AC systems) requires a dedicated mechanism to drive the current to zero
while dissipating the energy stored in the short circuit (mainly trapped within the
system inductances [80]) before the switching element can successfully interrupt the
flow of current. Up to now there is not a globally accepted solution for HVDC current

interruption devices. This is due to the fact that designing and selecting a breaking
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Figure 2.15: Fault current interruption strategies.

device is a matter of operational losses, operating time, energy absorption withstand, size,
cost and expected maximum fault current level. Breaking time and energy dissipation
are two controversial aspects, since the smaller the breaking time the greater the energy
required to dissipate.

There are many HVDC circuit breaker (CB) concepts proposed in the literature;
however, all have a similar structure, consisting of a commutation branch to drive the
current to zero, a switching component for voltage withstand, and an absorption path for
dissipating energy. Usually the voltage-withstand switch component, consists of multiple
switches in series connection, since a single component cannot withstand hundreds of
kilovolts. It is a common practice that the voltage withstand component to remain
turned-off during healthy operation, in order to reduce operational losses. Regarding
the component for energy dissipation a surge arrester (SAr) is used. This can be a
Metal Oxide Varistor (MOV) or Zin Oxide (ZnO). According to the latest literature the
following devices can be applied to interrupt or limit the fault current in VSC HVDC

transmission systems:

e Hybrid Circuit Breakers (HbCBs).

e Solid State Circuit Breakers (SSCBs).
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o Active and Passive Resonance Circuit Breakers (A-RCBs, P-RCBs).

e Super-Conducting Fault Current Limiters (SCFCLs).

2.5.1 Hybrid circuit breaker

A schematic of a HbCB can be seen in Figure 2.16, consisting of three distinctive paths,
namely load path, commutation path and absorption path. During healthy operation the
current flows through the fast mechanical disconnector (FMS) and the load commutation
switch (LCS). When a tripping signal is initiated, LCS opens driving the current through
the commutation branch. This allows the FMS to open, as no current is flowing through
its contacts. In the next stage the commutation branch turns off, resulting in over-voltage
which causes the SAr to operate. From this point the current flows through the SAr,
where energy is dissipated and the current gradually falls to zero. Usually there is an
inductor in a series connection with the breraker, in order to increase the rise time of a

fault current [81].

Load path

—————————————————————————

Figure 2.16: Hybrid HVDC breaker.

Since there is no current flowing through the commutation branch during healthy
operation, the power losses are fairly low. Regarding the voltage requirements of LCS is
typically in the kilovolt range hence the number of IGBTs is significantly reduced [55].
Due to voltage withstand requirements of the commutation branch, there is a large
number of series-connected IGBTSs required which raises the entire device cost.

The HbCB concept was firstly introduced by ABB [82] and according to the manufac-
turer a breaking time of 2 ms (opening time of FMS) is achievable while the maximum
rating of the breaking current is 9 kA. There are a few alternatives of HbCB in the
literature [83] depending on the addition of extra components (e.g. switches, capacitors

and inductor) and circuit design.
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2.5.2 Solid state circuit breaker

SSCBs are build upon the fact that mechanical contacts are completely absent in the
CB circuit [84]. This feature makes SSCBs significantly faster than the aforementioned
HbCBs. A simple representation of a SSCBs can be seen in Figure 2.17(a). During healthy
operation the current flows through the load path, which consists of series-connected
semiconductor devices (e.g. IGBTs). When a fault is present and relays have sent tripping
signals to the breaker, the semiconductors devices will turn-off. This will force the current
to flow through the SAr, the voltage across the breaker will be suppressed to the clamping
voltage of the SAr. Then, reverse voltage is applied to inductance L, and the fault current

decreases. An alternative of SSCB can be seen in Figure 2.17(b).

Load path

(a) Design 1

Load path

(b) Design 2

Figure 2.17: Solid state HVDC breakers.

At this arrangement, the abortion path consists of a SAr in series connection with a
diode, which is installed vertically between positive and negative pole. During normal
operation current flows through the load path. After the successful detection of a fault,
the entire load path will turn-off. At this case the fault current will commutate through
commutation path which will immediately fade to zero and the inductance L will be
de-energised again by SAr. This circuit arrangement can reduce the energy required to
be absorbed by the breaker [85] by suppressing the surge voltage on the load path.

In all SSCB arrangements there is always a path (with multiple semiconductor devices)
which is turned-on during normal operation. This introduces increased operational losses
and hence such arrangements are not always favourable (even though they can achieve

very small interruption times) [86].
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2.5.3 Resonance circuit breaker

Resonance circuit breakers can be divided into passive and active, as illustrated in Figures
2.18(a) and 2.18(b) respectively [38]. The main concept of the RCBs is to oscillate the
current in order to create a zero crossing point for arc extinction.

For example, in P-RCB (Figure 2.18(a)) during normal operation the current flows
through load bath. Once a tripping signal is sent to the breaker, the CB will start opening
and current will commutate through the commutation path, consisting of a resonance
R, L, C circuit. After a few ms, current will start oscillating, until a zero crossing point
is present which will drastically lead to arc extinction. At this point, the total current
is still high due to the stored energy in the entire circuit inductance. After the arc
extinction, capacitor C' is charged and there is an over-voltage formed across the CB.
This will force the SAr to operate and hence the current will flow through the abortion
path, where it will gradually fade close to zero. The interruption process is finalised by
opening the residual current disconnector (RCD). The total operation time of the P-RCB

is considered relatively slow as it takes around 50 ms for full current interruption.

Load path

RCD R L C !

(a) Passive

Load path
;¢ Y
Commutation path
[~ Charging unit — > (=), Y
° R/CD : Y Sl\ m :
; NN Ir i *

(b) Active

Figure 2.18: Resonance HVDC breakers.

In A-RCB (Figure 2.18(b)) the principle is the same as in P-RCB. The difference lies
across the commutation path and the current oscillation mechanism. After opening the

main contact in load path, pre-charged capacitor C' will inject a negative current into the
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load path (by closing S7). This will significantly reduce the time to reach the initial zero
crossing in current (compared to P-RCB). The rest of the interruption process remains
the same. This CB is significantly faster than P-RCB; it takes approximately 20 ms for
the full interruption process. However, it requires an additional DC charging unit for the
capacitor.

The reason that RCBs (both active and passive) are relatively slow is due to the fact
that the CBs are quite slow to operate (usually in P-RCB the CBs are AC-air blast or
SF6 puffer [87], while for the A-RCB vacuum CBs are used [88]) and consequently there

is a latency for the arc extinction.

2.5.4 Super conducting fault current limiters

The main concept of SCFCL-based CBs is to provide a high impedance path to the fault,
which will reduce the instantaneous fault current level and minimise the requirements for
the breaker circuit (components’ rated power/voltage and size) [89,90]. Since SCFCLs
are actually limiters, they do not offer a full breaking solution; hence, they are always
accompanied with CBs and other extra components [91]. Some typical SCFCL-based CB
design concepts proposed in the literature are shown in Figure 2.19 [92,93].

In the design depicted in Figure 2.19(a), during normal operation the current flows
through the load path and the resistance value of R-SCFLC is low. After a fault is
present, the value of the resistance value of R-SCFLC will increase, providing a high
impedance path to the fault. This will limit the fault current to low level and then
the CB can interrupt a low DC current easily. Due to current limitation, the CB has
low requirements in terms of current breaking capability, voltage withstand and arc
extinction time. Due to the opening of the CB and the formation of an arc, the SAr in
the absorption path will be enabled, forcing the total current to reach near-zero values.

An alternative desing of SCFCL is depicted in Figure 2.19(b). This CB circuit is
mainly composed of a current-limiting resistance Ry, an FMD, a protective resistance
Rs, a SAr, and a current-limiting SCFCL-based inductor L. During normal operation,
FMD is closed and current flows through the inductance L-SCFCL (which is maintained
in the zero-resistance/superconducting mode). When a fault is present, due to the
current limitation of L-SCFCL, current will mainly flow through R;. Since low current
flows through FMD, it can now open (R will be inserted in the fault path). The fault

interruption will be completed by opening the RCD (current has now reached low values
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Figure 2.19: SCFCL-based HVDC breakers.

and interrupting low DC current is not so crucial). Any over-voltages and residual
currents within the breaker will be cleared by the SAr.

Even though SCFCL-based CBs can effectively limit the fault currents and hence
reduce the requirements of CBs, they require high energy during healthy operation. This
indicates high cost both for maintaining low temperatures but also for equipment.

Even though all the schemes have their own advantages and disadvantages, the HbCB
breaker has been found to posses the best total efficiency regarding the cost, losses and
applicability [84,94]. Such a circuit breaker has been considered as the possible candidate
for interrupting DC-side faults in future MTDC grids for this reason. In fact, the HbCB
concept has been utilised in many power system studies for MTDC networks, including

protection [36], fault analysis [50], modelling [14] and stability [95].

2.6 Voltage and Current Measuring Techniques

In order to capture DC-side fault transients for protection, control and fault location
applications, measuring equipment is required to be placed on HVDC installations [40].
Since DC-side fault signatures are characterised by a high-frequency content, high

analogue bandwidth and sampling frequency are required. High-voltage measurement
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equipment typically consists of a converting device, transmission device, and recording

device [20].

2.6.1 Resistive-capacitive voltage transformer

In VSC-based HVDC systems, measurement of voltage is usually obtained using resistive-
capacitive voltage transformer [20], as shown in Figure 2.20. Pure capacitive or inductive
voltage divider are not well-suited for the measurement of fast transients on account of

their limited transfer behaviour leading to narrow frequency bands [96,97].

Measurement

output _ -,

'o |

Coaxial cable :| Ibeteénah |
urden

R§ T° = =1 T
- |

O :

Figure 2.20: Resistive-capacitive voltage transformer.

The resistors connected in parallel to the capacitors are designed to guarantee
an extremely low resistance variation through time, electrical stress and temperature
[97]. 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 (occuring mainly during fast transients), the coaxial cable is usually
terminated with an external burden impedance. Resistive-capacitive voltage transformers

output an accurate voltage representation over a wide frequency band (typically from

DC up to 500 kHz) [97,98].

2.6.2 Zero-flux transformer

For the measurement of DC current in HVDC applications, closed loop transducers, also
called Hall Effect compensated, or zero flux transformers are commonly used [20, 98].
A typical structure of the transformer can be seen in Figure 2.21 [99] which consists of

two windings (W) primary and Wy secondary), a magnetic core, a Hall sensor and an

operational amplifier (OP).
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Figure 2.21: Zero-flux DC current transformer.

When primary current ;. flows through winding Wi it generates a magnetic field B
in the core which induces a voltage Vi, at the sensor output. The sensor output voltage
Viau is almost proportional to the magnetic field, which, in turn, is proportional to the
current to be measured. The primary current I,4. is compensated with current I, fed to
W5 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 I, is a true-to-scale, galvanically-separated
copy of the primary current [100]. 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 [96].

2.6.3 Fibre optic current sensors

Current sensors based on optical sensing commonly rely on the Faraday effect. The
Faraday effect describes that when light passes through a transparent medium under the
effect of a magnetic field, its travelling speed changes slightly. Consequently, light waves
accumulate an optical phase difference in proportion to the field’s strength.

A typical scheme based on Faraday effect is depicted in Figure 2.22. A laser with a
polariser generates a linearly polarised light wave. The 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 5. The combination of the analyser
and the photo-detector convert and modulate the polarised light into an electrical signal,
which in turns corresponds to the current to be measured.

In Figure 2.23 [101] a reflective fibre optic current sensor scheme is depicted which is
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Figure 2.22: Optical fibre current sensor as per the Faraday effect.

an enhanced version of the Sagnac interferometer [102].

i y
Optical fibre 2 Left and right
circular light waves
Light source | —_—> Retarder O Q
Detector H O

Signal processor

Current-related
phase shift

Figure 2.23: Fibre-optic current sensor.

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 the current to be measured.

The light source generates a light wave which is decomposed 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. This difference (detected and analysed by the detector and signal processor) is
therefore a direct and highly precise measurement of the current.

The aforementioned fibre-optic current sensor is commercially available by ABB [103],
and can measure uni- or bidirectional DC currents of up to 500 kA with an accuracy of

4+0.1% of the measured value.
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2.7 Control Structures

It is recognised that MMC-VSCs have some hierarchical-base structure as shown in

Figure 2.24. Such structure can provide flexibility on simulation models approaches [104],

type of study [54] and therefore on actual MMC-based applications.

As shown in Figure 2.24 the entire control structure of a VSC can be divided in the

following three layers:

e Dispatch/Station control

e Upper-level control

e Lower-level control

Dispatch/Station Control

Control mode selection
Vdcor P/ Vac or Q

!

Set-points for
PO Vi, Vac

Upper-level Control

Non-island

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
l

v I

Island

Vdcor P/ Vac or Q
control

Vac | power /

frequency control
and VCO

Decoupled current

controller and PLL

v Lower-level Control

PWM, Capacitor Coltage Balancing,
Circulating Current Suppression, etc.

v Valve groups

Figure 2.24: VSC control modes hierarchy.
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2.7.1 Dispatch/station control

Dispatch/Station control is responsible for the operating set points (Vye, Vg, etc) and
the operating modes to meet the requirement of DC and AC systems. By definition, the
control mode refers to the functionality control sets and structures which a converter
operates (DC voltage control, power control or frequency, and AC voltage control versus
reactive power or power factor control). The dispatch commands have to be controlled

by a system operator, similar to the AC systems [105].

2.7.2 Upper-level control

The upper-level control accepts reference signals (Vj.,, V., P*, Q*) from the dispatch

ac
and station control and outputs a voltage reference signal v>, . The main influencing
factor is the selection between ‘non-island’ and ‘island’ modes.

In non-island mode, VSCs are connected to a strong AC system with active syn-
chronous generation. The entire control structure of non-island mode is depicted in
Figure 2.25 where d — ¢ quadrature components af the AC currents are utilised. A
phase-locked loop (PLL) is used to generate the angle reference 6 from voltage V. at the
point of common coupling (PCC). The reference currents 4} and iy are generated by the
active and reactive power loops, located at axes d and q respectively. The active power
exchange (defined in d axis) is adjusted by DC voltage control or direct active power
control. Similarly, reactive power exchange (defined in ¢ axis) is adjusted by AC voltage
control or direct reactive power control at the PCC. Reference signals i; and i; are then
processed within the decoupled current controller. At this stage, voltage reference signals
vy and v, are generated which, with the aid of the PLL, are transformed into abc frame
and then sent to lower-level control.

For the sake of stable and safe operation of DC-side and AC-side networks, external
control loops may be added to the upper-level control [106-108]. Such control loops
enable advanced active and reactive power sharing between VSCs connected to the same
system, but also between VSCs and AC networks (including wind farms) [109-111].
Those assist on maintaining a safe range for AC/DC voltage [112], frequency [35,113]
but also enhance the system stability considering AC and DC dynamics [31]. Typical
droop controllers can be seen in Figure 2.26 which can be characterised according to the

following three categories:
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Figure 2.25: Upper-level control structure (non-island control mode).

e DC voltage

control mode.

e AC voltage

droop:

droop:

is used when multiple converters operate in DC voltage

is used when multiple converters operate in AC voltage

control mode, in conjuction with other AC voltage regulating devices in the AC

side (e.g. STATCOMS, SVCs, etc).

e Frequency droop: is used when a converter is operating in direct active power

control mode and is required (usually by dispatch control and system operator) to

have primary functions for the AC-side stability.

Island control mode is adopted when VSCs are connected to an AC system with

asynchronous generation (e.g. wind farms), weak grids or passive loads. As can be seen

from the structure of island mode in Figure 2.27, the underlying control procedure is

carried out using the voltages on d axis. Since there is no strong synchronous generation

on the AC side, the need for grid synchronisation is eliminated; hence, there is no
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Figure 2.26: Droop functions. DC current flows from the converter into DC system and
Positive Q and P flows from the converter into AC system.

decoupled current control requirement. Specifically, the angle reference 6* is directly
generated from a voltage oscillator [114]. Another benefit of this approach is that a PLL
can be eliminated as the frequency and phase of the AC voltage are directly set by the
controller itself [115].

Additional frequency droops may by added when the rated power of the AC system is
comparable to the VSC’s, and hence the power exchange can lead to significant frequency
deviations. AC voltage droops are usually required when more than one AC voltage

controlling units are connected to the same bus.
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Figure 2.27: Upper-level control structure (island control mode).
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2.7.3 Lower-level control

The lower level controls are responsible for the development of firing pulses, necessary
to generate the AC waveforms v}, . that were requested by the upper-level controls.
The structure of such control can change significantly according to the utilised valves,
converter architecture (i.e. two-level, three-level, MMC, etc.) or the MMC sub-module
configuration (e.g. half-bridge, full-bridge, mixed-cell, etc). In the case of MMC (which
is main converter technology in the studies presented in this thesis), the following three

major operations are included within the lower level control.

e Modulation: The purpose of a modulator is to generate the required switching
signals for the semiconductor devices on the basis of user defined inputs. Modulation
techniques include Phase Disposition PWM (PD-PWM) [116,117], Phase Shift
PWM (PS-PWM) [118-120], Space Vector PWM (SV-PWM) [121], Selective
Harmonic Elimination (SHE) [122-124] and Nearest Level Control (NLC) [61,125].
Due to the increase of number of levels in MMCs, the NLC has been found to be

the simplest and yet most effective [126].

e Circulating Current Suppression: During unbalanced grid voltage conditions,
the converter legs are under different voltage levels. This voltage variation results in
the generation of currents inside the converter, known as circulating currents [127].
Such current have negative sequence and double the fundamental frequency [59],
and introduce higher power losses, voltage fluctuation and hence thus reduce the
power transmission efficiency and increase the investment of MMC-HVDC in steady-
state [128,129]. For this reason additional control loops are included within the
lower-level control layer in order to remove the their existence. Typical concepts
include the Proportional-Resonant Circulating Current Suppression Controller

(PR-SCCC) or g-d Circulating Current Suppression Controller (d-g-CCSC).

e Capacitor voltage balancing: Since in MMCs there is a lack of common DC-
link capacitance, the total capacitance in now distributed within series-connected
submodules on each arm. One of the most important challenges is to balance the
voltage across the series-connected capacitors at their nominal values and hence
achieve power equilibrium among the submodules [64]. To meet this requirement,
a few methods are reported in [69,70,130-135], however, the least computational

and sophisticated voltage balancing algorithm is always favoured.
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2.8 Converter Models

Full scale modelling of MMC in electromagnetic transient simulation software is a
computationally intensive task, both in term of memory and simulation time. Such an
excessive computational burden is introduced by the need to include thousands of IGBTs
and other passive and active components (e.g. capacitors, inductors, etc.), which in turn
increase the number of nodes and matrices to be solved.

In an attempt to overcome these challenges, different modelling approaches have been
proposed by working groups and researchers [13,29,104,105,136-145]. The main idea is
to reduce the number of electrical nodes in converter model while maintaining simulation
accuracy, depending on the type of study and the required depth of analysis. Based on

the simplification and assumptions, seven major types of models have been recognised.

2.8.1 Type 1: Physics model

This type of model is illustrated in Figure 2.28, and each IGBT valve device is represented
by the full physics model. This type of model is not suitable for grid studies as the
complexity and number of nodes would require significant computational power. However,
this type of model is used mainly for thermal analysis, switching characteristics of valve

devices [137,138]; hence, it is useful for submodule design.

2.8.2 Type 2: Fully-detailed model

In this approach, the valve devices of each submodule are modelled as ideal switches
while the diodes are modelled as non-ideal, non-linear resistances [139] (utilising classical
characteristics of commercially available diodes). This model is used to study issues
related to switching characteristics and losses of valved devices and also for validation
of other simplified models. Further studies could be carried out such as capacitor
voltage balancing, circulating currents, controller tuning, power flows and faults, but the

simulation time would be excessive (especially for increased number of submodules).

2.8.3 Type 3: Simplified switchable resistances model

In this model type, semiconductor devices (both IGBT and diodes) are simulated as
resistors (see Figure 2.30) [13,139,140] with two values: one small value for the ON state

and one large value for the OFF state. The resistance value depends on the gate signal
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Figure 2.29: MMC Type 2.
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and the current/voltage. The same studies for which Type 2 is used may also be carried
out with this model, but with added speed. As in Type 2, further studies could be carried
out such as capacitor voltage balancing, circulating currents, controller tuning, power
flows and faults, but the simulation time would be excessive (especially for increased

number of submodules).
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Figure 2.30: MMC Type 3.

2.8.4 Type 4: Detailed equivalent model

The converter response of this modelling approach is achieved through controlled voltage
and current sources both for AC and DC side (see Figure 2.31), which replace the
submodules in each converter arm [104,139,141,142]. The signals driving the controlled
sources may include harmonic contents from modulation control or fault-blocking be-
haviour (OFF state). The main advantage of this approach is that the number of nodes is
significantly reduced, and thus enabling ultra fast simulation. Such models are suitable for
studies related to circulating currents, controller tuning, power flows and faults without

compromising the accuracy of the response.
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Figure 2.31: MMC Type 4.

2.8.5 Type 5: Average value model

In the average value models, the submodules are not explicitly modelled; the entire MMC
behaviour is represented using controlled voltage and current sources [139,143,144] as
illustrated in Figure 2.32. The controlled sources include the harmonic content from the
modulation control (or switching functions) in the AC voltage waveforms. With this
model type studies related to wider power systems may be carried out. These include
load flows, transients involving disturbances on AC systems or design and tune of high

level control systems (droop, upper-level, etc.)

2.8.6 Type 6: Simplified average model

Simplified average models (also called phasor models, RMS models or fundamental
frequency models) are based on the assumption that all harmonics are neglected while a
perfectly sinusoidal signal is present. As seen in Figure 2.33, the AC side representation
of the entire MMC is a voltage source behind an impedance (equvalent for transformer
and filters) while for the DC side, a current source with the equivalent MMC capacitor is
present [29,145]. Since the total MMC is over simplified, such model type enables large

time frame studies from seconds to tens of hours.
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Figure 2.32: MMC Type 5.
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Figure 2.33: MMC Type 6.

2.8.7 Type 7: RMS load flow mModel

Similar to Type 6, this model follows the same description and any converter transformer
shall be represented by an explicit transformer model in the power flow data. This model
can be used in power flow analysis for large AC and DC grids also for power system
planning studies. The main areas for the application of power flow calculations can be

divided in normal and contingency system conditions.

2.9 Transmission Line Models

Power system networks have profound dynamic characteristics containing behaviour in
the very wide frequency zone from DC to surge phenomena. As such, it is of major
importance to understand and represent the behaviour of power systems all over the

spectrum of interest. Different line models for steady-state and transient representation

47



CHAPTER 2 Lavyour, CONTROL AND MODELLING OF HVDC GRIDS

are presented in this section and can be allocated into three main categories as illustrated

in Figure 2.34.

Transmission
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Figure 2.34: Overview of transmission line models.

2.9.1 Series impedance RL

The simplest transmission line model consists of a single impedance (with series R — L
components), as illustrated in Figure 2.35. In such representation any capacitance is
neglected. With regards to HVDC studies, this model is only accurate for load flow
calculations. As such it cannot be adopted for representation of transient phenomena

especially when long transmission lines are involved.

R L

AN

Figure 2.35: Transmission line model based on R — L series impedance.

Such representation has been utilised for fault studies in medium voltage DC cables
in [146,147] and also for calculation of short-circuit currents in DC auxiliary installations

in power plants and substations in the IEC-61660 standard [148].

2.9.2 Lumped II sections

For this transmission line model, resistance R, inductance L, capacitance C' and conduc-
tance G are considered and uniformly distributed along the line. An approximate model
of the distributed parameter line is obtained by cascading several identical II sections, as

shown in Figure 2.36.
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Figure 2.36: Transmission line model based on cascaded lumped II sections.

An approximation of the maximum frequency range represented by the II line model

is given by

Nec

fmaa: = ﬁ (21)

where N the number of cascaded II section, ¢ the travelling wave velocity and [ the total
length of the line.

For studying interactions between a power system and control systems, this simple
model could be sufficient. However, for studies related high-frequency transients (in the
kHz-MHz range) and long transmission lines, multiple IT sections with small length should
be used. The models generally utilising cascaded II sections result in a poor representation
of the cable modes in the state-space plane. This can lead to false conclusions on the
dynamic response and stability margin of HVDC systems [149]. Moreover, due to the
additional reflections at the junctions between two neighbouring II sections, the resulting
waveforms can be artificially distorted [150]. Cascaded IT sections have been utilised to

simulate the HVDC cables for transient studies and converter control in [151,152].

2.9.3 Distributed parameters

When transmission lines are modelled considering distributed parameter, representation

of travelling wave theory is actually considered.

R/4 /2 R4 R/A /2 R/4

—AMA FAAANM FAA—

Figure 2.37: Transmission line model based on Bergeron approach.

The Bergeron model represents the total system inductance L and capacitance C' in
a distributed manner (as opposed to lumped II sections). Specifically, it is equivalent to
an infinite number of series-connected II sections except that the total system losses are
approximated by adding series lumped resistance elements into the loss-less, distributed

parameter branch as shown in Figure 2.37.
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Taking into account the total resistance R, the loss-less line is divided into two
segments, with length equal to [/2 [153]. Each segment has an R/4 resistance at each
end, and hence when such segments are combined, a lumped resistance of R/2 in the
middle and R/4 at each end is formed.

The frequency dependent models aims to represent the full frequency dependence
of a transmission system and considers multimodal wave propagation. These models
represent not only the total system inductance L and capacitance C in a distributed
manner but also the resistance R (as opposed to Bergeron model). The representation
over a wide frequency range is achieved by solving the line parameters at many frequency
points and hence such models are not very computationally efficient.

Distributed parameter models have been used for many transient-based applications

including fault location and protection [154-158].

2.10 Summary

In this chapter a comprehensive literature review of the background material regarding
HVDC grids has been presented. The review included network architectures, converter
designs and configurations, transmission lines and the available grounding options. Ad-
ditionally, the review included important material related to DC protection such as
state-of-the-art circuit breakers and the available measuring techniques for DC voltage
and current measurements.

The review of the background material contributed towards choosing the most suitable
network components for realistic modelling of HVDC grids. Specifically, regarding to
the network architecture, a symmetric monopole has been adopted due to its unique
characteristic that eliminates the AC feed during pole to ground faults and at the same
time the AC-side transformer is not exposed to DC stresses. Moreover, with regards to
DC breaker, the HbCB concept has been put forward. This was based on the fact that
such breaker has been found to posses the best total efficiency regarding cost, losses and
applicability. As such, it is considered as the possible candidate for interrupting DC-side
faults in future MTDC grids. For the selection of converters two major architectures
have been considered, namely two-level and half-bridge MMC. This was based on the fact
that the two-level converter is already installed in numerous HVDC-based transmission
systems and also in back-to-back configurations. Additionally, the MMC is adopted

in a few installations so far, while it is considered to be the key player to future and
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already-planned HVDC projects.

This chapter assisted also towards selecting the most suitable modelling approach for
MMC. In particular, the models of power converters utilised in this thesis are based on
401-level Type 4 half bridge MMCs. Such a representation has been validated against
fully detailed models, and has been demonstrated to accurately represent the converter
behaviour during steady-state, transient and fault conditions while remaining numerically
stable and computationally efficient.

Last but not least, the background material regarding the modelling representation
of transmission lines was also of major importance. Specifically, the modelling of HVDC
grids and the subsequent development of the proposed protection and fault location
schemes, was based on models belonging to distributed parameter family. This was based
on the need to capture all the transient phenomena on the high frequency range (kHz to

MHz).
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Chapter 3

Converter Fault Analysis

VSCs are highly vulnerable to DC-side faults, such as DC-link short circuits, DC cable
short circuits and DC cable ground faults. Among them, cable ground faults usually
occur more often than in other parts of the system, and are mainly caused by insulation
deterioration or breakdown, electrical stresses, environmental conditions, ageing and
physical damage.

Within the scope of developing protection and fault location schemes (which is one of
the primary objective of this thesis), it is essential to characterise DC-side faults and their
dependencies on converter topology, fault type, fault resistance and operating conditions.
Different types of DC-side faults (i.e. DC cable ground faults (pole-to-ground faults) and
DC cable short circuits (pole-to-pole faults)) are analysed, simulated and discussed in
the following subsections. The fault model utilised for the studies presented in this thesis

is depicted in Figure 3.1.
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(a) Pole-to-pole fault (b) Positive pole-to-ground (¢) Negative pole-to-ground
fault fault

Figure 3.1: Fault model representation.
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In this chapter, the fault analysis is carried out only from the converter point of view,
analysing the stages and the corresponding equivalent circuits on which faults can be
decomposed. Such studies have been implemented considering two major converter archi-
tectures, namely two-level and half-bridge MMC. The configuration of such converters
are shown in Figure 3.2; the associated parameters are listed in Table 3.1. The converters
operate at a symmetric monopole configuration at £400 £V, connected to a 300 km DC
line and the AC transformer is grounded on the AC side. Since the purpose of these
studies is the behaviour of the converters (and not transients occurring from the lines or

cables), transmission lines are represented with lumped R,L,C elements.

{_
&
=

(a) Two-level (b) MMC

Figure 3.2: Converter models for simulation-based analysis.

Table 3.1: System parameters for converter models.

Parameter Two-Level MMC
Number of levels 2 400
DC voltage [kV] +400 +400
Rated power [MVA] 200 200
DC line length [km] 300 300
DC-link capacitance [uF] 100 N/A
Equivalent arm capacitance [nF| N/A 20.84
Choke inductance [mH] 60 N/A
Arm inductance [p.u.] N/A 0.1
AC voltage [kV] 400 400
AC frequency [Hz] 50 50
AC short circuit level [GVA] 40 40
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3.1 DC-side Faults with Two-level Converters

3.1.1 Pole to pole faults

The DC cable fault response for two-level converters in general case can be characterised

by three stages as illustrated in Figure 3.3.

(a) Capacitor discharge (b) Diode freewheeling (c) Grid feed

Figure 3.3: Fault stage analysis of two-level VSC during pole-to-pole faults.

Capacitor discharge: This stage is the immediate effect after the fault occurrence.
Assuming that such stage is taking place within ¢ty < t < t; the cable current and DC

voltage can be calculated by

0 1, \%
Lie = Leap = Ceq% = —dCTwOe_Wtsin(wt &)+ - de e M sin(wt) (3.1)
eq
|7 1,
Ve = dﬁwoe_'ytsin(wt - — wgceq e Msin(wt) (3.2)

where

1 Reg \* — Req L (w
e _ = = :t —
w \/LC <2Leq> , Wo v+ W,y 2Leq’ £ an ~

Rey, Leg, Ceq are respectively the equivalent resistance, inductance and capacitance

(converter, cables/lines and any other lumped component).

Diode freewheeling: This is a conduction stage taking place after the capacitor

discharge, when V. drops to zero. The line current at this stage [18,146] is given by

ige = Lge( )t (3.3)

This stage can be very damaging for the anti-parallel diodes of the converter. In
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particular, the diode carries one third of the line current as given by
. . . Ide
ld(a) = la(p) = la(e) = 3 (3.4)

Grid feed: This is the last and steady state stage of the fault. In this stage, the
IGBTs are turned off for self-protection purposes. For this stage, the DC line current

and voltage can be calculated by

Cawpe™ 7 Cye™ "
%sm(wt +040) + 4

Ije = Cysin(wgt + ) + Coe™ /™ + sin(wt)  (3.5)

Wn

0l
Vdc = Rqudc + Leqid (36)
ot
where
Cy = \/(1—w2L Ceq)” + (RegCequig)?, Ca =1 T
1 m gleqVeq eqreq¥g) 5 V2 m T2—RequqT+L3quq

C3 = —Cisin\— Cq, C4 = % +wyCicos, Iy, = Ig1 — Igsin(0g —0), A="040—0—0
o =tan"! <Requqwg >
1-— ngequq

In Figure 3.4 simulation results are shown for a pole-to-pole fault. The fault is
triggered at ¢t = 0.02 s, and as can be seen in Figure 3.4(a) there is high DC current
flowing into the line, where the fault stages are very distinct. It is observed that the
capacitor is fully discharged within less 5 ms (Figure 3.4(b)), leading to DC voltage
collapse (Figure 3.4(c)). It is worth noting that both positive and negative pole voltages
collapse towards zero value. From the AC-side point of view, AC currents will reach an
initial value of 5.0 p.u. and then fall around 2.0 p.u. during steady state, as shown in
Figure 3.4(d). During AC grid freed stage, the capacitor will try to recharge (negative
currents can be observed in Figure 3.4(b)) causing some further fluctuation in line DC
current (Figure 3.4(a)).

To further investigate the influence of distance-to-fault and fault resistance, simulation
results are shown in Figures 3.5 and 3.6 for different distance-to-fault and fault resistance

values respectively.
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Figure 3.4: Simulated two-level VSC response during pole-to-pole fault.
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Figure 3.5: Simulated two-level VSC response during pole-to-pole fault at different
distances.

By observing Figure 3.5, it is evident that the location of the fault is of great influence
on the system performance during pole-to-pole faults. It seems that as the fault location
increases, the system response gets slower both for DC currents and voltages. This can
be better noted in Figure 3.5(b), where a zoomed version of DC voltages are depicted.
It is evident that DC currents have reduced maximum values, but also the rise time is
increased. Accordingly, this has a great influence on DC voltage, as it takes more time to
collapse towards zero. Such a response is actually expected; the higher the distance to the
fault, the higher the values or R and L included in the fault current loop. Consequently,
higher values of L would increase the rise time, while higher values of R would decrease

the maximum level of current reached. The natural response of pole-to-pole fault can be
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only limited by the ‘portion’ of the cable/line included and fault resistance in the fault

current loop.

1. [kA]

0 0.05 0.1 0.15 0.2 0 0.05 01 0.15 0.2

Time[s] Time(s]
(a) Line DC current (b) DC-link voltage

Figure 3.6: Simulated two-level VSC response during pole-to-pole fault for different
resistance values.

Fault resistance is also of great influence to the fault. Specifically, it is evident from
Figure 3.6 that high resistance values limits the level of fault current and consequently
the maximum voltage drop during the fault. Highly-resistive faults seem to be more

challenging to detect; however, they are less harmful for the system.

3.1.2 Pole to ground faults

This type of fault is more likely to occur; however, relative to the aforementioned pole-
to-pole faults, they are less harmful to the system. In practice, such faults are triggered
when the insulation of the cable breaks and the live conductor touches the ground directly
or through other conducting path. In this type of fault, the earthing arrangement of
the system components plays a significant role, as different current loops can be formed.
In Figure 3.7 the fault stage analysis of two-level VSC during pole-to-ground fault is

depicted.

Tid(b) Tid(c) |

(a) Capacitor discharge (b) Grid feed

Figure 3.7: Fault stage analysis of two-level VSC during pole-to-ground fault.
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Unlike pole-to-pole faults, the stage of diode freewheeling effect is completely elimi-
nated in pole-to-ground faults due to the fact that there is no conducting return path
between ground and diodes. Additionally, the resistance of the ground is added into the
circuit analysis, which plays a significant role to the system response. The two-stage

analysis of pole-to-ground faults is taking place as follows:

Capacitor discharge: In this stage DC-link capacitor discharges (only when middle-

point is grounded), and is a long-time transient which can be expressed by [74,146]

Veap 0 —2C,q 1/2Ce, Vo 0
ige | = | 1/Leq —Ry+ Reg/L 0 X | Ige | + 0 Vabe, (3.7
iac _1/Lac 0 1 Iac 1/Lac

Under the condition of Rf + Req/2 < 21/ Leq/4Ceq, the solution of the second-order

circuit natural response gives a non-oscillating discharge process.

Grid feed: This stage is taking place after the capacitor discharge (when actually
its voltage drops close to zero). The steady-state fault DC current i4. can be calculated

taking into consideration the diode currents iq(q) by

ide = ld(a) T ) T ta(e) (3-8)
. . . Va
id(a) = Td(b) = td(c) = ’75‘7404 —¢ (3.9)

where |Z] is the magnitude of the equivalent impedance Z:

Z = (Rf + Req +jwsLeq)H(1/jwsceq) + jwsLac = ‘Z| a0 (3-10)

It should be noted that if the AC transformer is not grounded on the converter side,
AC and DC sides are isolated and hence this stage is not occurring at all.

In Figure 3.8 simulation results are shown for a pole-to-ground fault. Such faults
have a different impact on the system behaviour than pole-to-pole.

Initially, it can be observed from Figure 3.8(c) that DC voltage switches from

symmetrical to asymmetrical, where the faulted (positive) pole voltage collapses towards
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Figure 3.8: Simulated two-level VSC response during pole-to-ground fault.

zero, and the healthy (negative) pole voltage jumps towards 2.0 p.u. When the faulted
pole voltage reaches zero (Figure 3.8(c)) first stage (capacitor discharge) has finished
and there is a transient taking place. In particular, DC-link capacitor is trying to
recharge leading to an oscillation in line and capacitor current (Figures 3.8(a) and 3.8(b)
respectively). As a result, this leads to an oscillation of DC voltage (Figure 3.8(c)) mainly
observed at the faulted pole. It is worth telling at this point, that there is no diode
freewheel conduction stage, as there is no return path among diodes and ground and
hence the total DC-link voltage does not reach zero.

Moreover, it can be observed that after IGBTs are turned off there is no current feed
from the AC system (Figure 3.8(d)), which is conflicting with the theoretical analysis
shown in Figure 3.7(b). This is due to the fact that in the presented simulation-based
studies presented in Figure 3.8, the converter is grounded on the grid side (converter side
is ungrounded). Regarding the influence of fault resistance values and distance-to-fault,

same behaviour is expected as shown for pole-to-pole faults.
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3.2 DC-side Faults with MMCs

3.2.1 Pole to pole faults

Pole-to-pole faults in MMC-based systems are quite different from those in two-level
converters. This is due to the fact that the total DC-link capacitance is distributed on
each converter arm, and is no longer uncontrollable and free to discharge during the fault.

Pole-to-pole faults can be analysed in two major stages as depicted in Figure 3.9.

(a) SM capacitor discharge (IGBTs ON) (b) Grid feeds (IGBT OFF)

Figure 3.9: Fault stage analysis of MMC during pole-to-pole fault.

SM capacitor discharge: After a DC-side fault occurs, the converter remain initially
operational before the converter detects the fault and shuts down for self-protection. At
this stage, IGBTs are held on, and the submodule capacitors discharge.

During operation of the MMC, half of the submodules on each converter phase are
always turned on. Consequently, the equivalent capacitance on each converter phase

during the fault is defined by

C
Cphase = Ceq = Nijsz[ (3.11)

where Cgq is the equivalent capacitance of upper and lower part of each arm, Cgys is the
capacitance of each sumbmodule and Ngjs is the total number of submodules per arm.

The total converter capacitance is then defined as

C
Crvic = 3Ce = 32 (3.12)
Nsm

Taking into account that ) (v, + v;) the sum of upper and lower arm voltages on

each phase of the MMC, natural response of DC fault current can be calculated by
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Csmr OVie Csyr 0 (vu + )

. .o=3 =3 3.13
e = New dt  “Ney  dt (3.13)
or alternatively
I V
ige = e T <_d;wosz‘n(wt &)+ w[cqu 5in(wt)> (3.14)
where
2L 2R,
Leg = ;rm + Liine; Req = ;)07111 + Riine

1 Reg \° 1
T=2L¢y/Req, w= — eq) , wog =4 | ————, & =arctan(wT
eq/ “ LeqCMMC' (2Leq 0 LeqCMMC § ( )

Alternately, DC fault current i4. can be calculated by the sum of the capacitive
currents flowing through each converter phase. Specifically, the capacitive current on

each phase can be calculated as

. ) . 1 t
Leap(a) = Yeap(b) = leap(c) = /t VL, A1 (315)
0

L(le

where ty is the time instant of fault occurrence and vy, is the voltage across arm

inductor Lgym,.
Consequently, by using equation (3.15) total DC line current is the sum of arm

currents and initial current ;.

3 t

P 1
2Larm Jt, VEarm (3.16)

tde = lac + icap(a) + icap(b) + icap(c) =14+

Accordingly, the DC voltage response can be deduced taking into account ig. [159]:

Olge

Ude = Reqidc + Leq%

(3.17)

Grid feed: This is the last stage of the fault when the IGBTs are turned off and
current is flowing through anti-parallel diodes (Figure 3.9(b)) and MMC is actually
operating as an uncontrolled rectifier. The response is similar with the two-level converter
as described in Section 3.1.

In Figure 3.10 simulation results are shown for MMC response during a pole-to-pole
fault. After fault occurrence at ¢t = 0.2 s, the equivalent capacitance of the converter is

discharging rapidly. After a few ms, IGBTs will turn off (Figure 3.10(d)), which denotes
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Figure 3.10: Simulated MMC response during pole-to-pole fault.

the end of first stage (SM capacitor discharge). During this stage DC voltage collapses
towards zero both for negative and positive pole (Figure 3.10(b)). It worth noting here
that in the case of MMC, DC voltage collapses faster, compared with the two-level. This
is due to the fact that DC-link capacitor in two-level converter provides a DC voltage
support, while in the case of the MMC, the equivalent capacitance stays connected only
for a few ms, before it is bypassed. After IGBTs are turned off at ¢t = tpock, fault will
proceed to second stage when the MMC behaves as an uncontrolled rectifier, feeding
current to the fault point. As depicted in Figure 3.10(c), the steady state current reaches

values up to 4.0 p.u.
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Figure 3.11: Simulated MMC response during pole-to-pole fault at different distances.

The influence of fault resistance and distance to fault have been studied and results

are shown in Figures 3.11 and 3.12 respectively. The same behaviour is observed with
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Figure 3.12: Simulated MMC response during pole-to-pole fault for different resistance
values.

the analysis described in Section 3.1 (fault analysis for two-level converters). As also
expected, while distance and fault resistance increases, IGBTs take more time to turn-off,
as the maximum permissible operating current (and hence equivalent thermal stress)

takes more time to be reached.

3.2.2 Pole to ground faults

Pole-to-ground faults in MMC-based systems can be analysed in two major stages as

depicted in Figure 3.13.

o—:: ) :}
N / N

(a) SM capacitor discharge (IGBTs ON) (b) Grid feed (IGBTs OFF)

Figure 3.13: Fault stage analysis of MMC during pole-to-ground faults.

SM capacitor discharge: After a DC-side fault occurs, the transient begins with
the submodule capacitors discharge. DC current and voltage can be again described using
equations (3.11) to (3.17). The only difference can be found in the equivalent inductance
L, and resistance R.,. Specifically, at this case half of converter arm inductances (Lgyrm,)
and half of the cable impedance (only from faulted pole) is inserted in the fault current

loop.
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Grid feed : This stage is initiated after IGBTs are turned off. The steady-state
fault DC current is the sum of the currents flowing from the AC on each converter’s arm,
taking into account that the AC transformer is grounded on the converter side. As in
the case of two-level converter it can be calculated by utilising equations (3.8) to (3.10).

In Figure 3.14 simulation-based results are shown for a pole-to-ground fault for an
MMC. After the fault occurrence at t = 0.2 s, DC current increases rapidly (Figure
3.14(a)) due to the discharge of the equivalent capacitance, and positive pole voltage
collapses towards zero (Figure 3.14(b)). After around 5 ms, IGBts turn-off (Figure
3.14(d)) and DC current drops to zero due to zero AC current infeed. What is worth
noting here is the fact that there is no oscillatory response of DC current and voltage as
in the case of pole-to-ground faults for two-level converters. This is due to the fact that
there is no significant capacitance in the circuit (after IGBTs are turned off) charging

and re-charging.
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Figure 3.14: Simulated MMC response during pole-to-ground fault.

The effect of distance to fault and fault resistance is depicted in Figures 3.15 and 3.16
respectively, and has the same impact as shown in previous studies. What is interesting
is that in the case of highly resistive faults (i.e Ry = 200,300 €2), the IGBTs are not
turned off due to limited fault current amplitude (i.e. the maximum current threshold
is not reached). This results in continuous operation of the converter and verifies that

highly-resistive faults are in general more challenging to be detected (especially by simple
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over-current schemes).
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Figure 3.15: Simulated MMC response during pole-to-ground fault at different distances.
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Figure 3.16: Simulated MMC response during pole-to-ground fault for different resistance
values.

3.3 Summary

This chapter described the outcomes of a detailed, theoretical but also simulation-based
transient analysis of DC-side faults. The characterisation has been carried out considering
various states of the converters during DC-side faults, their dependencies on converter
topology, fault type, fault resistance and operating conditions. The analysis took place
considering mainly DC-side faults from the converter point of view, analysing the stages
and the corresponding equivalent circuits on which faults (pole-to-pole and pole-to-ground)

can be decomposed. From the analysis the following observations can be reflected:

e Pole-to-pole faults are considered more severe due to the fact that they force
the system to collapse, but they are less likely to occur. On the other hand,

pole-to-ground faults are less harmful but more likely to happen.

e It is necessary to isolate the DC-side faults to prevent voltage collapse and before

excessive current flow through system components (e.g. power electronic vales).
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This means that the DC-side faults have to be cleared within a few milliseconds,

including fault detection, localisation and isolation.

e DC fault signatures are predominately defined by the energy contained on the DC
side at the moment of fault inception. Therefore, the AC side does not significantly

contribute to the DC fault current during the first few milliseconds after the fault.

e The fault position appears to have the same effect on both types of faults, i.e. fault
peak and rate of change of current are both reduced with distance to fault. In
particular, for pole-to-pole faults this is clearly evident as the line impedance is the
main current limiting factor. However, for pole-to-ground faults the fault resistance
is considered as one of the main influencing elements so the impact of fault position

cannot be pre-determined.

e System behaviour is highly dependent on earthing arrangements implemented and
needs to be taken into account when developing operational procedures including

fault detection and protection strategies.

e Different converter architectures introduce different fault signatures the first few
milliseconds of DC-side faults. This is due to the different arrangement and
allocation of power components (e.g. capacitors, inductors, etc.) which make the

equivalent DC energy to vary at the moment of fault inception.

The comprehensive fault characterisation presented in this chapter acted as preliminary
knowledge for the design of DC side fault-related systems for HVDC networks. It has
been identified that there is a need for fast DC protection solutions. Specifically, a
protection system should be able to identify and isolate a DC-side fault in less than 5
ms. This is due to the fact that after such time DC-side collapses and controllability and

restoration capability of the DC grid is lost.
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Chapter 4

DC Fault Transient Phenomena

In this chapter, a number of systematic studies are presented considering short-circuit
DC-side faults in MTDC networks and resulting in fast transient phenomena known as
travelling waves. These are associated with some unique features such as magnitude,
polarity and time intervals. As such, the utilisation of travelling wave-based techniques
for fault-related studies, is based upon their successive identification on voltage and/or
current traces. Since travelling waves is the natural mechanism for the generation of
fault currents and voltages, it can be considered one of the best techniques for studying
faults in power systems. This is the reason that travelling wave-based techniques is well
established in AC systems for protection and fault location applications.

It should be highlighted that travelling waves do not depend so much on the converter
topology (and generally on the power source), but rather depend on components external
to the converter such as lines/cables, DC breakers and line termination components. For
such studies, cables and lines are modelled with a detailed approach, including travelling
wave representation of the transmission line. Additionally in this chapter, advanced signal
processing techniques (belonging to the Wavelet Transform group) are introduced and
applied to accurately analyse transient signals. Emphasis is given to their applicability

in HVDC protection and fault location schemes.
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4.1 Introduction to Travelling Waves

4.1.1 The travelling wave equation

During abrupt changes (e.g. faults, sudden load changes, breaker switching, etc) on a
network, electromagnetic waves (also known as surges) are generated which travel along

transmission lines and/or cables. The speed of propagation can be close to the speed of

light.
v—%dx v+%dx
. v .
i—gdx i+gdx
ox l i l ox
— — —
Ldx  Rdx Ldx  Rdx Ldx  Rdx Ldx  Rdx

\ 4

x+dx

»
»

Figure 4.1: Distribution circuit of transmission line.

In Figure 4.1 the distribution circuit of a transmission line is shown, where v(z,t,)
and i(x,t,) express the voltage and current at point x and time instant ¢. Consequently,
applying the 1% and 2"¢ Kirchoff’s law to a line section between two points (i.e. points

x and x + dx), the voltage and current distributions are given by

Jv(x,t) B i(x,t) ,
v(x,t) <v(x, t)+ 5 dx> = Ldx 5 + Rdx i(x,t) (4.1)
i)+ (i) — 29D 00) Z 0an®®Y L g oa, (4.2)
ox ot
which can be simplified to
Ov(x,t) 0Oi(x,t) ,
T = L 5 + Ri(z,t) (4.3)
di(x,t) _0v(v,t)
oy = C 5 T Gv(z,t) (4.4)
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where L, R, C, GG is the inductance, resistance, capacitance and admittance per unit
length of the line respectively and dx a small distance of line section.

Equations (4.3) and (4.4) can be rewritten into

Pv(z,t) - 0*v(z,t) Ov(x,t)
0%i(z,t) 0%i(x,t) di(x,t) ,

where there is only one variable, namely voltage v(x,t) or current i(x,t). Each of these
differential equations is called a ‘travelling wave equation’ and is required as a starting
point for the analysis of transient phenomena on transmission lines.

If the losses on a transmission circuit are negligible (R = 0, G = 0), equations (4.3)

to (4.6) can be rewritten as

ov(x,t) Oi(x,t)
— =1L 4.7
Ox ot (47)
di(x,t) Jv(zx,t)
— = 4.8
Ox ot (48)
0%v(x,t) 0%v(z,t)
=L 4.
Ox? ¢ ot? (49)
0%i(x, 1) 0%i(x, 1)
92 LC 92 (4.10)
The solution of equations (4.9) and (4.10) leads to
v(x,t) = vi(z —ut) + va(x + ut) (4.11)
forward wave backw;rrd wave
) 1
i(z,t) = A vi(x —ut) — vo(x + ut) (4.12)
0
forward wave  backward wave
where
| L .
Zy = o suree impedance, (4.13)
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1
u = ——, travelling wave velocity (4.14)

VLC

By observing these equations, the term v;(x — ut) moves along the line for distance
x with velocity v and term vy(z 4 ut) also moves along the line but in the opposite
direction. Thus, vi(z — ut) is the ‘forward wave’ and vy(z + ut) is the ‘backward wave’.

Therefore, the voltage and current at point x and time ¢ can be expressed as the
summation (or composite) of forward and backward waves. A visual representation of
voltages and current travelling waves through time is depicted in Figures 4.2 and 4.3
respectively. Note that forward and backward waves are conceptual quantities (both for
voltage and current) and hence cannot be measured independently. This should not be

confused with the actual measurable total voltage and current quantities.

A ﬂ X X

| |

=0 w(x-utﬂ & :
0= |
ﬁ |

1 {

|

5] w :

to-dx/u

|
|
I
|
t-dx/u E ﬁ
|
|
|
|

<__
l5+d)C/7/l :
1A 4 |
A v t)=vi(x-ut)+ v(x ' t)=vi(x -ut’)+
> T g
t=0 to=0 tot+dx/u

Figure 4.2: Voltage travelling waves representation on a transmission line.
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Figure 4.3: Current travelling waves representation on a transmission line.

4.1.2 Transition points

A transition point is a point on a line where the circuit constants change significantly,

and hence there is a change in surge impedance and travelling wave velocity.

Incident Refracted
waves waves

point

)y

Transition M

F—O—
Zi Z>2

vrl

-irl

Reflected
waves

|

Figure 4.4: Behaviour of voltage and current travelling waves at a transition point.

When a travelling wave approaches a transition point, a part of it is reflected back

and a part travels towards the rest of the network [155,160]. As shown in Figure 4.4, the
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initial wave is called ‘“incident wave’ and the remaining two at the transition point are
called ‘reflected wave’ and ‘refracted wave’. The behaviour of the aforementioned waves

(both for current and voltage) at a transition point can be expressed by

v

Incident waves: v,i — 7= A (4.15)
Reflected waves: vy, i,y — ?—TZZ =7 (4.16)
r
Refracted waves: vy, ipp — ? =7y (4.17)
rr
Continuity of voltage waves: v + v.; = vy (4.18)
Continuity of current waves: i — i,; = iry (4.19)

where:

L Ly
Zy= 1| 2L, Zy =22
1 cy 2 Cy

Therefore, by using equations (4.15) to (4.19), reflected waves (v, i,;) and refracted
waves (Upp, irr) can be expressed by equations (4.20) to (4.23), as a function of incident

waves (v, i) and surge impedance Z; and Zo:

Vpp = 2;21} (4.20)
Upp = Z22+ZZZlv (4.21)
iy = 2122 (4.22)
i = 222+ZlZlZ (4.23)

Moreover, reflection and refraction factors (p and p respectively) can be given by

 Za- 7

e Rt 4.24
=0 (4.24)
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279

=< 4.25
Zo+ 7y ( )

7

Such factors are useful for analysing the behaviour of sequential travelling waves as it
will demonstrated later.

For the validity of the above analysis for transitions points, it is mandatory to prove
the continuity of power between sides A and B (Figure 4.4), to be established that

Py = Pp, where power of sides A and B are calculated by

o 27, 272, .
Py = . 2 = (=222 ) (=22 4.26
A = (v 4 vp) (@ + ipp) (Z2+Zlv> (Zg+le> ( )
. 275 277 .
P = (vy)(ipr) = 4.27
w = i) = (200 ) (22 0) (1.27)
.. Py=Pp

Therefore, power equality is secured and the analysis carried out for a transition point
can be considered as valid.

In Figure 4.5, a Bewley Lattice diagram [161] is shown integrating a network with
four transition points. The reflection (p, p') and refraction (i, p') operators for each

point are defined by

pr = (Z1 = Z0)/(Z1 + Zo), w1 = 271/(Z1 + Z) (4.28)
o= (20— 20) /(20 + Z0), iy = 220/(Z0 + 7)) (4.29)
po = (22— 720) /(224 Z0), pa = 272/(Z2+ 7)) (4.30)
Py = (Z1 = Z2)/(Z1 + Za), iy = 271/(Z1 + Z3) (4.31)
ps = (73— 72)/(Z3 + Za), ps = 273/(Z3 + Za) (4.32)
Py = (22— 7) /(22 + Zs), ps = 272/(Z2 + Zs) (4.33)

In this representation, the incident voltage travelling wave v arrives at transition point
Py at t = 0. The refracted wave v, = 1 (waveform of step value 1), starts to propagate
from left to right along line 1. Then the wave arrives at transition point P, with a valus

of a (a =0—1 — attenuation ratio of line 1). Then, the wave a is decomposed into a
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reflected wave, which travels back to line 1 with value ap2, and refracted wave, which
propagates towards line 2 with a value of aus. This routine (reflections and refractions)

is repeated continuously, until the waves are diminished due to attenuation.

..... >p'i . P . Ps
M ") ¢—— u" —i— u's i
pr & P2 &y ps &y
— > — 2 — U
Po 20 Pi Z1 P2 22 P3 Z3
o— —o0— —o— o
=
1T
37—
4T A5 p2 3
[
5T_vt

Figure 4.5: Lattice diagram integrating multiple transition points.

Consequently, the voltage at any point of the network can be written as the summation
of reflected and refracted waves within time. Taking as example the voltage at points 1

and 2, the voltage expressions can be written as

vi(t) = 1 +(a®pa +a®pipa) + (a'phph + a’pPp3) + (a°pip3 + a®pPpl) + ..

(0=2)T (2—4)T (4—6)T (6—8)T

*. v1(t) — converging to: %
1
(4.34)

va(t) = 0 +(a+aps) + (a’pipo + a’p1p3) + (a°pp3 + a’pLps) + ...

O0-DT  (1-3)T (3—-5)T (57T (4.35)

", va(t) — converging to: 1“_%;{)’2232 = I_Zéth/lPQ

Note that at the above analysis, the converged values denote the final (i.e. steady

state) values when ¢t — oo.
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4.1.3 Line termination

As discussed in the previous subsection, the point at which there is a change in the surge
impedance is known as a transition point, and changes in the magnitude, polarity and
shape of travelling waves (both voltage and current) can occur at these points. Usually in
power systems, lines are terminated under specific conditions and with specific components
(e.g. resistors, inductors). This is achieved either intentionally, or unintentionally due to
system transients (e.g. line disconnection, faults, CB switching, etc.). Consequently, it
is essential to identify a few typical and representative cases of line termination and its

impact on travelling waves (both voltage and current).

(c) Capacitive, Zo = 1/wC (d) Inductive, Z> = wL

Figure 4.6: Travelling waves behaviour for different line terminations.
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Typical configurations can be seen in Figure 4.6, namely open circuit, short circuit,

capacitive and inductive [162]. The incident wave is propagating from Z; towards Zs.

e Open circuit (Z3 = 00): When there is an open circuit at the end of a line (Figure
4.6(a)), both the refracted and reflected voltage waves are each equal to the incident
wave (v = v, = vp). The resulting voltage is equal then to v + v,y = 2v. Current
waves behave differently; this is because the reflected wave changes polarity at the

transition point. Consequently, total current becomes zero (i — i,; = 0).

e Short circuit (Z2 = 0): In the case of a short circuit at a line terminal (Figure
4.6(b)), voltage reflected wave changes polarity and the total voltage becomes zero
(v + vy = 0). On the other hand, the reflected current wave is i,; = —i and hence

the total current is doubled (i + i,; = 21).

e Capacitive termination (Z3 = 1/wC): This configuration (Figure 4.6(c)) makes
the system behave like a short circuit for voltage wave-front (" Cdv/dt >> 0)
and like an open circuit for wave-tail (.- Cdv/dt = 0). The resulting voltage and

current waveforms can be deduced according to Figures 4.6(a) and 4.6(b).

e Inductive termination (Zs = wL): In this case(Figure 4.6(d)), the system
behaves like an open circuit for current wave-front (.- Ldi/dt > 0) and like a short
circuit for wave-tail (".- Ldi/dt = 0). The resulting voltage and current waveforms

can be deduced according to Figures 4.6(a) and 4.6(b).

4.2 Simulation Analysis of Transient Phenomena

In this section DC-side faults and their associated generated transient phenomena are
analysed. For such an analysis, a five terminal HVDC grid (illustrated in Figure 4.7)
has been developed from scratch. The system architecture has been adopted from the
Twenties Project case study on DC grids [163]. There are five MMCs operating at
+400 £V (in symmetric monopole configuration), HbCBs and current limiting inductors
at each transmission line end. Transmission lines have been modelled by adopting
distributed parameter model. The parameters of the AC and DC network components
are described in detail in Table 4.1.

The models of power converters utilised in these studies are based on 401-level Type

4 half bridge (HB) MMCs, which have been developed according to guidelines and
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MMC, MMG;

o o

Vdc control P=0.3 GW
e

MMC,
o]
P=0.5 GW
MMC: MMCs
o o
P=0.4 GW P=0.2 GW

Figure 4.7: MTDC network model for simulation-based analysis of fault transients.

Table 4.1: MTDC network parameters.

Parameter Value
DC voltage [kV] + 400
DC inductor [mH] 150
Line resistance [{2/km] 0.015
Line inductance [mH /km] 0.96
Line capacitance [uF/km] 0.012
Line lengths (1 to 5) [km] 180, 120, 500, 150, 100
AC frequency [Hz] 50
AC short circuit level [GVA] 40
AC voltage [kV] 400
MMC levels 401
MMC arm inductance [p.u.] 0.1
MMC equivalent arm capacitance [uF] 20.84

approaches described in Chapter 2.8. Such a representation has been validated against
fully detailed models, and has been demonstrated to accurately represent the converter
behaviour during steady-state, transient and fault conditions while remaining numerically
stable and computationally efficient. Figure 4.8 illustrates the Type 4 equivalent for one
phase. The converter response is achieved through controlled voltage and current sources.

A fault controller is also included which bypasses the sub-modules when the maximum

7
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current of the IGBTSs is exceeded. In this case, the converter behaves like an uncontrolled
rectifier. Due to unbalanced voltage conditions, circulating currents are generated inside
each MMC which increase current stress, introduce current distortion (arm currents),
and produce additional conduction losses. To eliminate such currents, a proportional
resonant, circulating current suppression controller (PR-CCSC), as described in [164],

has been integrated into the control system.

larm-U

DC fault control

Vi A
: (Fao)=1(ON), Fao)=1(OFF))

@) Q

ey § §

"""
-
larm-L

Figure 4.8: Equivalent of the MMC Type 4 Model.

4.2.1 Sequence of events of DC-side faults

The time course of DC currents and voltages after the occurrence of a DC-side fault can
be characterised by a series of fast phenomena. These are analysed, taking as an example
the fault case illustrated in Figure 4.9 where a fault occurring at Line 1 (70 km from T7).

In Figure 4.10, DC current and voltages are shown for the prospective (i.e. no tripping
of CBs) and interrupted case. The DC current corresponds to the current measurement
at Line 1 (at T side) while the voltage is also measured at terminal 77.

When there is no tripping initiated, it can be shown that the prospective fault current
reaches high values (Figure 4.10(a)) due to the infeed from the converters directly-
connected to the faulted line (i.e. MMC; and MMCs3), but also from the neighbouring
lines and converters. In this case the corresponding voltage (Figure 4.10(b)) will collapse
towards zero without any restoration. In the case of the interruption, the CBs corre-
sponding to the faulted line (i.e. CBi3 and C'Bs;) are tripped. After a few milliseconds
the current will fall gradually to zero. The voltage response at this case is much better.

In fact, within the time that fault current starts decreasing, there is a voltage restoration
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Figure 4.9: Five terminal MTDC network with fault occurring at Line 1.
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Figure 4.10: Prospective and interrupted time course of DC current and

DC-side fault.
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taking place. However, there is an over-voltage observed due to the opening of CB (as
discussed in Chapter 2.5) which is then vanished after the fault current is completely
cleared (i.e. I4. = 0). Further and faster voltage stability could be achieved with enhanced
control loops of the converters (or other voltage support equipments). The operation of
CBs indicate not only their significance as protective equipment and their contribution so
voltage stability, but also the fact that their operation takes significant time (considering
the fast nature of DC-side faults) and shall be included in the time course analysis of

DC-side faults.

4
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% // \‘ N 1 \
— /, 1 \\
1 \\_ b
\
(Ve \
ANV AN
o | il | il L
0 1 2 3 4 5 6 7 8
time [ms]

(c¢) Current interrutpion in HbCB

Figure 4.11: Time course of DC-side faults.
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In Figure 4.11 the time course of DC-side faults is shown for DC voltage and current.
The analysis is taking place from fault inception until fault clearance. The stages are

analysed as below:

e ty: Fault is triggered at the line. Voltage and current waves are generated, which

start propagating towards the transmission line terminals.

e t1 : Voltage and current travelling waves reach terminal T;. Part of the waves is
reflected back to the fault point and part is refracted to the rest of the network.
The total equivalent capacitance of the converter will start discharging and there is

a current rise starting.

e {9 : The valves of the converter are blocked for self-protection. At this stage, the

fault current is fed from the AC side and partially from other neighbouring elements.
e t3: Another set of voltage and current travelling wave reach terminal 77 .

e ¢ty : CB receives a tripping signal and the tripping sequence of the breaker is

initiated.
e {5 : Fault is cleared.

It should be noted that the sequence or time duration of the aforementioned events
could be changed according to the breaker technology, protection algorithm of the relays,
fault distance and converter blocking operational point. However, all of the involved

phenomena will be present both in voltages and currents.

4.2.2 Impact of inductive line termination

In this section the impact of current limiting inductors on the fault signatures is investi-
gated. The analysis has been extended to include the impact of such inductors on fast
transient phenomena known as travelling waves. Specifically, DC-side inductors can form
a significant reflection boundary for the generated travelling waves.

The deliberate inclusion of additional inductance not only limits the rate of change
of DC current, but also the resulting DC voltage signatures (and the fact that they may
be different depending on fault location and known values of inserted inductance at line
terminals) can help to achieve a deeper insight to the fault nature.

The fault scenario depicted previously in Figure 4.9 has been repeated for different

values of L at line terminals. The resulting DC current and voltage signatures are
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Figure 4.12: Impact of inductive termination to DC current and voltage during DC-side
faults.

illustrated in Figure 4.12. It should be noted that those measurements are captured at
the beginning of Line 1 (at the converter-side of the inductor).

By observing 4.12(a) it can be seen that higher values of inductance L will increase
the rise time of DC fault current. This will have an impact on the time response of the
converter blocking point, as the maximum operating current of valves will be delayed.
Higher values of inductance will also result in lower voltage drop while they will filter

the magnitude of the incoming travelling waves.

Point of DC voltage and
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Figure 4.13: Fault scenario points on five-terminal MTDC network.
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In order to further investigate the impact of inductive line termination on transient
phenomena, studies on five different fault scenarios have been carried out. Those are
depicted in Figure 4.13 and explained in Table 4.2. It should be noted that for those
cases, the voltage and current measurements have been captured at the line side of
L13. In this convention, fault Fj is considered close-up internal, F5 is considered remote
internal, F3 is a busbar fault (external), F} is a forward external fault and Fj is a reverse
external fault. For those scenarios the inductance L has been set to L = 100 mH while
CB operation have been suspended in order to capture the natural response of the faults.

Further discussion on the inductor sizing will be reported in the next chapter.

Table 4.2: Descritpiton of fault scenarios.

Scenario Description

Fi Close-up internal fault at Line 1 (15 km from 71)
Fy Remote internal fault at Line 1 (179 km from T7)
Fy Busbar external fault at Busbar 3

Fy Forward external fault at Line 3 (5 km from T3)
F; Reverse external fault at Line 2 (5 km from 77)

For the analysis of the fault scenarios presented in Table 4.2, it is of major importance
to define the equivalent inductance L from point of measurement (i.e. line side of Li3)

to the actual fault. Those have been calculated and included in Table 4.3.

Table 4.3: Equivalent L from point of measurement to the fault (corresponding to
scenarios F to Fy - Table 4.2).

Fault scenario Fault path impedance

L Value [mH]
Fy Lii-dia 14.4
Fy Lpi-dp 171.84
F3 (Lri-lp1) + La 272.8
Fy (L1 -lr1) 4+ Lsi + Laa + (L3 - drs) 377.6
Fs Ly + L2 + (L2 - dro) 204.8

where Lj1, Lo, Ly is the inductance per kilometre of lines 1 to 3 respectively,
lr1, lr2, lp3 is the total length of lines 1 to 3 respectively and dr1, dre, drg is the
distance to fault for faulted lines 1 to 3 respectively

Figure 4.14(a) illustrates the current feed into Line 1 for faults scenarios Fj to F5.
As expected, after the fault trigger at ¢4, = 2.0 ms high currents flow through Line 1.
Even though travelling waves (and their associated propagation delays corresponding to

fault location) are present in current measurements, there are not so much distinctive
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features for fault discrimination. The only apparent feature is concerned with fault Fj

where power and hence current reversal is observed.
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Figure 4.14: DC voltage and current response corresponding to fault scenarios described
in Table 4.2.

For this reason, the nature of the faults is better investigated with the utilisation of
voltage measurements. For each case fault scenario, the voltage response is depicted in
Figure 4.15. Additionally, the voltage of measurement at terminal 77 is also included to
better demonstrate the significance of current limiting inductors.

In all cases there is a significant difference between the two captured voltage waveforms
for internal faults F; and Fb» (Figure 4.15(a) and Figure 4.15(b) respectively). These
which appear to have distinctive sharp edges which are more pronounced on the line
side of inductor L3 (as the measuring point is closer to the fault and does not have any
lumped reactor in-between). As for external faults F3, Fy and F5, the voltage response is
more gradual and there are no sharp edges on the voltage waveforms. This is expected
since for any external fault, the equivalent inductance included in the fault current path is
always significantly larger than for the internal fault due to the installed lumped reactors
(see Table 4.3).

A challenge for those five fault scenarios would be the discrimination between Fb,
F3 and Fj as they are practically in the same location separated by different values of
lumped inductors. Such discrimination would be very useful in the context of protection.

By observing the expanded view area depicted in Figure 4.15(f) for faults F», F3 and
Fy, it can be seen that for the remote internal fault (i.e. F) the magnitude of the first
voltage travelling wave reaches the lower values approximately —700 kV. However, for
any external fault (i.e. F3 and Fj) the lowest are higher than —170 £V . This gives a
relatively wide margin to achieve reliable discrimination based on under-voltage criteria.

The same logic could be applied by adopting rate of change of DC voltage, but challenges
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Figure 4.15: Voltage response (measured both at Terminal T} and line side of L;3) to
fault scenarios described in Table 4.2.

related to noise are expected. Even though the level of DC voltage can assist towards the
discrimination of faulted feeders, there is a significant challenge related to fault resistance
Ry. Specifically, highly-resistive fault can impose smaller voltage drop and hence it would
be difficult to set voltage thresholds. As such, Wavelet Transform is a possible solution

to mitigate these challenges.

4.3 Signal Processing Techniques

The generated voltages and currents after the fault contain abundant information such
as time of fault occurrence, fault location, fault direction, faulted feeder and so on. Such
information may vary significantly with regards to different operating and fault conditions.

Consequently, it is of major importance to analyse the fault transients signals in order
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to extract the desired features for the corresponding application (e.g. protection, fault

location, etc.).

4.3.1 Fourier transform

The analysis of a signal in the time and frequency domains is one of the basic characteristics
for describing a signal. The observation of a signal in the time domain is easily carried
out as it is in its natural form. However, analysis in the frequency domain requires the
signal to be transformed. The most common transform of a signal v(t) from time domain
to frequency domain is the Fourier transform. The Fourier transform of a signal, v(t) is

given by

V(jw) = /ﬂ% v(t)e @tdt (4.36)

For the application of Continuous Fourier Transform (CFT) to real engineering
applications, equation (4.36) should be discretised, yielding the Discrete Fourier Transform
(DFT). The DFT is the equivalent of the continuous transform (equation (4.36)) for

signals with N points (i.e. finite points of data) separated by sampling time 7', thus

V(jw) = /0 v(t)e I¥tdt ~ Z e Iy (t) Adt (4.37)
=0

where At = %

Even though both CFT and DFT have been applied to signal processing, especially
time—frequency analysis, the Fourier integral cannot be localised simultaneously in the
time and frequency plane. In fact, Fourier transform has the ability of local analysis
in the frequency domain rather than time domain. The waveform in Figure 4.16(a)

represents the signal v(t) = £sin(2r20t) + sin(2r50t) + 55sin(27120t).
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Figure 4.16: Diagram of short Fourier transform.
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The Fourier transform of signal v(t) is depicted in Figure 4.16(b); as it can be seen, the
amplitudes of the signal at specific frequency components are shown accurately. However,
it is evident that the time indices which those signals have occurred are unknown. In an
attempt to overcome this barrier, Short-time Fourier transform (STFT) is introduced.
The main idea of STFT is the division of the signal of interest into many time intervals
and each one is then analysed for frequency extraction. STF'T has partially solved the
problem of standard Fourier transform. However, STFT depends in a fixed time window
whose characteristics (i.e. function, form and shape which determine the resolution
cannot change within time). Consequently, for the analysis of non-stationary signals

STFT cannot still meet the requirements of simultaneous time-frequency analysis.

4.3.2 Wavelet transform

Transient signals in power system are typical stationary signals. In previous subsection it
has been demonstrated that in traditional signal processing, Fourier transform builds up
the connection between the frequency domain and time domain of a signal. However, for
nonstationary signals, Fourier transform has numerous deficiencies, such as lack of time
orientation function, fixed resolution, and so on, which limits its application for analysis
of transient signals in power systems. For this reason, there is a need for algorithms to
improve traditional Fourier transform, which will provide a higher time resolution.

Wavelet Transform theory has been developed in the later 1950s and early 1990s as a
tool for signal analysis simultaneously in time-frequency domain [165] . Even though
other methods have been proposed (e.g. Gabor [166,167], Wigner [168], Cohen [169,170],
etc.), Wavelet Transform has been recognised as the most powerful.

The localisation in both time—frequency domain is a unique feature of Wavelet
transform. By utilising Wavelet Transform in power systems (especially for analysis of
transients), several technical foundations may be established which can assist for the

enhancement of several applications as those listed below:

e Power systems protection [171,172].

e Fault location [173-176].

Signal denoising [177-179].

Power quality analysis [180-182].

Data compression [183-185].
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4.3.2.1 Definition of mother wavelet

The wavelet transform of a function v(¢) can be expressed as the integral of the product

of v(t) and the daughter wavelet W7 ,(¢) as

WTyapyo(t) = /_ :Ov(t) ;a‘I’ (t;b> dt (4.38)
Yo \ e/

daughter wavelet W* , ()

The daughter wavelet \I/;b(t) is a scaled and shifted version of the mother wavelet
U, 5(t). Scaling is implemented by o which is the binary dilation (also known as scaling
factor) and shifted by b, which is the binary position (also known as shifting or translation).
If the function v(t) and mother wavelet W, ;(t) are real functions then the resulting
WTy(apv(t) is also a real function. In any other case, the mother wavelet W, (t) and

the resulting Wy, )v(t) are complex functions.

4.3.2.2 Frequency and time spectrum of Wavelet transform

In Wavelet transform, the scale parameter, «, plays the role of compressing or stretching
the mother wavelet. Specifically, higher values of « correspond to the low-frequency
spectrum of a signal, whereas a fairly small « corresponds to the high-frequency analysis
of a signal. This is also illustrated graphically in Figure 4.18 where the time frequency
plane of wavelet transform is illustrated with respect to scaling factor a. The shifting
parameter, b, determines the central position of time, or the time domain centre of
the analysis of v(t). Therefore, the entire time-frequency scope of a mother wavelet is
adjusted by the manipulation of v and b.

Taking into account that V(w) and ¥(w) are the Fourier transforms of v(t) and ()

respectively, the Fourier transform of W, (t) can be expressed by

T, p(w) = vVa¥(aw)e I« (4.39)

Combining equations (4.38) and (4.39) and applying Parseval’s theorem [186-188|
for uniformly placed values of a signal, the wavelet transform in the frequency domain
can be expressed as

a [T ,
WTyapv(t) = QL [V(w), U (ap) (aw)] = \F/ V(w)\If*(ozw)ejwbdw (4.40)

e 27
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Considering that a function v (t) has time width and central point set to At and tg
respectively, the corresponding frequency width and central point will be Aw and wy
respectively. By scaling the signal ¢ () by « (i.e. @Z)(g)), the time domain central point
will still be tg, while the width will change to aAt. Consequently, the corresponding
frequency width and central point will be Aw/a and wy/a respectively.

Figure 4.17, illustrates the impact of scaling factor o to ¥(w). When « decreases
(Figure 4.17(a)), the time domain decreases as well; however, the frequency band Aw
widens, and the central frequency shifts to higher value. On the contrary, when « increases
(Figure 4.17(c)), the time domain increases as well; however, the frequency band Aw
narrows, and the central frequency shifts to smaller value. Considering these observations,

the relation between the bandwidth, time domain width, time centre and the central

frequency of Wavelet transform can be presented graphically in the time-frequency (see

Figure 4.18).

Y(aw)
e
Plaw)

0 @ 0 @ 0 W
frequency [w] frequency [w] frequency [w]
(a) =05 (b) a=1.0 (c) =20

Figure 4.17: Demonstration of 1(w) with respect to changes in scaling factor .

It is interesting to point out here that the product of Aw and At is constant (i.e.
cannot change for changes in scaling factor, «); hence, Wavelet transform is still subjected

to the uncertainty principle. Moreover, by this observation the quality factor (Qr) can

be introduced as

_ & _ bandwidth (4.41)
wo centre frequency

Qr

Quality factor Q) remains constant for changes in scaling factor «. This is the reason
that the domains shown in Figure 4.18 are characterised by equal surfaces and proves

the adjustable time window capability of wavelet transform.
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Figure 4.18: Impact of scaling factor o on time-frequency domains of Wavelet transform.

4.3.2.3 Continuous and discrete analysis

Wavelet transform can be distinguished in two categories: Continuous Wavelet Transform
(CWT) and Discrete Wavelet Transform (DWT). The difference lies upon the resolution
of binary dilation o and binary position b. In DWT they move discretely in dyadic blocks.

Specifically, o and b can only take values of the power of two, as expressed by
aj=2 (ap=2"=1,09 =2"=2,..) (4.42)

bj =2/N, (bg=2/0=0,by =271 =27..) (4.43)

where j is the level of decomposition and N is the sample index.
Consequently, the CWT described in equation (4.38) results in the following discrete

form

oo 1 t—21N
Wy pyv(t) :/_OO v(t)\/g\lf< 57 >dt (4.44)

The selection between CWT and DWT is a trade-off between time accuracy of the
wave detection, and processing resources and their associated time delays [189]. In the
case of CWT, the daughter wavelet can be positioned smoothly over the signal; hence, the
accuracy of the wave time detection is better than for DWT techniques. This is the reason
that CWT is preferred for fault location applications [190], where the computational
time is not crucial. However, DWT is computationally more efficient [189], which enables
faster wave detection. As a result, DWT is considered more suitable for power system

protection applications [191].
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4.3.2.4 Multi-resolution analysis

When DWT is applied to a discrete signal v(n), the signal can be decomposed into
high-frequency detailed coefficients and low-frequency approximation coefficients, which

are given by

Wosv(n) =Y grdgi1v(n — 277 'k) (4.45)
k

Ayv(n) =Y hpAgirv(n — 277 'k) (4.46)
k

where g is the high-pass filter coefficients, hy is the low-pass filter coefficients and Ay is

the initial signal.

—— a=2 a=2
—_— _ . ¢ms

A Low-frequency
hy 2 F--» } approximation

coefficients
High-frequency
- —}} detailed

W W coefficients

Fg~Fj4 T Ffi6~Ff8

Figure 4.19: Decomposition structure for multi-resolution analysis based on filter banks.

Taking into account that signal v(n) has a sampling frequency Fj, it contains compo-
nents in the frequency spectrum 0 ~ Fy/2 as per Nyquist theorem. As show in Figure
4.19, DWT decomposes the signal into different frequency bands and ‘multi-resolution’
analysis [165] is achieved. The frequency bandwidths of high-frequency detailed and

low-frequency approximation coefficients for each decomposition level are given by

Joand—high = (4.47)

F
2.2

fband—low =0~ (448)

It is therefore evident that according to the frequency band of interest, the corre-
sponding scaling factor may be selected. The multi-resolution decomposition analysis
depicted in Figure 4.19 can be implemented in a bi-directional manner. This means that
a signal can be decomposed to a desired number of levels and then re-constructed using

only the coefficients of interest.
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4.4 Application of Wavelet Transform to HVDC Fault Anal-

ysis and Detection of Travelling Waves

In this subsection, the presented analysis aims to provide an insight to the nature of
DC-side faults and illustrate the basic benefits of Wavelet transform. For this purpose,
the network depicted in Figure 4.20 (corresponding details are presented in Table 4.4)
has been utilised. A pole-to-pole fault occurring at 150 km on a 300 km transmission
line has been selected as test case to perform Wavelet transform on DC voltage and
current measurements captured on the line-side of inductor L1 at terminal 77. In order
to capture all the transient phenomena and better illustrate the performance of Wavelet
transform, the simulation and the measurement recordings have been implemented by
utilising a sampling frequency of 2 MHz. The presented Wavelet-based analysis takes
into account the impact of mother wavelet, scaling factor and the presence of noise in
captured signals.

MMC: Voltage and current MMC:

measurements

300 km line

+“— 150 km —?

of

Figure 4.20: Point-to-point HVDC network with fault occurring at 150 on a 300 km line.

Table 4.4: MTDC network parameters.

Parameter Value
DC voltage [kV] + 400
Rated power [MVA] 200
DC inductor [mH] 100
Line resistance [{2/km] 0.015
Line inductance [mH/km|] 0.96
Line capacitance [uF /km] 0.012
Line length [km] 300
AC frequency [Hz| 50
AC short circuit level [GVA] 40
AC voltage [kV] 400
MMC levels 401
MMC arm inductance [p.u.] 0.1

MMC equivalent arm capacitance [pF]  20.84
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4.4.1 Impact of scaling factor «

In Figure 4.21 the DC voltage and current signatures during DC-side fault and the

corresponding Wavelet transforms at different scales (calculated using equation (4.44))

are depicted.
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Figure 4.21: DC voltage and current signa
CWT at different scales.

(h) CWT of I4. with a = 128

tures of DC-side fault and the corresponding
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The fault is triggered at t = 2 ms and the resulting DC voltage and current signatures
are depicted in Figures 4.21(a) and 4.21(b) respectively. For these two measurements,
Wavelet transform has been applied by using three different scales (i.e. a =1, 64, 128).
The Wavelet transform results in ‘unique’ peaks which correspond to the arrival of
travelling waves, present both in voltage and current. Consequently, the detection and
realisation of travelling waves becomes more discrete and this is the so called ‘signal
singularity’ [165].

By observing Figures 4.21(c) to 4.21(h), it is evident that the scale of Wavelet
transform has an impact on the magnitude but also in the shape of the resulting
waveforms. Specifically, the higher the scaling factor « the lower the magnitude and
‘narrower’ the shape of peaks. The resulting waveforms in conjunction with changes in

scaling factor a are well-aligned with the theoretical analysis described in Section 4.3.2.
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Figure 4.22: Detection of travelling waves by threshold comparison of CW'T magnitudes.

Changes in scaling factor a have an impact on the detection of travelling waves.
Usually, the detection of travelling waves is achieved by comparing the resulting magnitude
of Wavelet transform with a predefined threshold. In Figure 4.22 the absolute values of
Wavelet transform of DC voltage alongside a threshold are illustrated. It can be seen that
Wavelet transform with different scaling factors a will results in different time indices
for travelling wave detection. This is due to the fact that different scales correspond to
different magnitudes, but also they cover a different range in the time domain. This raises
concerns regarding the selection of the most suitable scale depending on the application.
For example, for HVDC protection scheme design this time difference might not have
a serious impact. However, in fault location applications, the exact estimation of the
arrival time of travelling waves will play a significant role to the calculated distance.
Consequently, large deviations from the actual arrival time will lead to large distance

errors.
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4.4.2

Impact of mother wavelet ¥

As discussed earlier there is a number of mother wavelets available for the implementation

of Wavelet transform. A few of them have been selected and applied in DC voltage and

current measurements of the previous fault case illustrated in Figure 4.20.
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Figure 4.23: Wavelet transform of DC voltage and current signatures using different
mother wavelets ¥ and scaling factors a.
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The resulting Wavelet Transform signatures are depicted in Figure 4.23 for different
mother wavelets at different scales. It can be seen that different mother wavelets affect
the magnitude, polarity and symmetry of the resulting waveforms, which all affect the

sensitivity and time detection of travelling waves.

4.4.3 Impact of noisy inputs

It has been demonstrated before in Figure 4.21, that in lower scales the time resolution
of Wavelet transform (and therefore the time accuracy in detection of travelling waves) is
higher. This is due to the fact that lower scales correspond to higher frequency content
and the time representation of fast transients phenomena are better illustrated. However,
direct usage of a signal in lower scales can be problematic in the case of noisy signals. To
better illustrate the impact of noise, the measurements of DC voltage and current used in
Figure 4.21 have been contaminated with artificial noise. Afterwards, Wavelet transform
in three different scales has been performed. The contaminated measurements together

and resulting Wavelet transform are illustrated in Figures 4.24 and 4.25 respectively.
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Figure 4.24: DC voltage and current signatures of DC-side fault considering the presence
of noise.

It is evident from Figures 4.25(a) and 4.25(b) that the resulting Wavelet transform in
low scales, deduced from noisy signals, has high content of noise. This makes it practically
challenging to distinguish the actual fast transient phenomena (i.e. travelling waves)
from noise. This is very important in the case of a Wavelet-based protection scheme, in
terms of stability to noise and other disturbances and sensitivity to actual faults. This
issue can be resolved by increasing the scaling factor (which will lead to a loss of time
information) as illustrated in Figures 4.25(c) to 4.25(f). In this case, when higher scale is
utilised high frequency content are significantly filtered out.

It is worth mentioning here that a solution to deal with noisy inputs is to utilise
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Figure 4.25: Resulting CWT at different scales considering the presence of noise.

Wavelet-based multi-resolution analysis as described in Section 4.3.2.4 to decompose and
reconstruct the signal of interest. The aforementioned noise-contaminated measurements
have been de-noised by using Wavelet-based multi-resolution analysis. The measurements
have been decomposed up to five levels, filtered using fixed-form thresholds and recon-
structed. The Wavelet-based de-noising together with the original signal is illustrated in
Figure 4.26.

It can be seen that a significant portion of noise has been filtered out. Further filtering
can be achieved by decomposing the signal to higher number of scales and/or increasing

the cut-off thresholds.
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Figure 4.26: Signal de-noise using Wavelet-based multi-resolution analysis.

4.4.4 Impact of inductive line termination to Wavelet transform and

detection of travelling waves

It has been demonstrated in Section 4.2.2 that the inductive termination of transmission
lines forms a significant boundary for DC voltage and current signatures; this was
demonstrated both for internal and external faults. The difference is more significant for

DC voltage traces than current.
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Figure 4.27: Post fault DC voltage and the resulting WT.

To further investigate the impact of inductive termination on Wavelet transform and
the detection of travelling waves, the DC voltage measurements captured for fault scenarios
F to Fy presented in Section 4.2.2, have been analysed through Wavelet-transform.

Figures 4.27(a) and 4.27(b) illustrate the DC voltage signatures (captured at the
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line side of inductor) for internal and external faults respectively. The corresponding
Wavelet-transform is depicted in Figures 4.27(c) and respectively 4.27(d).

In the case of internal faults F; and F3, the resulting Wavelet transforms reach high
values up to 2 - 10%( Figure 4.27(c)). This is due to the fact that the measuring point is
closer to the fault and does not have any lumped reactor in-between. As for external
faults F3, F4 and F5, the resulting magnitude of Wavelet transforms are highly attenuated
(Figure 4.27(d)). This is expected since for any external fault, the equivalent inductance
included in the fault current path is always significantly larger than for the internal fault
due to the installed lumped reactors (see Table 4.3).

The difference in magnitude of Wavelet transform between and external faults,
provides a significant safety margin for fault discrimination and hence to the design of a
reliable protection system. This feature is utilised for a protection scheme design which

will be demonstrated in the next chapter.

4.5 Summary

In this chapter, a theoretical and simulation-based analysis of fast fault-related transient
phenomena in MTDC networks has been presented. It has been found that such studies
do not depend on the converter topologies (or generally on the power source), but instead
they are more dependent on components taking place within a DC network (after the
converter DC terminals) such as current limiting inductors, cables/lines and DC breakers.
Additionally emphasis has been given to signal processing methods for obtaining a deeper

insight of nature of the faults. The investigation revealed the following remarks:

e Travelling waves can be detected both in DC voltage and current traces.

e The fault resistance can decrease the amplitude of travelling waves. Extremely high
values of fault resistance can minimise the sharpness of travelling waves, which in

some cases it can be difficult to discriminate them from noise or other disturbances.

e Line termination (e.g. resistive, inductive, capacitive) plays a significant role to the

shape of travelling waves.

e The point of measurement affects on a significant degree the captured fault signa-
tures. As a result, depending on the point of measurement different fault-related

functions (e.g. protection) can be realised accordingly.

99



CHAPTER 4 DC FAULT TRANSIENT PHENOMENA

e The deliberate inclusion of additional inductance not only limits the rate of change
of DC current but also the resulting DC voltage signatures (and the fact that
they may be different depending on fault location and known values of inserted
inductance at line terminals) can help to achieve a discriminative non-unit type

protection.

e A series of DC-side faults within an MTDC network has been applied. Considering
a single point of observation, the resulting signatures and their corresponding
analysis has been found to be capable of distinguishing the nature and location of

the faults.

e Signal processing methods have been introduced. It has been demonstrated that
conventional signal processing techniques such as Fourier Transform are not suitable
for fast and simultaneous time-frequency analysis. On the contrary, it has been
shown that Wavelet Transform is a powerful tool for analysis of fast transient

phenomena such as DC-side faults.

e Two categories of wavelet transform can be distinguished: Continuous Wavelet
Transform and Discrete Wavelet Transform (DWT). The selection between CWT
and DWT is a trade-off between time accuracy of the wave detection, and processing
resources and their associated time delays. In the case of CWT, the accuracy of the
wave time detection is better than for DW'T techniques but the power requirements
are higher. This is the reason that CWT is preferred for fault location applications,
where the computational time is not crucial. However, DWT is computationally
more efficient, which enables faster wave detection. As a result, DWT is considered

more suitable for power system protection applications.

e The selection of mother wavelet and scaling factor « is of major influence to the
resulting signatures both in time and amplitude. Attention should be paid to
lower scales where noise in the measurements can be amplified and cannot be

distinguished from other power system transients.

The work conducted and presented in this chapter formed a basis for developing novel
travelling wave-based protection and fault location schemes. These will be analysed in

detail later in Chapter 5 and Chapter 6.
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Chapter 5

Protection Solutions for MTDC
Grids

When a fault occurs in multi-terminal HVDC grids, protection systems are expected to
minimise the effects of the fault by disconnecting only the faulted section while permitting
the remaining healthy part of the grid to continue normal operation. Therefore, the
performance of HVDC protection is very important and necessary to ensure the secure and
reliable operation of HVDC grids. Such requirements introduce the need for transient DC
fault characterisation, establishment of requirements and structure of HVDC protection
schemes and subsequent development of a discriminative, fast, sensitive and reliable DC
protection method.

This chapter presents two novel protective solutions for MTDC networks enabling
fast, sensitive, reliable and discriminative protection. Simulation and experimental results
are presented to verify and support the feasibility of the proposed protection strategies.
Part of this chapter includes explanation of optical sensing technology, which one of the
proposed protection are based upon. Moreover, the challenges and requirements with

regards to protection in HVDC grids are also discussed.

5.1 Requirements and Structure of HVDC Protection

DC grid protection philosophy is well-aligned with the objectives of AC grid protection
which include reliability, selectivity, stability, speed and sensitivity [192]. However, there

are a few essential differences mainly determining the time window of events. In AC
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networks, the fault-clearing time is defined by the ability of synchronous generator to
retain synchronism during the disturbances. The critical clearing time is within the region
of hundreds of milliseconds. On the contrary, in a DC grid there are other factors affecting
the critical time such as the limits imposed by DC breakers and power electronic devices
installed inside the converter. Moreover, when a fault is present, the converter is blocked
for self-protection purposes. In this case, the controllability of the converter (and partially
of DC grid) is temporarily lost. Therefore, more complex control systems are present
in the HVDC grid; furthermore attention should pe paid regarding interference of the
protection on control systems. Due to the fast nature of DC-side faults, its propagation
to other nodes of the grid is highly affected by the clearing time. Consequently, the more
nodes lost in the DC grid, the slower the system can be restored to normal operation.
Finally, a protection system should be integrated in the HVDC grid without affecting
normal operation.

The disconnection of the faulted section will protect the equipment of the HVDC
grid from any severe damage. In an HVDC transmission system, different zones might
be introduced as shown in Figure 5.1. Different protection principles and philosophies

can be used to achieve selective isolation and zone discrimination.

o Transformer current differential e DC line primary protection

e Transformer over-current e DC line current differential (back-up)
o Transformer restricted earth fault e DC line over-current (back-up)

o Transformer other protective relays

Converter

—
Filter

Transformer 1 § 1
T
L

e AC under/over voltage
e AC under/over frequency

AC grid busbar| DC transmission lines/cables

Busbar current differential
Busbar over-current

DC over/under voltage
DC voltage unbalance

e o 00

Converter over-current
Converter short-circuit
Converter current imbalance
Valve short circuit

Valve over-current

Valve current derivative
Valve coolin‘g

Cell over-voltage

Station earth fault

AC over-current

AC busbar current differential

AC filter (capacitor) unbalance

AC filter (resistor/reactor) overload

® 0o 000

Figure 5.1: Protection functions for a typical VSC HVDC terminal [1-4].

The protection equipment should have a high degree of security and reliability. It
should operate quickly and accurately without any malfunctions (failure to operate or
maloperation) at all operation modes, and should be able to minimise unnecessary system

shutdown resulting from protection equipment failure. Each protection system must be
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structured to operate reliably and independently; therefore, the protection systems will
include self-supervision and monitoring. Any failures detected in the protection system
(hardware or software) shall lead to mitigating actions being taken, such as switch-over
to another protection system (either back-up or another primary) and shut-down of
the faulty one. It is preferable that each protection system be equipped with dedicated
measurement transducers, auxiliary and tripping circuits.

The design of an HVDC protection system should acknowledge the following facets
in detail [1,2,4,40]:

e HVDC grid structure.

e Earthing configuration.

e Availability and point of measurements.

e Behaviour of converters for pole-to-pole and pole-to-ground faults.

e Operational conditions prior to a fault.

e Fault types (converter faults, AC-side system faults, DC-side faults).
e Line termination.

e Utilisation of HVDC breaker technology.

e Assistance from communication links.

In addition to the above, the design and coordination of an HVDC protection within

a DC substation system should fulfil the following requirements:

e Detection of both pole-to-pole and pole-to-ground faults.
e All equipment shall be encompassed by at least one protection zone.
e Zones of protection shall overlap when possible (to avoid dead zones).

e All faults should be detected by two different protections (main protection equipment

and back-up protection with separate transducers as far as practicable).

e The HVDC protection system should be properly coordinated with the HVDC

control system.
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e The backup protection (usually slower and/or less sensitive) should isolate the
faulty units when the main protection fails, while providing backup protection for

adjacent zones.

e Inter-station communication interfaces should be provided for protection equipment
to allow coordination between converter stations. Transmission delays should meet

the functional requirements of the control and protection system.

When a fault is detected, and depending on its location, the following protective

actions shall be initiated:

Selective tripping of HVDC breakers.

Change of converter control mode.
e Temporary block of the converters.

e Permanent block of converter followed by trip of AC-side breakers (in the case of

point-point links or failure of DC-side protection).

5.2 Review of HVDC Protection Philosophies

The existing and proposed HVDC protection schemes can be allocated in three main
categories, namely ‘non-unit’, ‘unit’ and ‘back-up’ and shall be analysed in the following
subsections. Non-unit protection schemes refer to those methods where the protection
algorithm is executed using only local measurements. Unit protection usually involves
comparison of quantities at the boundaries of the protected zone as defined by the
locations of the measurements. This comparison may be achieved by direct hard-wired
connections or via communications links. Back-up protection can be implemented either
with local and/or remote measurements. It should be noted that several methods have
been proposed in the past for point-to-point HVDC links [156,193-197]; however, those
cannot be applied to MTDC networks since the requirements are fundamentally different

both for detection and isolation.

5.2.1 Non-unit

For the implementation of non-communication-based schemes, there is a noteworthy

trend towards the placement of DC reactors at both ends of transmission lines. The
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intentional placement of such inductive components reduces the rate of rise of DC current,
while it changes the resulting DC voltage signatures. Based on the fact that the voltage
is different, depending on the faulted line, can assist towards the implementation of a
discriminative protection system. [198-201]. In [198], a two-stage protection scheme is
proposed by utilising under-voltage and voltage derivative criteria. Nevertheless, the
scheme requires validation for highly resistive faults, as it has been only tested for faults
with resistance of up to 10 Q. In [199], the DC voltage derivative (calculated from the line
side of the reactor) is used for fast detection and localisation of DC-side faults. However,
the post-fault DC voltage response of the converter seems to remain uninfluenced (which
is not always the case). Additionally, faults with high resistance, which are likely to affect
the performance operation of the protection scheme, are not investigated. Both methods
reported in [198,199] do not take into account transients such as power reversal or the
differences between cables and overhead lines. These studies have been carried out in [200]
where an alternative approach is introduced by utilising the derivative of DC voltage
across the inductor. In [201], a method based on ratio of transient voltages, (calculated
by voltage measurements at both sides of current-limiting inductors) is proposed. The
method is able to achieve fault sensitivity and selectivity for solid and highly resistive
faults with resistances of up to 200 €2.

A handshaking method is proposed in [202] for detection of DC-side faults. However,
due to the fact that the fault clearance is achieved through AC-side breakers (which will
take several cycles of AC current and therefore tenths of ms to operate), the scheme can
be considered relatively low, while shut-down of the entire converter station is inevitable.
In [147], the proposed detection method is based upon the capacitor discharge during
the fault. However, the method seems to have poor performance for faults with high
resistance. In [146], DC voltage and current signatures are utilised to obtain a fault-
distance relationship. All of the methods presented in [146,147,202] only approximately
estimate the location of the faulted network branch, but the process or the structure of
the fault detection scheme is not considered.

The method proposed in [203] utilises travelling waves and derivatives of both current
and voltage signals, to establish a discriminative protection system. However, the scheme
could be very sensitive to induced noise, and hence cause false tripping. Another method
is proposed in [204] based on bus and line current measurements. The scheme requires

communication on bus-level for fault discrimination and selective tripping of circuit
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breakers (CBs). However, the proposed reliability criterion could be jeopardised by CB
failure or by an increasing oscillatory current after the fault clearance of neighbouring
line. The detection method in [205] utilises a three-stage approach and a voting scheme
to identify and discriminate the existence and location of faults. The stages include
wavelet analysis of DC voltages and currents, as well as voltage derivative and amplitude.
However, pole-to-ground faults have not been investigated while the protection algorithm
appears to be relatively complex and dependent on many parameters, and may therefore
be impractical to implement. The method proposed in [206] is based on voltage and
current measurements and uses a two stage approach to detect faults in MTDC networks.
The first stage is the fault inception which is based on travelling waves detected by
wavelet transform. The second stage is the fault location element which is based on
the characteristic harmonic of the current. The proposed method utilises very complex
mathematical operations while current interruption devices and high resistive faults

(more than 100 ) are not investigated.

5.2.2 Unit protection schemes

A number of differential-type schemes are proposed in the literature [36,207,208]. In [207],
measurements of current from both line ends are utilised to perform Discrete Wavelet
Transform (DWT). Internal and external faults are distinguished by calculating and
comparing the energy of DWT components. Another current-based differential scheme
is reported in [208]. The scheme utilises mechanical DC breakers and comparison of
current at each line terminal. However, the scheme is dependent on fault-tolerant
converters in order to allow low-speed fault clearance. Moreover, the scheme is based
only on a constant predefined threshold, which could make the whole protection system
vulnerable to induced noise, instability during non-fault transients and measurement
inaccuracies [209]. In [36], a high-speed differential scheme is proposed based on a network
of distributed current sensors along the transmission line. The proposed approach has
been found to be fast, sensitive and reliable for solid and highly resistive internal faults
while maintaining stability during external faults. Some of the main challenges and
drawbacks associated with unit protection schemes include the inherent communication
time delays, delays associated with encoding and decoding messages and correcting
for latency of communications paths, and the reliability of the method if one of the

measurements fails or the communications link is compromised.
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5.2.3 Backup

Even though numerous unit and non-unit primary relaying algorithms have been proposed,
the need for backup relaying is always inevitable. Such schemes can ensure system
reliability should the main protection fail to operate. Main protection systems might fail
to operate due to several reasons such as failure of transducers, communication system
or the relaying algorithm itself [210].

A method in [211] is proposed based on classifications. The approach is based on
fault classification in the V/I locus for cleared but also for uncleared faults across the
network. The system requires training data and takes into account both CB and relay
failure. The proposed scheme provides efficient backup protection but further studies
have to be implemented considering acceptable levels of noise, sampling frequency and
high resistive faults.

A similar method based on V /I locus can also be found in [212]. However, the sampling
frequency requirements have not been specified, while primary protection system failure
in case of pole-to-ground faults have not been considered at all.

Another backup protection scheme is proposed in [208]. In this scheme, the DC
current is compared against a small threshold, after a specific time of the initial fault
inception. However such a scheme is considered to be slow; furthermore, the whole
protection concept relies on fault tolerant converters, which would potentially increase

cost, losses and complexity.

5.2.4 Summary of review

A review of existing and proposed MTDC protection techniques leaves the impression that
much of the reported research focuses on the conceptual aspects but neglects important
practical facets such as sampling frequency, time window and breaking capacity and
time response of DC interruption devices. This is also evident from Table 5.1 where the
aspects of each protection scheme are reported. Additionally, there is no discussion or
studies on the practical feasibility of the schemes, and the way measurements and signals
exchange can be realised locally (either on a line or busbar) or within a DC substation.
Taking into account the requirements of fast DC protection, all of the above play a

significant role in the physical implementation of any protection scheme.
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Accordingly, this thesis presents two novel protection systems suitable for rapid and
discriminative fault detection and isolation in MTDC grids while addressing all the

above-mentioned significant facets.

Table 5.1: Summarised review of protection schemes.

Method Measurements Broakers Comm.unication Sampling Fault
Voltage Current requirement frequency type
198 Y Y DC-HB N 100 kHz PGF
199 Y N DC-HB N - PPF, PGF
200 Y N DC-HB N PPF
201 Y N DC-HB N 50 kHz PPF, PGF
202 N Y AC N - PGF
147 Y Y - N - PPF, PGF Non-unit
146 Y Y - N - PPF, PGF
203 Y Y DC-HB N - PPF, PGF
204 Y N DC-HB N 50 kHz PPF, PGF
205 Y Y DC N - PPF
206 Y Y - N 20 kHz PGF
(36] N Y DC-HB N 5 kHz PPF, PGF
207 N Y DC Y 100 kHz PPF, PGF
208 N Y DC-Mec Y - PPF Unit
213 N Y DC Y - PPF, PGF
214 N Y DC-SS Y 1 MHz PPF, PGF
211 Y Y DC-HB N 50 kHz PPF, PGF IBack—u
212 Y Y DC-HB N - PPF | P

5.3 Scheme 1: Single-ended Differential Protection

This proposed strategy includes a method for rapid detection of faults on VSC multi-
terminal HVDC transmission networks using multi-point optical current sensing. The
proposed method uses differential protection as a guiding principle, and is implemented
using current measurements obtained from optical current sensors distributed along the
transmission line. Performance is assessed through detailed transient simulation using
verified MTDC models, integrating inductive DC-line terminations, detailed DC circuit
breaker models and a network of fibre-optic current sensors. Moreover, the feasibility
and required performance of optical-based measurements is validated through laboratory

testing. The proposed scheme is termed here as ‘single-ended differential protection’.

5.3.1 Protection strategy

The proposed protection strategy is explained using Figure 5.2 where internal and external
faults are illustrated. An internal fault is considered to be a fault within the protected
element (i.e. DC Line 1 in this case) and an external fault is any fault outside the
protected element. A series of current measuring sensors Si, Ss, ..., S, are distributed

along the line. These measurements can be accessed directly at either end of the line
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(the sensing locations are completely passive and require no power supply), where the

optical interrogation, protective equipment and CBs are located.

I Internal
| Fault

—— |internal fault

— . — .- |external fault

|
% M |optical sensors

Line 2 EI
=

External
Fault

............ optical fiber

Figure 5.2: Part of an MTDC network illustrating differential protection principle for
external and internal DC-side faults.

A series of the differential currents are calculated using the measurements of two

consecutive sensors according to

Ay (t) = i) (1) — ts(ier1)(t) (5.1)

where Ai(t) is the k-th differential current derived using the currents i) and iy
measured at two adjacent sensors k and k + 1 respectively (k =1,2,...,n — 1).

During external faults the differential current Ai)(t) will be very close to zero,
while for internal faults a high differential value is expected. In order to ensure high
sub-millisecond accuracy of the instantaneous differential current, the propagation time

delay compensation is applied before the differential current is calculated, given by

Ay (1) = s (t — At) = dg(11)(t) (5.2)

The amount of compensation, At, is constant; additionally, it is directly proportional
to the distance between adjacent sensors S and Sk11 and speed of electromagnetic field
propagation. The proposed algorithm is illustrated using a flowchart in Figure 5.3. The
protection logic can be analysed in the following three stages:

Stage I: This stage includes a differential current Ai, (t) threshold comparison with
a predefined value I7gy. To minimise the chances of protection instability caused by
measurement errors, induced noise and/or transients during external faults, the value of
the threshold needs to be carefully considered. Therefore, systematic iterative simulations
have been performed with pole-to-pole and pole-to-ground faults at multiple locations

on the transmission network model (including busbar faults), in order to establish the
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optimum current thresholds to be applied in Stage I and Stage II. Additionally, artificial
noise was superimposed on the current measurements to verify the threshold selection

and reduce the chance of spurious tripping.

Stage II: This stage is based on the rate of change of current. When the threshold
Ity is reached (Stage I) for a differential current Ai(,, the protection algorithm will
look at the historical data of diyy)/dt and dig41)/dt using a short time window At,,. If
any of the historical values of the derivatives diyy,)/dt(t — Aty,) or diggry/dt(t — Aty)
exceed a predefined threshold di/dt ., the criterion for Stage II is fulfilled. This stage
ensures that the relay operating decision is reached purely as a result of a fault and not
due to any short signal disturbance (e.g. a short spike should not be visible in the his-

torical data). It was assumed that the window At,,=0.2 ms was adequate for this purpose.

Stage III: This stage is included in the protection algorithm to ensure that protection
operation does not result from any sensor failure. If no sensor failure is detected, Stage
IIT initiates a tripping signal to the CB. The performance and analysis behind this stage

is explained better in Section 5.3.4.8.

Jor 1s(e), Isk+1)
k=12..n-1

Calculate Calculate
JANTLS) disq/dt, disgn/dt]

Stage 1

Stage 11

dis(k)/ dt > dl/ dtTH
[0)

NO R
: disx+1/dt > di/dtry

Figure 5.3: Single-ended differential protection process.
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5.3.2 Key advantages

The proposed differential protection scheme offers a number of significant advantages
compared to conventional differential protection schemes, which typically require the
use of time-consuming encoding and decoding at each line terminal in conjunction with
dedicated communications schemes. These advantages are inherently achieved through
the single-ended, multi-point sensing design of the proposed scheme and can be analysed

in the following three categories:

Enhanced reliability: In conventional differential protection schemes, if one mea-
surement points fails, the entire protection system would be unable to operate (see Figure
5.4(a)). In this case, the entire protection system would lead to spurious tripping, or a
back-up protection would take action, which would reduce the speed of operation and
potentially subject the system to higher and more sustained fault currents [208,211],
However, considering a case of a sensor failure, the proposed scheme can still operate
with a reduced number of sensors. Taking as example the scheme shown in Figure 5.4(b),
if sensor S5 fails, this will be detected and the differential current will be calculated using

measurements from sensors S7 and Ss.

T o, B T
I m m I

[ 77 TE————

(a) Convenetional differential scheme

n

I e}

(b) Proposed scheme
Figure 5.4: Illustration of measurement point fault.
Superior stability: During external faults, the energy in cable capacitance dis-

charges producing a short burst of differential current. With conventional DC differential

protection (one measurement point for each cable termination), such a discharging can
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compromise protection stability especially with long transmission lines [215]. This is
due to the fact that the remote measurement (see I3 in Figure 5.5(a)) ‘sees’ the current
produced by the discharged of the entire line/cable capacitance. To address this issue,
the differential current threshold would have to be increased, or additional delay intro-
duced (as a ‘wait and see’ strategy) which would reduce protection sensitivity and/or
speed. Alternatively, such current would have to be compensated which requires extra
computation, voltage measurements while the compensation is not always successful [215].
The proposed protection scheme effectively eliminates the impact of cable capacitance
by limiting the length of each protected element to the distance between two adjacent

sensors as illustrated in Figure 5.5(b).

T g, cg. I

I

Equivalent

cable/line External

Loy Fault

capacitance;

External
Fault

(b) Proposed scheme

Figure 5.5: Illustration of differential current burst during external faults.

High speed of operation: When an internal fault occurs (see Figure 5.6(a)), in
conventional differential protection, there is latency because of the travelling wave (tprop),
but also due to the time required for communicating the measured current to the remote
end of the line (t.om) [208]. This time comprises encoding, time-tagging, latency and
decoding. This time can amount to several milliseconds, which, in HVDC systems, is
long enough to allow currents to increase enough to exceed the breaking capability of
the existing DC breakers. Additionally, such overcurrents can seriously harm the diodes
within the IGBTs of the converter during the freewheeling state [79,146].

The worst case scenario is a close-up fault (also illustrated in Figure 5.6(a)) where

the rate of change of current is the highest and the signal delay the longest (as it
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(b) Proposed scheme

Figure 5.6: Illustration of time delays during close-up faults.

includes additional travelling wave delay to the remote end). Again, with the single-ended
distributed sensing system, there is no additional communication time delay, and the
delays resulting from travelling waves are limited to the distance between two adjacent

sensors (see Figure 5.6(b)), thus enabling ultra-high speed of protection operation.

5.3.3 Modelling
5.3.3.1 MTDC network

A five-terminal HVDC grid has been developed and utilised in all case studies as illustrated
in Figure 5.7. The system architecture has been adopted from the Twenties Project
case study on DC grids [163]. There are five MMCs operating at +400 kV (symmetric
monopole), HbCBs and current limiting inductors at each transmission line end. The
parameters of the AC and DC network components are described in detail in Table 5.2.

On each transmission line, optical sensors are installed to accurately measure DC
current every 30 km including the terminals. Therefore, the numbers of DC current
sensors are seven, five, eleven, six and four on lines one to five respectively. The arrows
indicate the direction of power flow from sending to receiving end of each line. It is
emphasised that the proposed method is not direction-dependent. Sending/receiving

ends are used as a reference to better demonstrate the protection performance.

5.3.3.2 Converters and DC breakers

The models of power converters utilised in this studies are based on 401-level Type 4 half
bridge (HB) MMCs which have been developed according to guidelines and approaches
described in Chapter 2.8. Such a representation has been validated against fully detailed
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Figure 5.7: Case study five-terminal DC network integrating distributed sensing networks.

Table 5.2: DC and AC Network Parameters.

Parameter Value
DC voltage [kV] + 400
DC inductor [mH] 150
Line resistance [€2/km] 0.015
Line inductance [mH/km] 0.96
Line capacitance [pF/km] 0.012
Line lengths (1 to 5) [km] 180, 120, 300, 150, 90
AC frequency [Hz] 50
AC short circuit level [GVA] 40
AC voltage [kV] 400
MMC levels 401
MMC arm inductance [p.u.] 0.1
MMC equivalent arm capacitance [uF] 20.84

models and has been demonstrated to accurately represent the converter behaviour
during steady-state, transient and fault conditions while remaining numerically stable
and computationally efficient. The HVDC CB model represents a hybrid design as
analysed in Section 2.5.1. The modelling has been implemented following guidelines by
ABB’s HbCB [82]. According to the manufacturer a breaking time of 2 ms is achievable

while the maximum rating of the breaking current is 9 kA.
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5.3.3.3 DC inductors

DC transmission lines are terminated with external inductances Lg. which limit the rate
of rise of DC fault current dig./dt, and thus, provide additional fault detection time
required by the protection system (before the CB maximum breaking current is reached).
The inductor size was established taking into account the maximum current of 9 kA, and

the sum of all time delays (before the current breaking begins), calculated using

top = tCB + tmeas + tprocess (53)

where tcp is the operating time of the HbCB (2 ms), t,eqs is the delay associated with
the remote measurement wave propagation and tprocess is the time allocated to signal
processing and decision making by the protective device.

For the calculation of time delays related to the remote measurements, equation (5.4)
has been used. The worst case (longest delay) is a solid close-up fault (practically at 0
km) which results in 60 km, a distance the remote measurement has to cover before it
arrives at the local end (i.e. 30 km for the current wave to travel to the remote sensor,
and 30 km for the measurement to travel back along the fibre optic cable). A refractive
index of 1.4682 was assumed for SMF-28 fibre according to [216], thus

2 das 60 [km]

bmeas = c/n 2997925 [km/s] =~ 0.3 [ms] (5.4)

1.4682

where da, is the distance between two sensors, ¢ is the speed of light in vacuum and n is
the refraction index of optical fibre.

Taking into account 1 ms for signal processing and decision making, the total estimated
time delay is 3.3 ms. With 9 kA as the maximum breaking current and 3.3 ms as the
total operation time ¢y, the current rise rate dig./dt should be less than 2.73 kA /ms
(i.e. 9 kA/3.3 ms =~ 2.73 kA/ms). The worst case scenario would be a solid fault at any
busbar, as illustrated in Figure 5.8(a) and the equivalent circuit in Figure 5.8(b).

Taking into account that CBs are not activated during the initial phase of the fault,
their resistance Rop can be taken as zero. Since the worst case is a solid fault, the
corresponding fault resistance Ry can also be treated as zero. Consequently, based on
the proposed £400 kV network and for a solid fault at any busbar, the theoretical value

of the inductor is calculated according to
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(a) Busbar fault at DC terminal (b) Equivalent circuit

Figure 5.8: Illustration of DC busbar fault for Ly sizing.

Lo AV 400KV
DC = dipc/dt = 2.73 kA ms

— LDC > 146.5 mH (5.5)

where Lg. is the inductor value, AV is the inductor voltage and dig./dt the DC current

rise rate.
For clarity, Figure 5.9 illustrates simulation results for a pole-to-pole solid fault at

terminal 77 (see Figure 5.7), trigerred at ¢ = 0 ms with 2 ms post fault data for different

inductance values.
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Figure 5.9: Rate of rise of DC current with different inductance values, for solid pole-to-
pole fault at terminal 77.

Table 5.3 presents the time required to reach 9 kA for the inductances illustrated in
Figure 5.9. As calculated by equation (5.5), it is therefore verified that the inductance

value of 150 mH is the most appropriate option.

Table 5.3: Time indices at 9 kA.

Inductance [mH] | 0 10 25 50 100 150 200
Time [ms] 022 060 093 149 270 397 531
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5.3.4 Simulation results
5.3.4.1 Fault scenarios

This section presents simulation results which quantify the overall performance of the
proposed protection scheme under different fault scenarios, including pole-to-pole faults,
pole-to-ground faults(incorporating highly resistive faults) and busbar faults (all faults
are permanent). In all cases the measurements have been contaminated with white
noise to account for possible effects due to measurement-related noise on the protection
response. A selection of representative test cases have been considered and summarised in
Table 5.4; which demonstrate the worst case scenarios in terms of stability and sensitivity
of the scheme.

Table 5.4: Description of fault scenarios.

Scenario Description Classification

I Pole-to-pole fault 10 km at Line 1 (R = 0 Q) Solid, close-up, internal

II Pole-to-ground fault 10 km at Line 1 (R; = 500 ) Highly resistive, close-up, internal
111 Pole-to-pole fault 179.5 km at Line 1 (Ry =~ 0 Q) Solid, remote, internal

v Pole-to-ground fault 179.5 km at Line 1 (R = 500 2) Highly resistive, remote, internal
A% Pole-to-pole fault at terminal T3 (Rf =~ 0 §) Solid, forward, external

VI Pole-to-pole fault at terminal 77 (Ry ~ 0 €2) Solid, reverse, external
VII Sensor failure at Line 1 (4* sensor) N/A

For the fault scenarios presented in Table 5.4 the performance is assessed considering

that protection scheme is installed at Line 1.

5.3.4.2 Fault scenario I

In Figure 5.10 the protection response to a fault occurring at 10 km from terminal T3
on DC Line 1 (internal fault) is illustrated. The fault is triggered at ¢ = 2 ms. During
this fault, which is physically located between sensors S; and So, it can be seen that
the differential current derived from the measurements of these two sensors is increasing
rapidly (Figure 5.10(a)), exceeding the protection threshold; thus, fulfilling the first
operation criterion is fulfilled.

Since the fault is internal, it can be seen that prior to the fault detection the rate of
change dig./dt for both currents (sensors S; and Ss,) are non-zero (Figure 5.10(c)) which
indicates the satisfaction of the second criterion. Finally, as shown in Figure 5.10(b), a
tripping signal is initiated by the third criterion (Stage IIT). The tripping signal sending
end is initiated with a time delay which correspond to the propagations time of fault

(i.e. time required for the fault to be ‘seen’ at receiving end of DC Line 1). The fault
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Figure 5.10: Protection system response for fault scenario I.

current interruption process is illustrated in Figure 5.10(d) for sending of DC Line 1.
Before the breaker operates the current flows through the commutation path. After the
fast mechanical disconnector opens (2 ms) the current flows through the surge arrester
where it gradually reduces to zero and the interruption process is finally complete. It
can be seen that after the initiation of the tripping signal, it takes 2 ms for the breaker

to operate.

5.3.4.3 Fault scenario I1

Figure 5.11 illustrates the protection response to a highly resistive (R; = 50012), close-up
fault occurring at 10 km from terminal 77 on DC Line 1. Like previously in fault scenario
I, the fault is physically located between sensors S7 and Ss.

The response is quite similar to fault scenario I, but some differences can be seen.
Initially, the magnitudes of differential currents A¢ (FIgure 5.11(a)) and current derivative
dl4./dt (Figure 5.11(c)) reach lower values due to the high resistance. This results in
slower initiation of tripping signals (i.e. it takes more time to reach the threshold values).

Finally, the fault current is driven to zero and fault is cleared (Figure 5.11(d)).
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Figure 5.11: Protection system response for fault scenario II.
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The response of the protection system for a remote, pole-to-pole fault, occurring at 179.5

km from 77 on DC Line 1, is depicted in Figure 5.12.
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Figure 5.12: Protection system response for fault scenario I'V.
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At this case, the fault is physically located between sensors Sg and S7. This is
the reason that differential current A:¢ from the measurements of these two sensors is
increasing rapidly (Figure 5.12(a)). Accordingly, the corresponding rate of change dig./dt
(Figure 5.12(c)) is non-zero, which satisfies the second criterion (Stage II).

Finally, tripping signals are generated both for sending and receiving ends as shown in
Figure 5.12(b). It is worth pointing out that at this case the tripping signal on receiving
end is initiated faster that the one on sending. This is exactly the opposite response from

the one observed in fault scenario I (i.e. close-up fault).

5.3.4.5 Fault scenario IV

In Figure 5.13, the protection response to a fault occurring at 179.5 km from terminal
T; on DC Line 1 (internal fault) is illustrated. The response is quite similar with the
pole-to-pole fault described previously in fault scenario III. However, at this case the
fault is highly resistive with Ry = 500 2. Consequently, the magnitudes observed in
differential currents Ai (Figure 5.13(a)), rate of change di4./dt (Figure 5.13(c)), and
currents inside HbCB (Figure 5.13(d)), are quite lower.
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Figure 5.13: Protection system response for fault scenario IV.

The tripping signals illustrated in Figure 5.13(b) are initiated much slower (compared

to the tripping signals generated for previous scenario shown in Figure 5.12(b)).
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5.3.4.6 Fault scenario V

In order to demonstrate the superior stability of the scheme, an external pole-to-pole
busbar fault (as seen by the protection system of DC Line 1) has been applied at terminal
Ts. Figure 5.14 illustrated the response of the system. Figure 5.14(a) illustrates the
differential currents as calculated by the proposed protection scheme and it is evident
that they remain at relatively low values and hence there no tripping signal initiated

(Figure 5.14(b)).
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Figure 5.14: Protection system response for fault scenario V.

During an external fault, the cable capacitance between two measurement points
discharges to the fault, producing a short temporary burst of differential current. The
longer the distance between the measurement points, the higher the cable capacitance,
hence the higher the magnitude of this temporary differential current. For the proposed
protection scheme, such differential current is limited by the capacitance between two
sensing points (i.e. 30 km). The differential current as calculated by a conventional
differential protection scheme is much higher due to the inclusion of the entire line
capacitance.

Figure 5.15 illustrates the differential currents as calculated by the proposed protection
scheme (i.e. obtained from two adjacent sensors S and Ss ) and a conventional differential
protection (i.e. two measuring points at opposite ends of the line). In order for the
protection system to remain stable during such external faults, a threshold (and probably a
time delay) is required to be included in the algorithm, which in the case of a conventional

scheme would be much higher, leading to a ‘sensitivity loss’.

5.3.4.7 Fault scenario VI

An additional external fault has also been considered to test the stability of the proposed

scheme. This time, however, the fault is placed at terminal 77 and hence is considered a
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Figure 5.15: Differential currents for external pole-to-pole busbar fault at T3 as seen by
a conventional and the proposed differential scheme of DC line 1.

reverse one. The response of the protection system is depicted in Figure 5.16
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Figure 5.16: Protection system response for fault scenario VI.

Since the differential currents (Figure 5.16(a)) remain at relatively low values, there

is no tripping signal initiated (Figure 5.14(b)).

5.3.4.8 Fault scenario VII

Figure 5.17 depicts a case where the 4" sensor on DC Line 1 fails. This is emulated by
artificially driving the current measurement to zero (worst case scenario) at ¢ = 2 ms.
Such a change is expected to make an impact on all of the differential currents calculated

measurements from the fourth sensor (i.e. Ig;rr(s3—s4)> Laiff(sa—55))-
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Figure 5.17: Protection system response considering a failure of the 4" sensor.
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The key to detection of a sensor failure is the comparison of the differential current
(e.g. Igiy F(53— 34)) at the time instant when Stage I operates with an adjacent differential
current (Ig;rf(sa—ss))- As Figure 5.17(a) illustrates (and considering a threshold set at
150 A), such currents are expected to have similar amplitudes but opposite polarity. A
comparison tolerance of £10% is included to improve reliability of sensor failure detection.

Consequently, as seen in Figure 5.17(b) no tripping has been observed in this case.

5.3.4.9 Additional fault scenarios

Tables 5.5 and 5.6 illustrate simulation results for pole-to-pole and pole-to-ground faults
respectively, for different distances along all transmission lines. It can be seen that in all
cases only the required breakers operate, proving high selectivity of the scheme. It is also
important to report that the CB current never exceeds 9 kA as required. This verifies the
importance of the inductive terminations of the transmission lines. For pole-to-ground
faults the protection system has been tested with ground fault resistances of up to 500 €2
and the protection scheme has been found to successfully and correctly operate in all
cases.

Table 5.5: Protection system performance results for pole-to-pole faults.

Sending end Receiving end
Line Distance Breakers CB trip CB max. CB trip CB max.
[km] operated time [ms] current time [ms] current
kA] kA]
1 CBy, CB2 1.329 7.45 2.075 4.07
1 90 CB;, CBy 1.525 5.12 1.675 5.28
120 CBy, CBy 1.677 5.41 1.525 5.82
179 CBy, CB2 2.074 4.44 1.331 7.07
1 CB3, CBy 1.327 7.49 1.775 5.17
9 25 CB3, CB4 1.280 6.47 1.730 5.00
60 CBs3, CBy 1.373 5.97 1.524 5.81
119 CB3, CBy 1.774 5.56 1.326 7.06
1 CBs, CBg 1.328 7.44 2.076 410
3 150 CBs, CBg 1.523 5.11 1.676 5.30
250 CBs, CBg 1.674 5.38 1.526 5.83
299 CBs, CBg 2.073 4.43 1.327 7.04
1 CBy, CBg 1.332 8.03 1.925 3.80
4 75 CBy, CBg 1.521 6.46 1.520 4.75
100 CBy, CBg 1.670 5.84 1.375 5.06
149 CBy, CBg 1.928 5.46 1.323 6.44
1 CBy, CBio 1.325 7.33 1.630 5.20
5 45 CBy, CBjg 1.376 6.18 1.374 5.73
89 CBy, CBio 1.631 5.64 1.330 6.98
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Table 5.6: Protection system performance results for pole-to-ground faults.

Sending end Receiving end
Line Distance Breakers CB trip CB max. CB trip CB max.
[km] operated time [ms] current time [ms] current
[kA] [kA]
1 CBy, CBy 1.382 1.65 2.125 1.05
1 90 CBy, CBy 1.565 1.40 1.715 1.12
120 CBy, CBy 1.714 1.42 1.567 1.19
179 CBy, CBy 2.128 1.38 1.380 1.43
1 CB3, CBy 1.377 2.12 1.820 0.98
9 25 CBs3, CBy 1.330 2.03 1.780 1.03
60 CBs, CBy 1.420 1.84 1.566 1.04
119 CBs, CBy 1.830 1.75 1.381 1.22
1 CBs, CBg 1.376 2.27 2.715 0.96
3 150 CBs, CBg 1.865 1.67 2.015 1.09
250 CBs, CBg 2.460 1.60 1.418 1.37
299 CBs, CBg 2.725 1.50 1.388 1.47
1 CB7, CBg 1.385 2.35 1.975 0.82
4 75 CBy, CBg 1.568 1.91 1.565 0.84
100 CBy, CBg 1.717 2.02 1.416 0.94
149 CB7, CBg 1.970 2.01 1.375 1.07
1 CBy, CBjg 1.400 0.81 1.700 1.08
5 45 CBy, CByo 1.415 0.74 1.414 1.13
89 CBy, CBjg 1.680 0.86 1.383 1.25

5.3.5 Optical sensing

Hybrid optical voltage and current sensors have previously been developed by the
authors [217-219] to enable remote AC and DC voltage and current measurements in
various metering and protection applications including distance and differential protection
[220-223]. It will be shown in the following sections that the optical sensors technology

is suitable for rapid detection of faults in HVDC circuits.

5.3.5.1 Working principle

Fibre Bragg Grating (FBG) sensors are formed by periodic modulation of the refractive
index along an optical fibre core over a length of 5-20 mm.

As illustrated in Figure 5.18, when such a structure is illuminated by a broadband
light, it reflects a relatively narrow part of the incident light spectrum with a distinctive
peak in the light intensity around the so called Bragg wavelength, Ag. The spectral
position of the peak is determined during the sensor fabrication process and described by

the following relation:

Ap=2nesy A (5.6)

where n.s; is the effective refractive index of the FBG section and A is the grating

period.
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Figure 5.18: FBG structure.

Any relative change in the grating period due to longitudinal elongation or contraction
of the fibre causes spectral shift of the FBG peak. Since the refractive index of the fibre is
a function of temperature, the FBG peak spectral position is also temperature dependent.
A relative change in the FBG peak wavelength, AAp/Ap, due to a change in strain, Ae,

and temperature, AT, can be expressed by

AXg = CcAe + CrAT (5.7)

where C, and Cr are the strain and temperature sensitivities [224].

5.3.5.2 Sensor design

For the purposes of demonstrating the practical feasibility of DC current measurements,
four FBGs inscribed in polyimide coated fibres, having a length of 7 mm, a bandwidth of
0.3 nm and peak wavelengths at 1539.60, 1551.56, 1554.72 and 1557.38 nm (as shown in
Figure 5.19) were utilised to build four hybrid low voltage sensors in order to prove the

principle of the new protection scheme.
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Figure 5.19: FBG spectra.
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To construct a hybrid low voltage sensor, a 9 mm low voltage stack, P-883.11
PICMA®) from Physik Instrumente Ltd [225] having a maximum AC operating voltage
of 30 Vipear (21.21 V;pys) was fixed between two alumina end blocks and an FBG sensor
was pre-tensioned and epoxied to the ceramic blocks using EPO-TEK® 353ND. The
sensor construction is shown in Figure 5.20. Providing there is no mechanical stress
in the piezoelectric material, the strain (i.e. relative elongation Al/l) induced by an

external electric field is given by

V
€ = d33E = d337 (58)

where dss is the longitudinal piezoelectric charge constant, E is the electric field, V' is the
voltage applied across the piezoelectric material and [ is the length of the material [217].

A voltage applied across the stack generates strain which is exerted on the FBG
producing a corresponding shift in its peak wavelength. Thus, the peak wavelength shift
can be calibrated in terms of voltage [217].

By monitoring voltage across a burden resistor connected to the output of a conven-
tional current transformer (CT), an AC optical current sensor can be realised whereby
the FBG wavelength shift may be related to current [218]. Ultimately, by replacing a
piezoelectric component with a magnetostrictive transducer, a DC current sensor can
be realised [219], which would be a device of choice for the final deployment of this
system. Light, composite insulators can be used to provide the means of guiding optical
fibre between the sensors (installed directly on the conductor) and the pole which is
at ground potential. Optical fibre would be provided in a trench alongside the HVDC
transmission line, or in some cases may be integrated within the conductors or wrapped

around conductors (very common in AC systems).

FBG Optical fiber

Electrical wires with

/ electrodes

Alumina end block Piezoelectric stack

Figure 5.20: Hybrid FBG-based voltage sensor.

126



CHAPTER b PROTECTION SOLUTIONS FOR MTDC GRIDS

5.3.5.3 Experimental arrangement

A diagram of the experimental set-up utilised for practical validation of the proposed
scheme is shown in Figure 5.21. Pre-simulated fault currents at corresponding four
locations along the transmission line were used to produce replica voltage waveforms
(generated directly from a multi-function data acquisition card). These voltage traces
(which represent the DC line currents) were physically input to the optical sensors and
the sampled data obtained from the optical interrogation system was stored on a PC for

processing by the protection system algorithm developed in Simulink.
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; |
DC voltages corresponding to |
| [Ierogatorj=fPC] D voltages consponding
I [Interogator k={ PC| pre-simulated scaled DC cable currents |
Figure 5.21: FBG model setup.

To simplify the experimental circuitry, FBG optical voltage sensors were used instead
of current sensors. The FBGs were optically connected to a commercial SmartScan
interrogator (Smart Fibres) offering a scanning speed of 2.5 kHz over a spectral range
of 1528-1568 nm. To increase the scanning speed, the device’s maximum wavelength
range was narrowed to 1538-1558 nm and the optical signals reflected from the sensors
were acquired at a frequency of 5 kHz. A PXIe-8106 controller and a 16-bit PXIe-6259
data acquisition card (both from National Instruments) were used for generating signals
utilised for driving the voltage sensors. The card offers 16 analogue inputs that can
be scanned at a maximum sampling rate of 1.25 MS/s and 4 analogue outputs with a
maximum update rate of 2.8 MS/s. The maximum DC voltage range for the input and
output channels is £10 V'

To protect the piezoelectric component from depolarization and degradation due
to over-voltage conditions, a transient voltage suppression (T'VS) diode was connected

between the component terminals (not shown in Figure 5.20) [224].
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Figure 5.22: Actual experimental arrangement.

Prior to testing, the low-voltage sensors were characterised and calibrated. A DC
voltage was applied across the piezoelectric transducers in 1 V' steps within a range of
4+10 V. The FBG peak wavelengths were then recorded for all corresponding voltages.
The inverted function was then used to calibrate wavelength shifts in terms of voltage.

The actual experimental setup is depicted in Figure 5.22.

5.3.5.4 Experimental results

The measured response of the optical sensors and the protection system to an internal
fault on a 300 km line occurring at 50 km (see Figure 5.21) is shown in Figure 5.23.

The recorded DC voltages are scaled down replicas of the DC Line currents which
were pre-simulated and physically generated in real-time using a data acquisition card.

These voltage traces were physically input to the FBG optical sensors. The sampled
data obtained from the optical interrogation system was stored on a PC for processing.
The depicted traces represent the reflected Bragg Wavelength A\ g, individually for each
sensor. Due to mechanical inertia of the sensors and other environmental conditions
(e.g. temperature), the raw measured response (black solid line) of the sensor contains a
significant level of noise.

For this reason, the measurements have been filtered by using Discrete Wavelet
multi-resolution analysis. In particular, the measurements have been decomposed and
reconstructed using a six-level tree analysis and fixed threshold de-noising. The de-noised
signals are also illustrated in Figure 5.24 alongside the raw measurements. It is evident
that the de-noised signals contain less high frequency components and can be used with
much more confidence for high-speed protection applications.

The inverted function was used again to normalise the DC voltage in terms of shifted
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Figure 5.23: Voltage traces representing DC line currents at four sensing location (as per
Figure 5.21).
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Figure 5.24: Sensors response to DC voltage traces depicted in Figure 5.23.

Bragg Wavelength AAp. The resulting waveforms of wavelength-to-voltage conversion is
illustrated in Figure 5.25 individually for each sensor. It is evident that these traces are

of great resemblance with the originally-simulated (see Figure 5.23).
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Figure 5.25: Normalised DC voltages corresponding to shifted Bragg Wavelengths A\p.

The normalised DC voltages were input on a PC for processing by the protection
system algorithm developed in Simulink. As such, they have been used to calculate
the differential voltage Av, and rate of change of voltage dVy./dt, corresponding to the
differential currents Ai and rate of change of current dl;./dt in the primary power system

respectively. These are depicted in Figures 5.26(a) and 5.26(b) respectively.
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Figure 5.26: Protection system recorded response.

Since the fault is physically located between sensors S7 and Ss, it can be seen that
the differential voltage derived from the measurements of these sensors S; and 5o is
increasing rapidly (Figure 5.26(a)). The protection threshold is exceeded; thus, the first
operation criterion is fulfilled. It can also be seen in Figure 5.26(b) that prior to the fault

detection the rate of change dVy./dt for both voltages (sensors S; and S2) are non-zero

130



CHAPTER b PROTECTION SOLUTIONS FOR MTDC GRIDS

(Figure 5.26(b)), which indicates the satisfaction of the second criterion. Since there is no
indication of a faulted sensor (i.e. differential voltage rises only for one pair of sensors), a

tripping signal would be initiated.

5.3.6 Discussion

A new single-ended differential protection scheme has been described above which utilises
the principle of distributed optical sensing. After the successful evaluation of the proposed

scheme the following conclusions can be pointed out:

e The proposed scheme is highly sensitive, discriminative and fast both for pole-to-pole

and pole-to-ground faults.

e The proposed scheme has been found to be stable during external fault occurring

on adjacent lines or busbars.

e The performance of the scheme has been demonstrated in detailed transient simu-

lation, and further validated using a scaled-down laboratory prototype.

e The key advantages of single-ended instantaneous current measurement have been
outlined which result in enhanced reliability, superior stability, and high speed of

operation.

e The optical signals reflected from the sensors were acquired at a frequency of 5

kHz.

e The design, construction and operating principles of the hybrid optical sensors have
been discussed with specific emphasis on the practical aspects of implementing such

sensors in distributed monitoring of transmission lines.

e Excessive noise of optically-based measurements requires de-noising, which has
been implemented using Wavelet multi-resolution analysis and reconstruction of

the signal. Other methods could be also used (e.g. low-pass filter).
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5.4 Scheme 2: Centralised Busbar Differential and Wavelet-

based Line Protection

This section presents a method for discriminative detection of DC faults on VSC-powered
multi-terminal HVDC transmission systems using two fundamental guiding principles:
instantaneous current-differential and travelling waves. The proposed algorithm utilises
local voltage and current measurements from all transmission lines connected to a DC
busbar, and current measurement from the DC-side of the converter. The scheme operates
at a sampling frequency of 96 kHz, which conforms with IEC 61869-9 [226]. No long
distance communication is involved, while measurements and signal exchange within DC
substations are enabled by the utilisation of IEC 61850 [227].

The review of existing and proposed MTDC protection techniques carried out in
Section 5.2 leaves the impression that much of the reported research focuses on the
conceptual aspects but neglects important practical facets such as sampling frequency,
time window and breaking capacity and time response of DC interruption devices. Most
importantly, there is no discussion or studies on the practical feasibility of the schemes,
and the way measurements and signals exchange can be implemented locally (either on a
line or busbar), within a DC substation or remotely. Taking into account the requirement
of fast DC protection, all the above play a significant role in the physical implementation
of any protection scheme. Accordingly, the proposed scheme is designed to detect both
busbar and line faults within an MTDC grid as a centralised protection solution [228],
which is compliant with TEC 61869-9 and IEC 61850. The design, practical feasibility
of the scheme and case studies, have also been validated using hardware prototyping
and comprehensive laboratory testing. It should also be highlighted that even though
TEC 61869-9 has promoted the sampling frequency of 96 kHz for DC applications, its
performance and suitability for DC protection has not been studied and reported in open
literature (neither practically nor simulation-based). Consequently, another significant
contribution of the present work is the utilisation and examination of IEC 61869-9 with

regards to DC protection applications.
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5.4.1 Protection strategy

The centralised protection scheme presented in this thesis requires voltage and current
measurements from all transmission lines and the converter attached to a DC busbar as

depicted in Figure 5.27.
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Figure 5.27: Overview of protection scheme.

There are two major options for the practical implementation of the proposed scheme.
The first option (see Figure 5.27(a)) utilises Merging Units (MUs) to digitise local DC
voltage and current measurements and transmit them, including a timestamp, to the
centralised protection system using the IEC 61850-9-2 Sampled Value (SV) protocol.
Time synchronisation is shown as being achieved using Global Positioning System (GPS)
receivers, but other methods, such as using IEEE 1588 to synchronise devices over the
Ethernet network, could be used instead. IEC 61850-8-1 GOOSE messaging [229] would
be used to transfer tripping signals to CBs. In the second option (see Figure 5.27(b)),

direct wiring of DC measurements to the centralised protection system is adopted. In
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this case, GOOSE messaging and the corresponding communication infrastructure is
used only for tripping signals. The first option is particularly appropriate for larger
substations, where the distance between the measurement locations and the central
controller prohibits the use of analogue signalling. In the work presented in this section
the first option has been put forward. It should be noted that measurements are not
required to be transferred between substations. Although blocking signals for internal
busbar faults and trip signals for line faults could be transmitted to remote substations
to improve system-wide protection coordination.

The algorithm consists of three stages as illustrated in Figure 5.28 which are explained

in detail below.

Current measurements Voltage measurements
(converter and lines) (lines only)

»

Calculate
differential current
1diff

Calculate current
covariance
cov(lde)

I

I

pp !
Wavelet Transform|™ |
I

I

I

Figure 5.28: Protection algorithm.

Stage I - Fault Detection: This initial stage of operation is where the fault presence
is detected using all the currents from the converter and the lines attached to the same
busbar. Using a ten-sample time window as illustrated in Figure 5.29, the covariance

cov(Iy.) of each current is calculated.

—_————e e e e e e —

Idc

JEEE N N U Y

Sample [nJ

Figure 5.29: Ten-sample time window illustrating sub-windows W4 and Wp for covariance
calculation.
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Considering the sub-windows W4 and W as independent variables within the ten-

sample moving window, the covariance is calculated by

ns/2
1
cov(lge) = m Z(WA,k —bwa) - Wae — pw) (5.9)
5 k=1

where ng is the number of samples, Wy ; and Wp, are the covariance variables (i.e.
samples included in sub-windows Wy and Wg), uw, and pw, are the mean values of
sub-windows W, and Wpg respectively.

Covariance is a measure of change in one variable (W, ) with respect to a second
variable (Wp ). Consequently, a significant change in current (I4.) (which can be a
potential fault case) can be detected.

The fault detection is achieved by comparing cov(Ig.) of every current (i.e. converter
and line currents) with a predefined threshold THgooy . If any of these covariance values
exceed this threshold, a fault is assumed to be present and the algorithm proceeds to
Stage II. It should be noted that covariance is calculated using a fixed length ten-sample
window, moving in one-sample intervals. Due to its averaging effect, any short spike (i.e.
in one or two current samples) would not indicate a fault. This provides additional level
of security when it comes to Stage II (differential protection) as the covariance-based

indicator provides an enabling signal for the differential element.

Stage II - Busbar Fault Detection: In this stage the protection algorithm de-
termines whether the fault is on the busbar or on one of the lines. This is achieved by
calculating the differential current Iy ¢y by utilising converter and line current measure-
ments, giving

nr

Idiff = Z(Idc—Line,k + Idc—C’om)) (510)
k=1

where ny, is the number of the lines connected to the busbar (as also shown in Figure
5.27), lgc—Linek is the current in line k and Ig.—cony is the converter output current.
During line faults, the locally-calculated busbar differential current is expected to be
theoretically close to zero, while for busbar faults it should obviously reach high values.
The presence of a busbar fault is perceived by comparing the differential current with a
threshold T'Hy,,,,. If such threshold is exceeded, then a busbar fault is deemed to exist

and all CBs connected to the busbar will be tripped and the algorithm will terminate at
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this point. As also shown in Figure 5.28 if a such threshold is not exceeded, the algorithm

proceeds to Stage III, considering that the fault is present on one of the connected lines.

Stage III - Faulted Line Selection: This is the final stage of the protection
algorithm where the faulted line(s) are detected by observing travelling waves on the
voltage measurements. This is achieved by applying DWT to voltage waveforms captured
on the line side of the current-limiting inductor (for each line separately).

The wavelet transform of a function v(t) can be expressed as the integral of the

product of v(¢) and the daughter wavelet W} () as

Wwv(t):/_zv(t) \}aqf(t;b> dt (5.11)

—_——
daughter wavelet WU* , (t)

The daughter wavelet W7 ,(t) is a scaled and shifted version of the mother wavelet
U, 5(t). Scaling is implemented by « which is the binary dilation (also known as scaling
factor) and shifted by b which is the binary position (also known as shifting or translation).

Two categories of wavelet transform can be distinguished: Continuous Wavelet
Transform (CWT) and Discrete Wavelet Transform (DWT). The difference lies upon the
resolution of binary dilation a and binary position b. In DWT they move discretely in
dyadic blocks. Specifically, « and b, can only take values of the power of two as expressed

by

ap =2 (ap=2"=1,0; =2"=2,..) (5.12)
by = 28N, (bg =250 =0,b; = 281 = 2L ) (5.13)

where L is the level of decomposition and N is the sample index.

The selection between CWT and DWT is a trade-off between time accuracy of the
wave detection, and processing resources and their associated time delays [189]. In the
case of CW'T, the daughter wavelet can be positioned smoothly over the signal; hence, the
accuracy of the wave time detection is better than for DWT techniques. This is the reason
that CWT is preferred for fault location applications [190], where the computational
time is not crucial. However, DWT is computationally more efficient [189], which enables
faster wave detection. As a result, DWT is considered more suitable for power system

protection applications [191], and therefore, DWT is the chosen technique.
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The key to discrimination of the faulted line lies in the inductive termination of
each line. The placement of inductors not only results in the reduction of the rate of
rise of fault current, but also mean that voltage waveforms and their DWT contain
very distinctive features (also demonstrated in Sections 4.2.2 and 4.4.4). When a fault
occurs on one of the busbar-connected lines, the voltage measured at the line side of the
inductor will be subjected to a severe depression and hence the DWT is expected to
reveal sharp edges and possess high magnitude. For the same fault, the voltage change
measured on the healthy lines is expected to be more gradual due to the inductances
included in the fault current path from one healthy line, through the busbar, to the
faulted line. As a result, travelling waves calculated using DWT will be attenuated both
in sharpness and magnitude compared to those on the faulted line. Such differences
allow for a reliable discrimination of the faulted lines. In particular, a faulted line is
identified by comparing the calculated DWT magnitude with a predefined threshold
THpwr. Once such threshold is exceeded, a tripping signal is sent to the corresponding

CB.

5.4.2 Selecting thresholds and Wavelet

As described in the previous subsections, the sensitivity and stability of the proposed
scheme depends on the three thresholds THeov, THj,, 1 and T Hpywr, for covariance,
differential current and DWT respectively. This section elaborates on the procedure of
selecting appropriate values for these thresholds.

Firstly, regarding the covariance threshold T'Hcoy, the following formula has been
used:

THecov < = (5.14)

ts-n?
where Ci;p is the minimum capacitance expected to discharge during the fault, dVCZLIf”
is the expected minimum voltage drop across the capacitance Ciip, ts is the sampling
frequency, and ng is the number of samples used in covariance calculation.

Equation (5.14) has been derived based on the fact that a capacitive current (generated
by the discharge of the minimum capacitance Cy;y,) should be captured within the time
window used for covariance calculation (i.e. ns = 10 samples). The average value of

such discharging current over the time window sets the maximum value of T Hooy and

ensures that in case of any fault, the resulting covariance cov(ly.) will exceed T Heov .
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DC I spill
busbar

(a) Spill current during external line fault (b) Fault currents during internal busbar fault

Figure 5.30: Illustration of faults currents for threshold selection.

For explaining the procedure of selecting the threshold T'Hy,,,,, the circuits depicted
in Figure 5.30 are utilised. For the differential protection to operate correctly, two
main criteria should be fulfilled. Firstly, for protection security purposes the threshold
THy, Iy needs to be higher than the spill current Iy,;; generated during external faults.
As illustrated in Figure 5.30(a), a spill current I, is produced by the discharge of
combined shunt parasitic capacitance Cq, during external line faults. This capacitance
is formed between the live conductors, includes additional lumped circuits (e.g. resistive-
capacitive DC voltage transformers), and any other capacitance formed between the

substation components and earth. The spill current I,,;; can be approximated as

aVe,..
dt

Ispill = Cpar (515)

where dVg,,, /dt is the expected (or estimated) maximum value of the rate-of-change of
voltage across the shunt capacitance Cpq,.

Secondly, to ensure differential protection dependability, the directed sum of all busbar
currents (i.e. the differential current) should be higher than T'Hy,,,,, even for the worst
case highly-resistive faults. For the first ms of the fault, a high burst differential current
is formed by the discharge of capacitance Ceony and Ceyy as illustrated in Figure 5.30(b).
The term C..y,, represents the equivalent capacitance of the converter and Ce,; is the
total external capacitance of the neighbouring feeders. The algebraic sum of all busbar

currents can be estimated as

dVCconv
dt

v,
4 Oy~ Ceat (5.16)

Z ILine + IConv = Upar dt

where dV,, . /dt and dV¢, ,/dt are the expected (or estimated) minimum rate-of-change

conv ext

of voltage across the converter and external capacitance C.y,, and Ceyy respectively.

Taking into account the above analysis for internal and external faults together with
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the associated equations (5.15) and (5.16), the following formula (5.17) sets the range of

acceptable values for THyp,, ,:

ksf . Ispm < THIdiff < (Z Irine + IConv) (517)

It can seen that spill current is multiplied by a safety factor ks to reduce the
possibility of spurious tripping. The selection of thresholds for covariance and differential
current depends on the approximation of capacitive currents during the first ms of the
fault. This is due to the fact that the proposed scheme is designed as a primary protection
system and hence high speed of operation is required. The analysis requires the expected
or estimated rate-of-change of voltage on capacitive elements which should take into
consideration highly resistive pole-to-ground faults as explained in [230].

Regarding the selection of thresholds related to DW'T, the following impedances need
to be estimated: i) impedance seen from the point of measurement to the remote end of
the protected line, and ii) impedance seen from the point of measurement to the nearest
point outside the protected line. The analysis should include the highest considered fault
resistance Ry, as it will affect the resulting amplitude of travelling waves. The estimated
impedance can be used to calculate the corresponding transfer function with regards
to voltage. The frequency response of each transfer function should provide sufficient
margin for successful internal/external fault discrimination. As the lines are terminated
by lumped inductors (with inductance being much higher than that of the lines) there
is a significant attenuation boundary for high frequency travelling waves resulting from
external faults. For further insight on the selection of DWT related thresholds the

literature in [191,231] provides a useful guidance.

5.4.3 Measurement and communications delays within DC substation

It is important to ensure that the proposed method will operate correctly, despite delays
from a realistic implementation. Assuming the use of MUs as illustrated in Figure 5.27,
the maximum delay, tg4, to be expected from the measurement and communications can

be calculated as

tg =1ts +tymu + tn + tee (518)

where ¢t is the maximum delay due to analogue sampling (i.e. ts = 1/96 kHz= 10.42us),
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tyu is the processing time in the MU (i.e. the time to encode the SV frame), ¢, is the
total maximum Ethernet network latency, and t.. is the processing time for the central
controller (i.e. the time to decode the SV frame).

The size of the SV Ethernet frame would be 64 bytes (the minimum frame size)
because a maximum of two DC values are digitised within the dataset which would
require only 58 bytes, including overhead and quality values [232]. As suggested by IEC
61869-9, a dedicated 1 Gbps Ethernet network is assumed, and therefore ¢,, is composed
of the data transmission time for two Ethernet links (i.e. 2x 0.7us), the switch processing
delay (assumed to be 1 us), and jitter associated with queuing due to other traffic. These
could include IEEE 1588 frames and data from other measurement locations; assuming a
maximum of four simultaneous competing frames and a transmission delay of 0.58 us per
frame [233], the maximum queuing delay is 4 x 0.58us. ty;y and too can be estimated
as 12 us and 9.5 s, respectively, based on the measurements in [234] for approximately
double the frame size, but this depends on the performance of the platform. Combining

all of these factors, the worst case delay can be calculated as

tg=10.42+124 (1.4 + 144 x 0.58) + 9.5 = 36.64 us (5.19)

Further delays are introduced by the protection system and they arise from the
window-based processing required by the covariance calculation and DWT. Time delay

tqr associated with the window-based processing is given by

tyr = (Nw — Nwo) - tsi (5.20)

where Ny is the length of the processing window in samples, Nyyo is the amount of
window overlap between two consecutive calculations frames, and ¢4 the sampling period
of the input signal. Since a ten-sample time window has been used with a nine-sample
overlap, and considering 96 kHz as the sampling frequency, the total time delay 4 is
10.42 ps. It should be highlighted that since the DWT and covariance use different
processing windows which run in parallel, there is no additional queuing of the voltage
and currents measurements. As such, the value 10.42 us is not subjected to any additional

delays.

140



CHAPTER b PROTECTION SOLUTIONS FOR MTDC GRIDS

5.4.4 Modelling

For the purposes of validating the proposed protection scheme, a model of a five-terminal
HVDC grid illustrated in Figure 5.31 has been developed. The network architecture is an
enhanced version of a network from the Twenties Project case study on DC grids [163].
There are five modular multi-level converters (MMCs) in the network operating at 400

kV (in symmetric monopole configuration), current-limiting inductors and HbCBs.

MMCi Ti Line 1 Ts MMGCs
o o
Ve control Line 2 P=0.7 GW
_r~_ Current limiting
inductor MMCs4
S Line 3
—{ Hybrid circuit breaker
—0— Converter current of
measurements
Line voltage/current
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—2 W
MMC: | T, i MMCs
o o
POBGW n no P0SGW
Centralised
protection system
under test

Figure 5.31: MTDC case study grid.

The MMC models are identical to those used in [36] and the AC-DC network
parameters are presented in Table 5.7. The lines have been modelled using a distributed
parameter model. The HbCB is modelled by adopting a hybrid concept by ABB as

reported in [82] (2 ms operation time with a maximum breaking current of 9 kA).

5.4.5 Simulations results
5.4.5.1 Fault scenarios

This section presents simulation results which quantify the overall performance of the

proposed protection scheme under different fault scenarios, including pole-to-pole faults,
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Table 5.7: DC and AC Network Parameters.

Parameter Value
DC voltage [kV] + 400
DC inductor [mH] 150
Line resistance [{2/km] 0.015
Line inductance [mH/km] 0.96
Line capacitance [uF /km] 0.012

Line lengths (1 to 7) [km]

300, 200, 600, 180, 150, 120, 100

AC frequency [Hz] 50
AC short circuit level [GVA] 40
AC voltage [kV] 400
MMC levels 401
MMC arm inductance [p.u.] 0.1
MMC equivalent arm capacitance [pF] 20.84

pole-to-ground faults (incorporating highly resistive faults) and busbar faults. In all
scenarios the faults are permanent and are triggered at ¢ = 0.5 ms. In all cases, the
measurements have been contaminated with white noise to account for possible effects

due to measurement-related noise on the protection response.

Table 5.8: Description of fault scenarios.

Classification

Solid, busbar, internal

Solid, busbar, external
Highly-resistive, remote internal
Solid, close-up, internal

Scenario Description
I Pole-to-pole fault at busbar Ty (R ~ 0 )
II Pole-to-pole fault at busbar T (R ~ 0 )
111 Pole-to-ground fault at Line 3 (590 km from T5, Ry = 500 2)
v Pole-to-pole fault at Line 4 (5 km from T3, Ry =~ 0 Q)

It is assumed that the assessed protection scheme is placed at terminal T5. A selection
of representative test cases have been included here (summarised in Table 5.8 and also
depicted on Figure 5.31) which demonstrate the worst case scenarios in terms of stability
and sensitivity of the scheme. Scenario I is included to illustrate the ability to detect
and isolate internal busbar faults. The most challenging for line protection are the fault
scenarios which include a solid external fault at the end of the shortest line (Scenario II -
stability test), and an internal far-end high impedance fault on the longest line (Scenario
III - sensitivity test). An additional close-up fault (scenario IV) has been added to test
the performance and speed of the proposed scheme. Moreover this scenario has been
repeated under different sampling frequencies to investigate its impact on the protection

performance.
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5.4.5.2 Fault scenario I

This fault scenario illustrates the protection performance under a busbar fault triggered

at trque = 0.5 ms.
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Figure 5.32: Response of T protection system to fault scenario I.

Figure 5.32(a) shows that immediately after the fault there is a rapid increase in
the current from the converter. This is due to the discharge of the capacitance in the
converter’s sub-modules (prior to IGBT blocking). There is also a current infeed from the
connected lines (Lines 2, 3, 4 and 5), but their rate of rise is limited due to the inductive
terminations. As a result, there is a rapid increase in current covariance cov(lg.) (Figure
5.32(b)), which satisfies Stage I (fault detection) of the protection algorithm.

The rapid increase in current infeed from both the converter and from the lines,
results in the rapid rise of differential current I4;;s as shown in Figure 5.32(c). This
satisfies Stage II (busbar fault detection) of the protection algorithm and is followed by
the tripping of all the HbCBs (Figure 5.32(d)), after which the algorithm terminates.

5.4.5.3 Fault scenario I1

This fault scenario is designed to demonstrate the stability of the protection system
during external faults (i.e. faults on remote lines or busbars). A solid external fault at

the remote end of the shortest line (i.e. Line 5: 150 km) is applied on terminal 75. The
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performance of the protection system located at terminal T5 is depicted in Figure 5.33.
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Figure 5.33: Response of T protection system to fault scenario II.

Approximately 0.7 ms after the fault occurrence at t 4, = 0.5 ms (which corresponds
to the propagation delay along Line 5), a change in the DC currents can be observed
both in the converter output and the lines (Figure 5.33(a)). This results in an increase
in covariance (Figure 5.33(b)), especially for Line 5. This satisfies the Stage I criterion
and the algorithm will proceed to Stage II (busbar fault detection). As expected, the
differential current Ig;r¢ (Figure 5.33(c)) remains at an extremely low level; consequently
the algorithm will proceed to Stage III (line fault detection). As illustrated in Figure
5.33(e), there is no visible transient observed in DWT magnitude. As the voltage change
is measured on the healthy lines the DWT is extremely attenuated both in sharpness and
magnitude. Therefore, there is no tripping signal initiated for any of the CBs at terminal

Ty (Figure 5.33(f)), i.e. the scheme is stable during this worst case external fault.
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5.4.5.4 Fault scenario II1

In this scenario, the sensitivity and discrimination of the protection scheme is demon-
strated. As shown in Figure 5.34 after the fault occurrence at t 4,y = 0.5 ms, there is a

current increase from the converter but also from the lines (Figure 5.34(a)).
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Figure 5.34: Response of Th protection system to fault scenario III.

Similarly, due to the inductive terminations, the rate of rise of current in the healthy
lines is limited. Moreover, it can be noted that there is a time delay t,,,, corresponding
to the electromagnetic propagation speed and distance to the fault on Line 3. After
approximately 2 ms, the covariance value cov(Iy.) of the currents (especially from Line
3) increase to high values and the criterion of Stage I is satisfied.

The algorithm proceeds to Stage II where the differential current Iy s is calculated.
It is evident from Figure 5.34(c) that there is no busbar fault detected, since the values

of differential current Iy ¢y remain close to zero. Consequently, the algorithm proceeds to
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Stage IIT considering the presence of a line fault. As can be seen in Figure 5.34(d), the
voltage of the faulted line (i.e. Line 3) shows a relatively steeper transient phenomena (i.e.
travelling wave). Such transients cannot be seen in the healthy lines for two reasons: first,
transients are attenuated by inductive terminations; second, voltages are captured on
the line-side of the current-limiting inductors. The difference becomes more pronounced
when the DWT is executed as shown in Figure 5.34(e). It is evident that the faulted
line can be discriminated using the magnitude of DW'T, as its value is three orders of
magnitude greater than those obtained from the healthy lines. This results in selective

tripping of the HbCB corresponding to the faulted line as can be seen in Figure 5.34(f).

5.4.5.5 Fault scenario IV

This scenario aims to test the ability of the protection scheme to simultaneously detect
quickly close-up faults while maintaining its discrimination. As illustrated in Figure 5.35
immediately after the fault occurrence at ty4,; = 0.5 ms, there is a current increase
from the converter but also from the lines (Figure 5.35(a)), especially from Line 4. After
approximately 0.07 ms, the covariance value cov(Iy.) of the currents (especially from
Line 4) increase to high values and the criterion of Stage I is satisfied. Again, due to
the inductive terminations, both the rate of rise of current and covariance in the healthy
lines is limited.

The algorithm proceeds to Stage II where the differential current Iy s is calculated.
It is evident from Figure 5.35(c) that there is no busbar fault detected, since the values
of differential current I;;s remain close to zero. Consequently, the algorithm proceeds
to Stage III considering the presence of a line fault.

As can be seen in Figure 5.35(d), the voltage of the faulted line (i.e. Line 3) experiences
high depression followed by steep and high frequency transients. Such transients are not
present in the healthy lines, since they are attenuated by the inductive terminations, and
due to the fact that the voltages are captured on the line-side of the current-limiting
inductors. The difference becomes more distinct when the DWT is applied as shown
in Figure 5.35(e). This results in satisfaction of Stage III and selective tripping of the

HbCB corresponding to Line 4 as can be seen in Figure 5.35(f).

146



CHAPTER b PROTECTION SOLUTIONS FOR MTDC GRIDS

3 ‘
Converter
25F|-=-Line2 i
. ——-Line3
_ <L 2f | Line4 P
< = --=-Line5
= Y 15f P
8 —— Converter =
—-—-Line2 o, § 1k P
2f|---Line3 | T
""""" Lined o5t P
el 111 e S A S e
3 I ‘ ‘ ‘ ‘ 0 | N
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time [ms] Timelmsl
(a) Converter and line DC currents (b) Converter and line DC current covariance
10 ‘ ‘ ‘ : : 05 ‘
——-Line2
e ——-Line3
5¢ 1 0.25 SN IInmssoo o Line4r
- TE=L2---Lines
o >
<
w O Z 4
3 8
- >
5F 1 -0.25 J
i
»10 Il Il Il Il L »05 L L L L L
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time[ms] Time[ms]
(c) Differential currents at busbar 15 (d) Line DC voltages
40k T
——-Line2 — Converter
—-—-Line3 It —-—-Line2 []
kE B e Line4| ——-Line3
--—-Line5 T R N ] Line4
= yl | g --—--Line5
2 =
=
10k - b
o
0 L e L oo, . L I I I I I
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time[ms] Time[ms]
(e) DWT of line DC voltages (f) Tripping signal for each CB connected to T5

Figure 5.35: Response of T protection system to fault scenario IV.

5.4.5.6 Impact of sampling frequency

In order to investigate the impact of sampling frequency on the protection performance,
fault scenario IV has been repeated for different sampling frequencies. The summary of
the protection response is presented in Table 5.9.

It is evident that below 60 kHz protection has failed to operate correctly due to
the failure of Stage III (faulted line discrimination). Even though smaller sampling
frequencies can successfully pass Stage I (fault detection) and Stage II (busbar fault
detection), there is a difficulty on travelling wave-based analysis for fault discrimination.
The correct discriminative operation of the proposed scheme relies on the correct, accurate
and fast detection of travelling waves which evidently requires an adequate sampling
frequency. Consequently, the recommendation of 96 kHz in IEC-61869 provides enough

confidence for the correct and fast detection of transient phenomena in DC systems.
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Table 5.9: Impact of sampling frequency on protection performance.

fs [kHz] 1 5 10 20 50 60 70 80 96 100 200
Comect | v 'y N N N Y Y Y Y Y Y
operation
Stage I | Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
Stage II | Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass
Stage IIT | Fail Fail Pass Fail Fail Pass Pass Pass Pass Pass Pass

5.4.6 Hardware validation

5.4.6.1 Experimental arrangement

A real-time hardware prototype has been developed in order to validate the practical
implementation of the proposed scheme. For such development the Opal-RT OP5600
HILBOX has been utilised, integrating digital-analogue I/O and GPS cards.

Opal-RT real-time simulator User interface panel

Subsystem I: Subsystem II: 1 T
MTDC network ===® Protection scheme 55006
---------------------- : o0
A e
A Control &
s R B i i monitoring

g i @ i signals

 Digital Analog! i { Analog Digital}| 4
1gn out i §£§ iioin out ! N GtPS
: Vi H : N antenna
Scaled voltages (£16 volts)| |Tripping signals

corresponding to busbar/line
currents and line voltages

(0 volts: No Trip)
(5 volts: Trip)

Figure 5.36: Experimental arrangement.

As illustrated in Figure 5.36, the entire system is divided into two subsystems, one for
the MTDC test network and one for the protection scheme algorithm. The input signals
to the protection scheme are current and voltage signals (both converted to proportional
voltages) recorded from the MTDC network simulation. Time synchronisation of the
measurements is implemented through a GPS TSync-PCle card. All inputs have been
scaled-down to remain within the safe operating range of the I/O cards (+16 volts).
Consequently, all the protection thresholds have been scaled-down accordingly. The
analogue inputs are sampled at 96 kHz as per IEC 61869-9.

Communication and measurement delays within DC substation have been emulated
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Figure 5.37: Photo of experimental setup.

taking into account equation (5.18) and hence a physical Ethernet switch and merging
units has not been used. There is also a user interface panel, from which the user can
monitor and control the simulation. Specifically the user can trigger or reset the fault
scenarios or monitor the tripping status of the protection system and CBs. As illustrated
in Figure 5.37, the user interface panel consists of micro-controllers (2 x Arduino Mega

2560), LED and button panels, and alphanumeric LCD screens.

5.4.6.2 Experimental results

For the experimental validation of the proposed scheme a pole-to-pole in the middle of
Line 1 is utilised. Due to the limited number of channels of the available oscilloscope,
the results are presented considering the operation of the protection system placed at
terminal T3.

In Figure 5.38, the results are presented as captured during real-time simulation of
the aforementioned fault, triggered at #t4,,;; = 1.5 ms. Following the fault, there is a DC
current infeed from the converter and the Lines 1, 3 and 6 (Figure 5.38(b)), which in turn
results in the increased covariance values (Figure 5.38(b)) enabling protection Stage I.
Since there is no change in the differential current (Figure 5.38(c)) the algorithm proceeds
to Stage III. As shown in Figure 5.38(d), the DC voltage of the faulted line (i.e Line 1)
reveals steep changes, while for the healthy lines there is a much smoother transition.
As a result, the DWT magnitude (Figure 5.38(¢e)) for Line 1 increases significantly. It
should be noted here that even in such small scale, the discrimination of the faulted line
is very distinct as the DWT magnitude of the healthy lines is practically zero. After
approximately 1.1 ms, the algorithm proceeds to the selective tripping of Line 1 (Figure
5.38(f)), which is also depicted in the alphanumeric LCD screen of the user interface
panel in Figure 5.39.

It is evident that the proposed scheme is practically feasible using commercially
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Figure 5.38: Hardware prototype response to pole-to-pole fault at Line 1.

available hardware (which, in this case, has modest processing power), while the sensitivity
to fault inception and the selectivity of the scheme has been clearly demonstrated.
5.4.7 Discussion

A new centralised protection scheme for MTDC grids has been proposed which utilises the

principles of busbar differential protection and travelling waves. A thorough investigation
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Figure 5.39: User interface panel output.

of the proposed scheme revealed the following remarks:

e The scheme requires communication within DC substation which has been enabled

with IEC 61850.

e It has been found that the recommended frequency of 96 kHz reported in IEC
61869-9 is suitable for the detection of fast transient phenomena in HVDC grids;
hence can be utilised for the implementation of fast and reliable DC busbar and

line protection incorporating travelling waves.

e It has been found that the proposed scheme can provide fast and discriminative
protection for busbar and line faults (both solid and highly resistive), including

multiple faults occurring simultaneously on different transmission lines.

e The use of line terminating inductors leads to the limitation of the current rise in
case of a fault, assists in the discrimination of the faulted line and also prevents

the currents from exceeding the breaking capability of the CB.

e The performance of the scheme has been demonstrated in detailed transient sim-
ulation, and further validated using a scaled-down laboratory prototype. This
prototype provides a high level of confidence that the proposed method is practical,

considering realistic measurements, communications and computation.

e Further sensitivity analysis revealed that a minimum sampling rate of 60 kHz would

be adequate for this application.
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5.5 Summary

This chapter has presented the structure and the requirements of MTDC protection. It
has been pointed out that the performance of MTDC protection is very important and
necessary to ensure the secure and reliable operation of HVDC grids. Such requirements
introduce the need for transient DC fault characterisation, establishment of require-
ments and structure of HVDC protection schemes and subsequent development of a
discriminative, fast, sensitive and reliable DC protection method.

A literature review of existing and proposed MTDC protection techniques has been
carried out. It has been observed that much of the reported reserach on MTDC protection
is still in very early stages; hence the focus has been on the conceptual aspects; however,
important practical facets such as sampling frequency, time window, breaking capacity
and time response of DC interruption devices have been neglected. Most importantly,
there is neither discussion nor studies on the practical feasibility of the schemes, and the
way measurements and signals exchange can be implemented locally (either on a line or
busbar), within a DC substation or remotely. Taking into account the requirement of fast
DC protection, all of the above play a significant role in the physical implementation of
any protection scheme. Consequently, there are still unresolved issues and more research
to be carried out.

Two protection solutions have been proposed in this chapter. The first one, termed as
‘single-ended differential protection’, utilises the principle of distributed optical sensing.
It has been found that the proposed scheme can correctly operate for all types of faults,
providing fast and discriminative protection for HVDC transmission systems. This has
been demonstrated in detailed transient simulations, and further validated using a scaled
down laboratory prototype of the proposed differential scheme. The key advantages
of single-ended instantaneous current measurement have been outlined, which result
in enhanced reliability, superior stability, and high speed of operation. The design,
construction and operating principles of the hybrid optical sensors have been discussed
in the chapter with emphasis given on the practical aspects of implementing such sensors
in distributed monitoring of transmission lines.

The second solution is a new centralised scheme which utilises the principles of busbar
differential protection and travelling waves and conforms with IEC 61869-9 and IEC 61850.
It has been found that the proposed scheme can provide fast and discriminative protection

for busbar and line faults (both solid and highly resistive). This has been validated in
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detailed transient simulations, and further demonstrated using a real-time hardware-
based laboratory prototype. This prototype provides a high level of confidence that the
proposed method is practical, considering realistic measurements, communications and
computation. The use of line terminating inductors leads to the limitation of the current
rise in case of a fault, assists in the discrimination of the faulted line and also prevents
the currents from exceeding the breaking capability of the HbCB (9 kA). Additionally, it
has been found that the recommended frequency of 96 kHz reported in IEC 61869-9 is
suitable for the detection of fast transient phenomena in HVDC grids, and hence can
be utilised for the implementation of fast and reliable DC busbar and line protection
incorporating travelling waves. Further sensitivity analysis revealed that a minimum

sampling rate of 60 kHz would be adequate for this application.
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Chapter 6

Enhanced DC Fault Location in
HVDC Transmission

After the occurrence of a feeder fault on a transmission system, protection systems are
expected to minimise its detrimental effects by initiating clearing actions such as selective
tripping of circuit breakers. Following the successful fault clearance (and assuming the
fault was permanent), the following action should be the accurate estimation of its
location along the feeder. This is of major importance as it will enable faster system
restoration, diminish power outage time, and therefore enhance overall reliability of the
System.

This chapter demonstrates the outcome of several novel fault location algorithms,
enabling accurate distance estimation in HVDC transmission lines. Transient analysis
based on simulation and experiments are presented which verify the practical feasibility
of the proposed schemes. A few technical challenges related the necessity for distance

estimation accuracy are also discussed in this chapter.

6.1 Review of Fault Location Techniques

6.1.1 Travelling waves

During transmission line faults, due to the abrupt change in voltage, a series of transients
are generated; these propagate along the lines in all directions. These transients are
known as travelling waves (TWs). Associated with TWs are some unique features:

magnitude, polarity and time intervals [235,236]. It has been demonstrated in many
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publications that TWs can be used to accurately estimate fault position on a transmission
line. This estimation can be achieved using measurements either from a single end or
from both ends of the faulted circuit. Single-ended methods require identification of two
consecutive TW reflections measured at one terminal, while the two-ended methods use
the first reflection only (captured and time-stamped at both line terminals). As the first
reflection always provides the clearest signature, two-ended methods are considered more
reliable [190]. Nevertheless, the selection between single-ended and two-ended methods is
a trade-off between the cost, complexity and required reliability of the estimation [237].

A Wavelet transform approach is utilised in [238] to locate the faults in star-connected
MTDC systems. The method uses continuous Wavelet transform applied to the DC line
current waveforms. It is shown to be capable of completely eliminating the requirement
for repeater stations at the network junctions. However, a high sampling frequency (2
MHz) and time-synchronised measurements are required. Additionally, highly resistive
faults have not been investigated thoroughly.

Based on unsynchronised voltage and current measurements from the two terminals
of the line, a mix of Bergeron time domain and TW-based fault location method is
proposed in [239]. The method has been found to be accurate with both metallic and
highly resistive faults (with impedances of up to 500 2).

In [236] two graph theory-based lemmas together with the basic principle of single-
ended TW-based fault location is proposed to locate the faults in MTDC networks.
However, both publications [236,239], indicate a need for high sampling frequency of 1
MHz. The method presented in [240] eliminates the requirement to detect the arrival
time of the initial waves by utilising the dominant natural frequency in the spectrum
analysis of TWs. The proposed scheme requires voltages and currents only from one
terminal, sampled at 100 kHz. However, this method has been tested only for highly
resistive faults up to 50 €.

A special category of fault location applies to networks which include hybrid non-
homogeneous feeders with segments of both underground cables and overhead lines. For
such applications, TWs have also been found to be a powerful method for fault location.
However, in such networks, additional challenges for TW-based methods arise from
the fact that the speed of electromagnetic wave propagation is not uniform, additional
reflections are generated at the junction points, and there is an increased difficulty in

identifying the faulted segment. For such networks in HVDC systems, a number of
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fault location approaches are presented in [190,241]. The authors of [190] propose the
application of two-ended TW-based fault location based on time-stamped measurements
(voltages and capacitor currents) sampled at 2 MHz. Prior to the TW-based fault location,
the faulted segment is found by solving a set of equations estimating distance to fault
for each segment. The method is very accurate even with noisy inputs; however, fault
resistances up to 100 2 were taken into account. Additionally, the requirement of high
sampling rate and synchronised measurements could be considered a barrier in practical
applications.

A fault location method featuring a combination of TWs, Hilbert-Huan Transforma-
tions (HHT) and Ensemble Mode Decomposition (EEMD) was proposed in [242]. 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 in then calculated (by using the instantaneous frequency) and together with the
arrival time two-ended technique is used to calculated the fault distance. The sampling
requirement of this method is 1 MHz; furthermore, highly resistive faults have not been
investigated.

A single-ended hybrid method based on WT and correlation coefficients is proposed
in [243] for accurately locating faults in submarine HVDC cables. However, in the
proposed method extremely high rates have been used (i.e. 500 MHz & 250 MHz).

A flexible TW-based fault location technique is proposed in [244] which can be either
adopt single or two-ended fault location approaches to accurately locate the position of
the fault. However, the proposed idea requires TW data acquisition centres, repeater
stations and communication links which obviously increase the cost and complexity while

the reliability could be low.

6.1.2 Learning-based techniques

A special category of fault location identification techniques includes the application of
learning-based approaches. Even though the application of such advanced techniques is
widely used for fault classification and localisation in AC networks [245-249], there is a
limited number in the literature for their applicability in HVDC networks [237,241, 250].

A method based on post-fault voltage signatures (sampled at 80 kHz) is proposed
in [237]. The proposed scheme calculates the fault location by estimating the Pearson

coefficients between pre-simulated post-fault voltage patterns and existing cases, where
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the location is unknown. The method was tested for long transmission lines and for
different fault types and has been found to be achieve satisfactory accuracy. However,
the method has been validated only for highly-resistive faults with values of up to 80 €.

A different approach is introduced in [241] where a support vector machine (SVM)
is initially employed for faulted segment identification. Further investigation on TWs
provides assistance to the calculation of fault location. For the implementation of this
method, both voltage and current measurements of one end are required. Nevertheless,
the requirement for sampling frequency is not specified, while the scheme has been

validated for fault resistance values of up to 70 €.

6.1.3 Reflectometry

Reflectometry is a meausurement technique used to determine the characteristics of
electrical lines by observing reflected waveforms. Such methods can be based on mea-
surements in frequency or time domain [251]. These methods use external equipment to
inject low-voltage, high frequency signal to the line and detect and process the resulting
waveforms for anomalies (e.g. faults) along the length of the line [252].

In [253] an improved fault localisation technique is proposed which is based on
time-frequency domain reflectometry and tangent distance pattern recognition. The
method requires a signal generator to inject a reference signals into submarine cables.
The reflected signal is then captured and together with the reference signal are used for
post-fault by adopting time-frequency distribution, Euclidean and Tangent distance. The
method has been validated practically on a section of a HVDC cable and has been found
to be accurate. However, the sampling rate for reference and reflected signal is 8 GHz
and 312.5 MHz respectively, which require special and possibly expensive equipment. In
addition, the analysis requires a series of multiple and complex mathematical operations
and the influence of fault resistance has not been investigated at all.

The article in [254] reviews the methods for diagnosing and locating faults in submarine
power cables with case studies relevant to long AC cables and very long HVDC cables.
Emphasis is given on the differences in the conditions and methods between locating
a fault on a submarine cable from land cables, and the best practices for diagnosing
and locating these types of faults are discussed. Even though the actual methodologies
and test results are not presented thoroughly, it can be deduced the need for external

equipment and high sampling rates can be taken as drawback of these methods.
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6.1.4 Other methods

In [255] the location of the fault is calculated by estimating the voltage distribution
across a Bergeron line model. For this method, voltages and currents sampled at 6.4 kHz
are required and the method has been found to be accurate for long transmission lines
and for resistive faults up to 500 2. The only drawback of the method is the requirement
for synchronised measurements.

With regards to impedance-based methods, even though they are well established in
AC systems [256] it is quite impractical to implement them in HVDC lines due to the

lack of a fundamental frequency component.

6.1.5 Challenges and barriers in fault location

A literature review on the existing and proposed fault location techniques revealed that
there is a wide selection of options which can accurately calculate the location of a fault.
However they are all accompanied by some technical challenges and barriers which are

presented below for each category:

Travelling waves: Most of methods based on TWs usually require high sampling fre-
quency in order to achieve high accuracy on the estimation of the fault location [238]. Such
a requirement is frequently considered as an important drawback of TW-based methods.
Additional challenges include the first wave detection [237], the need for synchronised
measurements (for two-ended methods) [190], the impact of fault resistance [235,257], and
the fact that the propagation speed of the transmission medium should be known (can

be either deduced by the conductor geometry or estimated by a known fault location) [190].

Learning-based: The major challenge in learning-based methods is the requirement of
training samples. Since fault records are not always sufficient (or sometimes not available
at all) the training is usually implemented by simulation-based iterative studies. This

could raise concerns with regards to the reliability of the system training.

Reflectometry: One of the main disadvantages of these methods is the need of external
equipment which is usually a signal generator and a fault recorder/processor. Moreover,
most of the existing methods based on reflectometry require sampling rates in the range of

MHz to GHz. Last but not least, the application of reflectometry-based methods require a
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site visit to the feed terminal and assembly and disassembly of testing equipment. Apart
from the fact that a site visit cannot be always permitted, the assembly and disassembly

procedure could take days for HVDC substations.

Last but not least, most of the above-reviewed methods consider mainly point-to-point
HVDC links in the study cases. As such, the post-fault measurements (voltage and
current) are sufficient enough to allow post-fault analysis (faults are usually cleared from
the AC side which take several cycles to operate). This raises concerns regarding their
applicability in VSC-MTDC grids as dedicated breaker mechanisms (DC circuit breakers)
are expected to clear the faulted line. The requirements of fast operation of HVDC
protection (detection and interruption) could potentially make fault localisation more
challenging as limited measurement data during the fault can be extracted (excluding

reflectometry-based methods).

6.2 Method 1: Travelling Wave-based Fault Locator for

Hybrid Transmission Systems

This part of the thesis presents a new method for locating faults in MTDC networks
incorporating hybrid transmission media (HTMs), including segments of underground
cables (UGCs) and overhead lines (OHLs). In such networks, challenges for TW-based
methods arise from the fact that the speed of electromagnetic wave propagation is not
uniform, additional reflections are generated at the junction points, and there is an
increased difficulty in identifying the faulted segment.

The proposed TW-type method uses Continuous Wavelet Transform (CWT) applied
to a series of line current measurements obtained from a network of distributed optical
sensors. The technical feasibility of optically-based DC current measurement is evaluated
through laboratory experiments using Fibre-Bragg Grating (FBG) sensors and other
commercially available equipment (has also been demonstrated and used in Chapter 5.3).
Simulation-based analysis has been used to assess the proposed technique under a variety
of fault types and locations within an MTDC network. The proposed fault location
scheme has been found to successfully identify the faulted segment of the transmission
media as well as accurately estimating the fault position within the faulted segment.

Systematic evaluation of the method is presented considering a wide range of fault
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resistances, mother wavelets, scaling factors and noisy inputs. Additionally, the principle
of the proposed fault location scheme has been practically validated by applying a series

of laboratory test sets.

6.2.1 Fault location strategy

The proposed fault location scheme utilises the TW principle applied to a series of
measured waveforms obtained from current sensors distributed along the transmission
line. The distributed optical measuring arrangement has been previously shown by the
authors as being capable of enabling highly discriminative DC line protection. The details
and rationale for utilising distributed optical sensing can be found in [36] and are also
explained in detail in Chapter 5.3. It should be noted here that the key advantage of the
measuring arrangement is that all sensing points are completely passive (i.e. require no
power supply) and can be interrogated directly from a single piece of equipment at either
end of the line, where the protective equipment is placed. In fault location applications,
the immediate benefit of multiple distributed sensing is that the fault location can be
successfully performed in transmission lines containing multiple segments, and is not
limited to two segments as described in [241]. Additionally, when compared to [190]
and several other methods, the proposed fault location approach requires neither high

sampling frequency nor external time-stamping equipment (i.e. GPS).
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Figure 6.1: Fault location algorithm flow chart.

As the scheme depends primarily on the utilisation of TWs which can be observed in
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both voltage and current waveforms, the choice of specific signal is usually guided by the
ease of measurement and cost. In this case, the current was considered more appropriate
due to the availability of the distributed optical sensing arrangement used previously in
the current-based protection described in [36]. However, in a different practical situation,

the use of voltage measurement could also provide similar fault location functionality.
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Figure 6.2: Bewley Lattice diagram incorporating OHL, UGC and distributed optical
current sensors.

The proposed fault location scheme consists of three main stages as depicted in Figure
6.1. To enhance clarity of the description an example illustration is presented in Figure
6.2 which includes a hybrid circuit with 100 km OHL and 100 km UGC. A fault is
shown to occur on the OHL at a distance of 70 km from 7 (where the measurements
are collected). The three stages of the proposed fault location alogrithm are explained in
detail as follows:

Stage I - Faulted Segment Identification: In this stage the faulted segment
(e.g. UGC or OHL) is identified. As seen in Figure 6.1, prior to any processing the
measurements are compensated for the time delay imposed by the optical fibre. Such
time delay corresponds to the speed of light and the refractive index of SMF-28 fibre
which can be found in [216]. The fault segment identification approach is illustrated in
more detail in Figure 6.4.

The faulted segment identification is implemented by calculating the differential
current I4;r¢ for every pair of adjacent sensors. When a fault occurs between two sensors,
the differential current derived from those sensors reaches much higher level than the
current derived from any other adjacent pair. For the fault case shown in Figure 6.2
differential current Igr; is calculated for the two adjacent sensor pairs S4 — Sp and

Sp — Sc, and is illustrated in Figure 6.3. The difference is almost one order of magnitude
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which allows for a reliable selection of the faulted section of the line using a simple

instantaneous value comparison.
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Figure 6.3: Differential currents for the fault case corresponding to Figure 6.2.

The identification stage produces two outputs Syp and Spy which correspond to the
two adjacent sensors, one upstream and one downstream with respect to the fault (S4
and Sp in the depicted case). To achieve this, the algorithm incrementally searches for
the first sensor (index r) corresponding to the highest differential current (in this case
r = A). This sensor becomes Syyp = r, and the adjacent sensor becomes Spy = r + 1

(considering that highest differential current has been reached by measurements of sensors

rand r + 1).
Calculate differential Find the index with Identify the
current for the highest differential sensors of
... each pair of sensors current faulted segment
S I—}l (SA)

- Jorj=AB.C... | Tdiff{(Ss)
L I(S5) . "
SeW——W idiff(5) = | idiff(n) _|
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Figure 6.4: Faulted segment identification algorithm.

Since high frequency components are not used at this stage (and also to eliminate any
interference from noise), a moving average with a time window of 5 ms is applied. It is
also shown in the zoomed area of Figure 6.3 that only a small amount of post-fault data
(less than 1 ms) is needed to successfully perform the faulted segment identification. This
is evident from the zoomed area of the initial 2.0 ms following the fault where the current
corresponding to the faulted segment can be clearly distinguished from a very early stage.
Consequently, the performance of the proposed faulted segment identification cannot be
jeopardised, even with ultra fast DC protection schemes (considering combined detection

and isolation time).
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Stage II - Wave Detection: In this stage the precise time of wave arrival is
established. The algorithm initiates with the selection of the two measurements adjacent
to the fault Syp and Spy as reported by Stage I. Those measurements are then processed

by the CWT to detect the precise arrival times of the individual TWs.
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Figure 6.5: Normalised absolute values of wavelet coefficient magnitudes for the fault
case corresponding to Figure 6.2.

The wavelet transform of a function ((¢) can be expressed as the integral of the

product of ((¢) and the daughter wavelet W7 ,(¢) as

o= [ v () (6.1)

daughter wavelet W¥ , (t)

The daughter wavelet \Il;b(t) is a scaled and shifted version of the mother wavelet
WU, 5(t). Scaling is implemented by o which is the binary dilation (also known as scaling
factor) and shifted by b which is the binary position (also known as shifting or translation).
For further analysis of Wavelet transform Chapter 4.3 may be consulted.

In Figure 6.5 the normalised absolute values of wavelet coefficient magnitudes for
the fault case corresponding to Figure 6.2 are depicted. It should be noted that the
magnitudes have been normalised individually according to the maximum value of the
TWs in each measurement (which is usually the initial TW).

In this case the selected measurements would be from sensors S4 (black solid line)
and Sp (green dashed line). The exact times of the waves are established by comparing
the waveforms with a predefined threshold Wy (i.e. the time instant is recorded when
the threshold is exceeded). For sensor S4 those time instances correspond to ¢(g4) and

ta(54) (as shown in Figure 6.5), while for the sensor Sp those times are depicted as t1(5B):

ta(sm), ta(smys tacsp) and tssp)-
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Stage III - Fault location calculation: In the final stage of the algorithm, the
actual fault location is calculated. Since the measurements from both ends of the faulted
segment are available locally, two-ended fault location approach can be conveniently
applied. It is worth reiterating that the utilised optical sensing scheme can interrogate
all sensors from a single acquisition point, and thus synchronised measurements can be
ensured without the need of GPS (i.e. the difference in measurement time arrival from
individual sensors is known and can be easily calculated). Taking as a reference the
left-hand side (i.e. where Syyp is located) of the HTM the fault location can be estimated
by

Lseg = Al(syp—5py) * Vprop

Dp = : (6.2)

where Dp is the distance between Syp sensor and the fault (calculated using the
measurements of both sensors Syp and Spy), Lseg is the total length of the faulted

segment, At is the time difference of the initial TWs at sensing locations Sy p

Sup—SDN)
and Spy, and vy is the propagation velocity of the faulted segment.
For the studies presented in this section the propagation velocity has been calculated

according to the conductor geometry of each segment.

6.2.2 Modelling

A model of a five-terminal HVDC grid illustrated in Figure 6.6 has been developed in for
the purposes of evaluating the proposed fault location method. The network architecture
has been adopted from the T'wenties Project case study on DC grids [163]. There are
five modular multi-level converters (MMCs) in the network operating at £400 kV (in
symmetric monopole configuration), current limiting inductors, and HTMs with OHLs
and UGCs (both are represented by the distributed parameter line model). The line
lengths of each HTM segment can be seen in Table 6.2. The parameters used in modelling
of the OHLs and UGCs can be found in Table 6.3 [258].

A network of distributed current optical sensors is installed on all HT'Ms. The sensors
are installed at each line end, and one at each junction. The main purpose of the junction
sensor is to facilitate the faulted segment identification. Therefore, there is no need
for the installation of two sensors at both sides of the junction (unless there were more
than two lines connected to the node) as the same current would be measured by both

sensors. Each sensing network is terminated at one end of the HTM where the measuring
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Figure 6.6: Case study five terminal HVDC network.

and fault location equipment (i.e. fault locator station) is placed. As the method is
single-ended by its nature, there is only one optical measurement interrogator, and one
fault locator station required for each HTM. Therefore, in some converter stations (e.g.
M MC(Cs) there is no measuring equipment, only the sensors attached to the end of the
optical fibre. The fault location results presented in the following sections are reported
taking the fault locator station as a reference point. The parameters of the AC and DC

network components are included in Table 6.1.
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Table 6.1: DC and AC network parameters.

Parameter Value
DC voltage [kV] + 400
DC inductor [mH] 150
AC frequency [Hz] 50
AC short circuit level [GVA] 40
AC voltage [kV] 400
MMC levels 401
MMC arm inductance [p.u.] 0.1

MMC equivalent arm capacitance [pF]  20.84

Table 6.2: Lengths of OHLs and UGCs included in MTDC case study grid.

HTM-1 | UGC: 150 km, OHL: 70 km

HTM-2 | OHL: 100 km, UGC: 100 km

HTM-3 | OHL-a: 65 km, UGC: 180 km, OHL-b: 35 km
HTM-4 | UGC: 50 km, OHL: 130 km

HTM-5 | UGC: 30 km, OHL: 70 km

Table 6.3: Parameters of UGC and OHL.

Parameter OHL UGC
Resistance [Q2/km)] 0.015 0.0146
Inductance [mH /km)] 0.96 0.158
Capacitance [pF/km] 0.012 0.275
Speed of propagation [km/s] | 294,627.8 151,706.8

6.2.3 Simulation results
6.2.3.1 Case studies and methodology

Pole-to-pole faults (PPFs) and pole-to-ground faults (PGFs) have been simulated in all
segments of the MTDC network, at varying distances and with various fault resistances
(Ry) of up to 500 €2. Additionally, test cases have been expanded to include a wide range
of mother wavelets ¥, scaling factors a and the impact of noisy measurements.

First, the signals have been sampled at 135 kHz (which corresponds to the resonant
frequency of optical sensors, imposed by their mechanical properties) and the CWT
magnitudes have been normalised (as also shown in Figure 6.5). The threshold Wy
used for establishing the wave arrival time has been set to 0.25. As also discussed in [238]
the value of the threshold is subject to the assumed safety margins, anticipated levels of
noise in the measured signal and scale of CWT.

The most suitable mother wavelet is usually selected by trial-and-error studies. The
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two major criteria are the provision of sharp edge for wave detection and the requirement
for processing resources. However the latter is not so crucial in fault location applications
as they are more focused on accuracy. For HVDC fault location applications it has been
found in the literature that mother wavelets with relatively good performance include
the ‘Haar’ and ‘db1’ [190,238,241] wavelets. This will be also verified later with the aid
of simulations.
The values of fault location estimation error have been calculated according to
Dp — D7

error (%] = LiF -100% (6.3)
seg

where Dr is the calculated fault distance, D% is the actual fault distance and L., the

total length of the faulted segment.

6.2.3.2 Fault location results

The results of faulted segment identification and fault location are included in Table 6.4
for PPFs and Tables 6.5 and 6.6 for resistive PGFs with Ry = 100 €2 and Ry = 500 {2
respectively. The presented results were obtained by utilising ’Haar’ mother wavelet with
a scaling factor oo = 2, since (theoretically) results with increased accuracy are expected
in lower scales.

The minimum, maximum and average errors observed for PPFs are 0%, 1.4817%
and 0.3768% respectively while for PGFs (Ry = 100 Q) those errors were 0.0262%,
1.3389% and 0.3714% respectively. The aforementioned errors for PGFs with Ry = 500 €2
correspond to 0.000%, 1.4770% and 0.4170%, which verify that the proposed scheme is
accurate even for highly-resistive faults. The faulted segment has been identified correctly
in 100% of the cases for both types of faults. What is also interesting to note is that the
proposed fault location scheme achieves high accuracy even in the case of close-up faults

(i.e. faults occurring close to the head or end of each line segment).
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Table 6.4: Segment identification and fault location results for PPFs.

. Fault Reported sensors  Reported fault — Error
HTM  Segment distance [km| Syp SpN location [km] (%]
1 UGC 25.0 Si—a Si—B 24.9929 -0.0047
1 UGC 55.0 S1-4 Si-B 55.3343 0.2229
1 UGC 78.5 Si—a Si—B 78.3713 -0.0858
1 UGC 103.5 Si—4 Si—B 103.6557 0.1038
1 UGC 141.0 S1—4 Si-B 141.3015 0.2010
1 OHL 23.2 Si—-B Si—c 22.9966 -0.2905
1 OHL 48.0 Si—B Si—c 48.2108 0.3012
1 OHL 57.7 Si-B Si—¢ 57.9155 0.3079
1 OHL 65.5 Si—B Si—c 64.4628 -1.4817
2 OHL 18.5 So_ 4 So_p 18.3548 -0.1452
2 OHL 50.0 Sa—a Sa—B 51.0912 1.0912
2 OHL 63.6 Sa_a Sa—B 64.1858 0.5858
2 OHL 77.0 So_4 So_p 77.2804 0.2804
2 UGC 9.0 Sa—p Sa—c 8.4211 -0.5789
2 UGC 43.8 Sa—B Sa_c 43.2575 -0.5425
2 UGC 69.4 So_p So_c 69.1038 -0.2962
2 UGC 88.0 Sa—p Sa—c 88.2076 0.2076
2 UGC 90.0 Sa—B Sa_c 89.8933 -0.1067
3 OHL-a 12.4 Ss_a Ss_p 11.7669 -0.9740
3 OHL-a 35.0 S3_4 Ss_p 35.7736 1.1902
3 OHL-a 42.0 Ss_4 Ss_p 42.3209 0.4937
3 OHL-a 50.1 S3_p Ss_c 51.0506 1.4625
3 OHL-a 57.3 Ss_p Ss_c 57.5979 0.4583
3 UGC 10.0 S3_p S3_¢ 9.6516 -0.1936
3 UGC 39.7 S3_p S3_¢ 39.9929 0.1627
3 UGC 56.7 Ss_p Ss_c 56.8493 0.0829
3 UGC 95.0 S3_p S3_¢ 95.0569 0.0316
3 UGC 100.0 S3_p Ss_c 99.5519 -0.2489
3 UGC 103.0 Ss_p Ss_c 102.9232 -0.0427
3 UGC 161.2 S3_p S3_¢ 161.3584 0.0880
3 UGC 173.0 Ss_¢ S3_p 172.5959 -0.2245
3 OHL-b 26.7 Ss_c S3_p 26.6210 -0.2256
3 OHL-b 30.0 Ss_¢ S3_p 29.9337 -0.1893
3 OHL-b 33.7 S3_c S3-p 33.8682 0.4806
4 UGC 3.8 Si—a Si—B 3.6487 -0.3027
4 UGC 13.2 Sa—a Si_p 13.2006 0.0012
4 UGC 29.10 Sa—4 Si—p 29.4950 0.7900
4 UGC 46.6 Si—a Si—B 46.3513 -0.4973
4 OHL 29.0 Si_p Si_c 28.9899 -0.0077
4 OHL 53.5 Si—B Si—c 52.9966 -0.3872
4 OHL 74.0 Si—B Si—c 73.7297 -0.2079
4 OHL 110.2 Si_p Si_c 109.7398 -0.3540
4 OHL 125.0 Si—B Si—c 125.0168 0.0129
5 UGC 2.6 Ss5-4 Si—p 2.6387 0.1290
5 UGC 7.9 Ss-4 Si—p 8.2575 1.1916
5 UGC 10.7 S5-4 Si—B 10.5050 -0.6501
5 UGC 15.0 Ss5-4 Si—p 15.0000 0.0000
5 UGC 29.5 S5-4 Si—p 29.6088 0.3627
5 OHL 7.9 S5—B Si—c 7.7196 -0.2576
5 OHL 33.8 Ss5_B Si_c 33.9088 0.1554
5 OHL 45.5 Ss5—B Si—c 44.8209 -0.9701
5 OHL 66.6 S5—B Si—c 66.6452 0.0646
5 OHL 69.0 Ss5_pB Si_c 68.8276 -0.2462
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Table 6.5: Segment identification and fault location results for PGFs (R; = 100 ).

. Fault Reported sensors  Reported fault — Error
HTM  Segment distance [km| Syp SpN location [km] (%]
1 UGC 39.5 Si—a Si—B 39.6017 0.0678
1 UGC 56.0 S1-4 Si-B 55.8962 -0.0692
1 UGC 100 Si—a Si—B 100.2845 0.1896
1 UGC 135.6 Si—4 Si—B 135.6827 0.0552
1 UGC 148.0 S1—4 Si-B 148.0440 0.0294
1 OHL 12.2 Si—B Si—c 12.0845 -0.1650
1 OHL 38.7 Si—B Si—c 38.2736 -0.6091
1 OHL 43.2 Si-B Si—¢ 42.6385 -0.8021
1 OHL 68.0 Si—B Si—c 67.7364 -0.3765
2 OHL 19.8 So_ 4 So_p 20.5372 0.7372
2 OHL 48.8 Sa—a Sa—B 48.9088 0.1088
2 OHL 88.8 Sa_a Sa—B 88.1925 -0.6075
2 OHL 90.0 So_4 So_p 90.3749 0.3749
2 UGC 13.3 Sa—p Sa—c 12.9161 -0.3839
2 UGC 33.3 Sa—B Sa_c 33.1437 -0.1563
2 UGC 56.0 So_p So_c 55.6188 -0.3812
2 UGC 71.6 Sa—p Sa—c 71.3513 -0.2487
2 UGC 86.7 Sao—B Sa_c 87.0839 0.3839
3 OHL-a 7.9 Sa_a S3-B 8.4933 0.9128
3 OHL-a 15.5 S3_4 Ss_p 16.1318 0.9720
3 OHL-a 38.9 Ss_4 Ss_p 39.0473 0.2266
3 OHL-a 46.8 S3_a S3_p 46.6858 -0.1757
3 OHL-a 62.1 Ss_4 Ss_p 61.9628 -0.2111
3 UGC 9.9 S3_p S3_¢ 9.6516 -0.1380
3 UGC 10.5 S3_p Ss_c 10.7753 0.1530
3 UGC 59.0 Ss_p Ss_c 59.0968 0.0538
3 UGC 87.1 S3_p S3_¢ 87.1906 0.0503
3 UGC 100.0 S3_p Ss_c 99.5519 -0.2489
3 UGC 144.0 Ss_p Ss_c 144.5021 0.2789
3 UGC 153.4 S3_p S3_¢ 153.4921 0.0512
3 UGC 166.0 S3_B S3_c 165.8534 -0.0814
3 UGC 177.7 Ss_p Ss_c 177.6528 -0.0262
3 OHL-b 20.5 Ss_¢ S3_p 20.7736 0.7818
3 OHL-b 30.7 S3_c S3-p 30.5946 -0.3012
4 UGC 6.5 Si—a Si—B 6.4581 -0.0839
4 UGC 15.2 Sa—a Si_p 15.4481 0.4962
4 UGC 25.5 Sa—4 Si—p 25.5619 0.1238
4 UGC 41.7 Si—a Si—B 41.8563 0.3126
4 OHL 10.8 Si_p Si_c 10.4393 -0.2775
4 OHL 55.3 Si—B Si—c 55.1791 -0.0930
4 OHL 65.4 Si—B Si—c 65.0000 -0.3077
4 OHL 99.1 Si_p Si_c 98.8276 -0.2095
4 OHL 115.4 Si—B Si—c 115.1959 -0.1570
5 UGC 5.2 Ss5-4 Si—p 4.8862 -1.0460
5 UGC 6.6 Ss-4 Si—p 6.3344 -0.8854
5 UGC 14.7 S5-4 Si—B 15.0000 1.0000
5 UGC 26.6 Ss5-4 Si—p 26.2375 -1.2082
5 OHL 11.3 Ss5—B Si—c 10.9933 -0.4382
5 OHL 21.0 S5—B Si—c 20.8142 -0.2654
5 OHL 27.5 Ss5_B Si_c 27.3615 -0.1979
5 OHL 44.0 Ss5—B Si—c 44.4975 0.7107
5 OHL 58.0 S5—B Si—c 57.9155 -0.1207
5 OHL 65.4 Ss5_pB Si_c 64.4628 -1.3389
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Table 6.6: Segment identification and fault location results for PGFs (R; = 500 ).

. Fault Reported sensors  Reported fault — Error
HTM  Segment distance [km| Syp SpN location [km] (%]
1 UGC 1.2 S1—4 Si-B 1.3941 0.1294
1 UGC 5.7 S1-4 Si-B 5.8891 0.1261
1 UGC 34 Si—a Si—B 33.983 -0.0114
1 UGC 100 Si—4 Si—B 100.2845 0.1896
1 UGC 129 S1-4 Si-B 129.5021 0.3347
1 UGC 149 Si—a Si—B 149.7297 0.4864
1 OHL 35 Si—B Si—c 35.0000 0.0000
1 OHL 55 Si-B Si—¢ 54.6419 -0.5116
1 OHL 67 Si—B Si—c 66.6452 -0.5068
2 OHL 1.5 So_ 4 So_p 1.9866 0.4866
2 OHL 50.7 Sa—a Sa—B 51.0912 0.3912
2 OHL 90.2 Sa_a Sa—B 90.3749 0.1749
2 OHL 95 So_4 So_p 94.7398 -0.2602
2 UGC 12.7 Sa—p Sa—c 12.3542 -0.3458
2 UGC 29.9 Sa—B Sa_c 29.2105 -0.6895
2 UGC 45.8 So_p So_c 44.9431 -0.8569
2 UGC 66.6 Sa—p Sa—c 66.2944 -0.3056
2 UGC 87.7 Sa—B Sa_c 87.6458 -0.0542
3 OHL-a 8.1 S3_4 S3-B 8.4933 0.6051
3 OHL-a 23.8 S3_4 Ss_p 24.5979 1.2276
3 OHL-a 35.6 Ss_4 Ss_p 35.7736 0.2671
3 OHL-a 46.5 S3_a S3_p 46.6858 0.2858
3 OHL-a 55.5 S3_4 Ss_p 55.4155 -0.1300
3 UGC 8.8 S3_p S3_¢ 8.5278 -0.1512
3 UGC 12 S3_p Ss_c 11.8991 -0.0561
3 UGC 33 Ss_p Ss_c 33.2504 0.1391
3 UGC 56.4 S3_p S3_¢ 56.2874 -0.0626
3 UGC 100 S3-B S3_¢ 100.1138 0.0632
3 UGC 144.3 S3_p S3_¢ 144.5021 0.1123
3 UGC 156 S3_p S3_¢ 155.7396 -0.1447
3 UGC 165.7 S3-B Ss_c 165.8534 0.0852
3 UGC 177.5 Ss_p Ss_c 177.6528 0.0849
3 OHL-b 15.2 Ss_¢ S3_p 15.3176 0.3359
3 OHL-b 34 S3_c S3-p 33.8682 -0.3765
4 UGC 5.1 Si—a Si—B 5.3343 0.4686
4 UGC 28 Sa—a Si_p 28.3713 0.7425
4 UGC 42 Sa—4 Si—p 42.4182 0.8364
4 UGC 48.5 Si—a Si—B 49.1607 1.3214
4 OHL 4 Si_p Si_c 2.8008 -0.9225
4 OHL 66 Si—B Si—c 66.0912 0.0702
4 OHL 83.5 Si—B Si—c 83.5506 0.0390
4 OHL 99 Si_p Si_c 98.8276 -0.1326
4 OHL 115.7 Si—B Si—c 116.2871 0.4516
5 UGC 2.7 Ss5-4 Si—p 2.7056 0.0186
5 UGC 9.5 Ss-4 Si—p 9.9431 1.4770
5 UGC 11 S5-4 Si—B 11.3287 1.0958
5 UGC 184 Ss5-4 Si—p 18.6331 0.7771
5 UGC 28.5 S5-4 Si—p 28.7469 0.8231
5 OHL 11.5 S5—B Si—c 10.9933 -0.7239
5 OHL 23 Ss5_B Si_c 22.9966 -0.0048
5 OHL 39.8 Ss5—B Si—c 39.3649 -0.6216
5 OHL 55.1 S5—B Si—c 54.6419 -0.6545
5 OHL 67.3 Ss5_pB Si_c 66.6452 -0.9354
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6.2.3.3 Effect of mother Wavelet ¥ and scaling factor «

In order to investigate the effect of mother wavelet ¥ and scaling factor «, a section
of UGC at HTM-3 has been tested. In particular, PPFs from 90 km to 120 km with
steps of 250 meters have been generated. For this range of faults the minimum (Min.),
maximum (Max.) and average (Avg.) values have been calculated for different mother
wavelets W and scaling factors a, as shown in Table 6.7. The scaling factor values o have
been selected using a power-of-two series o = 2V (with N =1,2,..). This is a common
practice adopted in WT [190, 238,259], and it provides a common base for comparison
between different methods but also for comparison between CWT and DWT (scaling
factors in DWT can only assume values of the power of two).

Satisfactory results have been achieved for the majority of mother wavelets and scaling
factors. However, an increase in fault location error can be observed when the majority
of mother wavelets have higher values of the scaling factor (e.g. a = 128). The output
of such study is that for the proposed fault location technique, the best performance
(considering minimum, maximum and average values of error and for all the scaling
factors) shall be provided by mother wavelets ‘Haar’, ‘db1’, ‘db2’, ‘sym1’ and ‘sym?2’.
The best overall accuracy in terms of average error has been achieved for mother wavelet
‘coif2’ and scaling factor o = 4. Predominantly, high performance is achieved to lower
scales as they correspond to higher frequency components and the accuracy is expected

to be theoretically greater [190,191].

Table 6.7: Fault location errors of PPFs at UGC (HTM-3) for different values of scaling
Factor o and Mother Wavelets W.

a 2 4 8 16
v Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min.
Haar 0.0000 0.2282  0.0860 0.0000 0.2667 0.0905 0.0000 0.2063 0.0833 0.0000 0.2448 0.0998 0.0000
db1 0.0000 0.2282  0.0860 0.0000 0.2667 0.0905 0.0000 0.2063 0.0833 0.0000 0.2448 0.0998 0.0000
db2 0.0000 0.2586 0.1102  0.0000 0.2517 0.0950 0.0000 0.1719 0.0788 0.0000 0.3906 0.1411 0.0014
db3 0.0000 0.7466 0.1285 0.0000 0.2229 0.0894 0.0000 0.4097 0.0958 0.0000 0.4097 0.0958 0.1472
db4 0.0000 0.4580 0.1357 0.0000 0.1719 0.0792 0.0000 0.2586 0.1081 0.0000 0.2420 0.0965 0.8073
syml 0.0000 0.2282  0.0860 0.0000 0.2667 0.0905 0.0000 0.2063 0.0833 0.0000 0.2448 0.0998 0.0000
sym2 0.0000 0.2586 0.1102  0.0000 0.2517 0.0950 0.0000 0.1719 0.0788 0.0000 0.3906 0.1411 0.0014 0.2840 0.7577 2.0462 1.1061 2.9303  3.5368  3.1106
sym3 0.0000 0.7466 0.1285 0.0000 0.2229 0.0894 0.0000 0.4097 0.0958 0.0000 0.4097 0.0958 0.1472 0.4186 1.0244 14.6712 1.8594 59309 17.3664 15.7722
sym4 0.0000 0.4483  0.0994 0.0000 0.2420 0.0914 0.0000 0.4097 0.1078 0.0000 0.4455 0.1204 0.0000 0.5486 0.1450 0.0028 1.3711 0.7267 5.3066  7.9647  7.1351
coifl 0.0000 0.2420 0.0926  0.0000 0.1913 0.0837 0.0000 0.2586 0.1077 0.0000 0.4167 0.1258 0.0042 0.2502  0.0055 0.6931 0.2957 7.8230  8.9823  8.5436
coif2 0.0000 0.1746  0.0801 0.0000 0.1677 0.0784 0.0000 0.1913 0.0847 0.0000 0.4441 0.1382 0.0028 0.2257 0.0083  1.5608 0.3624 ¢ 20.7976
coif3 0.0000 0.4580 0.1615 0.0000 0.1924 0.0791 0.0000 0.1913 0.0834  0.0000 0.1536  0.0000 0.1184 0.1896  2.2195 0.8455 27.4921

64 128
Avg. M. Max.  Avg. Min._ Max. _ Avg
0.1505 0.0028 0.7055 0.3616 2.9111 44581 3.7014
01505 0.0028 0.7055 0.3616 2.9111 44581  3.7014
5 0.2840 07577 20462 11061 2.9303  3.5368  3.1106
04186 1.0244 14.6712 18594 5.9309 17.3664 15.7722
25508 21382 13.8035 6.9622 57920 10.4827 14.6758
0.1505 0.0028 0.7055 0.3616  2.9111 4.4581 3.7014

coifd 0.0000 0.7618 0.2123  0.0000 0.1993 0.0798 0.0000 0.1913 0.0824 0.0000 3 0.1270  0.0000 0.1190  0.4330  2.5660 1.1809 27.7475
meyr 0.0000 0.4497 0.1521 0.0000 0.7701 0.1619 0.0000 1.3806 0.1534 2.3295 3 729622 0.5170 3 29133 0.8140 3.4681 1.7820 8.8956 51.3887
dmey | 0.0000 0.8306 0.1812 0.0000 0.8306 0.2240 0.0000 1.5195 0.1499 2.0875 3.2399 2.8410 0.4813 8.3056 28923 0.7810 3.4337 1.7588 82713 22.8975

6.2.3.4 Impact of noisy measurements

In order to assess and further scrutinise the performance of the proposed fault location
scheme, the studies presented previously have been repeated considering noisy inputs.

In particular, the current measurements have been subjected to artificial noise with
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increasing amplitude up to 28 dB Signal to Noise Ratio (SNR). Excessive noise may
result at the transimpedance amplifier stage, particularly when spectral signals from
Fibre Bragg Grating (FBG) sensors need to travel relatively long sections of optical fibre
and require significant amplification. Results for mother wavelet ‘Haar’ are presented in
Table 6.8.

Compared to the noise-less signal (infinite SNR), the increase in noise level (lower
dB values correspond to higher levels of noise) has inevitably a degrading effect on the
fault location accuracy. It can be concluded that the proposed fault location scheme
is relatively robust to the additive noise, symptomatic of the fibre section lengths and
sampling rates (hence photodetector bandwidth) considered in this simulation. In terms
of average error it has been found that the error rises by 0.0369% for the SNR. dropping
to 28 dB.

Table 6.8: Fault location errors of PPFs at UGC (HTM-3) for Haar Mother Wavelet and
for different levels of SNR and scaling factors a.

a 2 4 8 16 32 64 128
SNR [d] min___max___avg  min___max___avg _ min___max___avg _ min___max __avg __min avg  min__ max__ avg  min___max___ avg
0 0.0000 0.2282 0.0360 0.0000 0.2667 0.0905 0.0000 0.2063 0.0833 0.0000 0.2448 0.0998 0.0000 0.1505 0.0028 07055 0.3616 29111 4.4581 3.7014
80 0.0000 0.2282 0.0860 0.0000 0.2667 0.0905 0.0000 0.2063 0.0833 0.0000 0.2448 0.0998 0.0000 0.1505 0.0028 0.7055 0.3616 2.9111 4.4581 3.7014
55 0.0000 0.2282 0.0360 0.0000 0.2667 0.0905 0.0000 0.2063 0.0824 0.0000 0.2517 0.1016 0.0000 0.1523 0.0028 0.7055 0.3616 2.9111 4.4581 3.7039
0.1565 0.0028 0.7976 0.3745 2.9097 4.4581 3.6988

45 0.0000 0.2254 0.0848 0.0000 0.2736 0.0906 0.0000 0.2063 0.0826 0.0000 0.2586 0.1044 0.0000

40 0.0000 0.0860 0.0000 0.2667 0.0916 0.0000 0.2063 0.0829 0.0000 0.2517 0.1028 0.0000 0.1637  0.0028 0.7976 2.7035 4.4581 3.6807

38 0.0000 0.0862  0.0000 0.2667 0.0913 0.0000 0.2063 0.0825 0.0000 0.2448 0.0999 0.0000 0.1610  0.0028  0.7687 9 4.4581  3.6962
35 0.0000 0.0862  0.0000 0.2764 0.0954 0.0000 0.2365 0.0875 0.0000 0.3288 0.1039 0.0000 0.1758  0.0028  0.7687 4.4594  3.6652
30 0.0000 0.0882  0.0000 0.2764 0.0920 0.0000 0.2035 0.0838 0.0000 0.4001 0.1208 0.0028 0.1907  0.0028 0.9545 0.3857 4.5956
28 0.0000 0 0 0.0849 0.0000 0.3590 0.1046 0.0000 0.2750 0.0888 0.0028 0.3975 0.1367 0.0042 0.1780 0.0028 0.9420 0.3889 4.5969

6.2.3.5 Impact of fault current limiters

To accelerate practical feasibility of MTDC grids various types of fault current limiters
are often utilised, installed either on the DC or AC side of the system [91,93,260]. It
should be highlighted that the proposed fault location scheme should be immune against
any practical fault current limiter, installed either on the AC or DC side. This will be
better explained with the aid of Figure 6.7.

A transition point is a point on a line where there is a change in surge impedance.
When an electromagnetic wave passes through a transition point, a part of it is reflected,
and a part continues to travel in the same direction [155,160]. As indicated in Figure
6.7, the initial wave is termed “ncident wave’, and the resulting two at the transition
point are called the ‘reflected wave’ and the ‘refracted wave’ (for in-depth analysis of
travelling waves and transition points refer to Chapter 4.1). Any fault current limiting
or interruption device, installed either on AC or DC side, is expected to increase the

impedance (i.e. Zgiq) and consequently affect the amplitude of reflected and refracted
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Figure 6.7: Explanation of travelling waves at a transition point.

waves. However, no impact is expected on the time of arrival of the TW which is
determined by the line impedance Zpp and distance to fault. Considering this and
the fact that the sensors of the proposed scheme are installed on the line side of any
potential fault limiting element (see Figure 6.7) the performance of the scheme should

not be compromised.

[)) L
S 1 1% wave
E 27 wave
e
= o5l
-
5
t[”'op o 2- tprop -
) I ——— I ] L a2 L —

0 0.2 04 0.6 0.8 1 12 14 16 18 2
time [mg]

Figure 6.8: Normalised CWT magnitude for different fault current limiting technologies.

It should be noted that typical terminating inductors of 150 mH are already included
in all the simulation results presented in previous sections. In order to further validate
the above reasoning, a fault occurring at 78.5 km on the UGC section of HTM-1 has been
simulated with different fault current limiting and interruption technologies. In particular
inductive current limiters (with different inductance values), DC-CBs, AC-CBs, and AC
resistive fault current limiters (R-FCLs) have been considered in the studies. DC-CBs
represent a hybrid design as introduced in [36,82], R-FCL have been modelled according

to [261], while the AC-CBs are represented by mechanical disconnectors. The normalised
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CWT magnitudes (for wave detection) of these cases are depicted in Figure 6.8, and the
corresponding fault location errors have been reported as —0.0858% for all cases. The
results in Figure 6.8 have been generated by utilising current measurements from sensors
S4 and Sp as shown in Figure 6.7. The results demonstrate that fault current limiters
and breakers (either on DC or AC side) do not distort the time response of TWs at the

specific point of measurement and hence the fault location accuracy is not affected.

6.2.3.6 Effect of sampling time and small increments of fault distance

In order to investigate the effect of sampling time, a small incremental change in fault
distance has been applied to the UGC section of HTM-3. The results for PPFs at
positions of 99 km to 101 km with steps of 100 meters have been generated. For this
range of faults the error is shown in Figure 6.9. The presented results were obtained by

utilising ‘Haar’ mother wavelet with a scaling factor o = 2.

0.3
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Figure 6.9: Fault location error with respect to small distance increment.

By moving fault position in short increments of 100 meters, an effect of randomly
changing sampling instant is emulated. It has been established that the error can fluctuate
between —0.2489 % and 0.2489 %. This result has been achieved at a very moderate
sampling rate of 135kHz (used in all simulations presented in the thesis). To reduce the
sampling-time-related error, the sampling rate would have to be increased. A similar

effect can be expected from all TW-based methods.
6.2.4 Optical sensing technology

6.2.4.1 Transition joint pits

Optical sensing technology for HVDC applications is a growing area of research and

development. However, there are only a handful of field trials reported in open literature
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[101,262,263]. The purpose of such sensing schemes is to assist the implementation of

protection, control, power quality and other power-system-related functions.

Overhead line

+— Region of sensor
: placement

Underground cable

Figure 6.10: Typical representation of a transition joint pit.

Optical sensing schemes (i.e. examples of optical current transformers) for HVDC
applications are also reported in IEC-61689 [226] (Part 9: Standards for Digital Interface
for Instrument Transformers). From the technical point of view, the connection between
overhead lines and cables is taking place at ‘transition joint pits’ (see Figure 6.10),
and the actual conductor connection is established with ‘transition joints’ [49, 264].
Such pits are actual onshore installations with other protective, measuring and control
components. Considering this, current optical sensors can be attached and installed
around the transition joint and hence current measurements can be realised at transmission

junctions.

6.2.4.2 Testing methodology

In order to prove the principle of the proposed fault location scheme, the optical sensor
system previously developed and demonstrated in Chapter 5.3 to enable distributed DC
line monitoring was utilised in this study.

The optical voltage sensor is formed by attaching an FBG to a piezoelectric transducer

and measure strain generated as a result of a voltage applied across the transducer. The
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strain exerted on the FBG produces a corresponding shift in its peak wavelength which
can be calibrated in terms of voltage. An analogous function can be achieved by utilising a
magnetostrictive transducer that responds to magnetic field generated around a conductor

experiencing a fault current.
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Figure 6.11: Experimental setup schematic diagram. Fault is shown between sensors Sp
and Sg, at UGC segment.

Due to the working range of the utilised data acquisition card, the generated voltages
were scaled to remain within a range of £10 V. The voltage traces representing the DC line
currents were then applied to the optical sensors while the corresponding measurement
data obtained from the optical interrogation system was recorded on a PC for further

processing by the fault location system algorithm.

6.2.4.3 Hardware setup

A schematic diagram of the experimental setup employed for the practical validation of
the proposed fault location scheme and its physical arrangement are shown in Figure 6.11
and Figure 6.12, respectively. The experimental setup depicted in Figure 6.12 is applicable
to any HTM regardless of the number of segments and shall be installed independently
for each HTM. As a result, each fault location scheme operates independently and is not
affected by the operation of any other distributed sensing networks. This facilitates high
flexibility under various operating modes. For example, when an HTM is out of service,
only the scheme corresponding to the specific HI'M needs to be deactivated, permitting
the remaining fault location schemes to continue operating. It should be noted that

the HTM-3 was selected for demonstration as the most challenging case considering the
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number of segments and the length of lines.

X o
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Figure 6.12: Laboratory experimental setup.

In the presented case, the HTM-3 section of the MTDC network (see Figure 6.6)
consisting of three segments and four optical sensors was considered. Pre-simulated fault
currents at the corresponding four sensing locations along HTM-3 were used to provide
replica voltage waveforms generated directly from a multi-function data acquisition card.
Prior to testing, the sensors were characterised and calibrated by applying a DC voltage
across the piezoelectric transducers (in 1 V steps within the range of 10 V). For all
the corresponding voltages, the FBG peak wavelengths were recorded and the inverted
function was used to calibrate wavelength shifts.

The FBG peak wavelength shifts were monitored by a dedicated commercial FBG
interrogation system capable of acquiring the sensors spectra at 5 kHz. As such, the
proposed fault detection algorithms could only be demonstrated in practice at this
relatively low sampling frequency, resulting in reduced accuracy of fault location. It
should be noted, however, that the acquisition frequency limit of 5 kHz is strictly due
to the FBG interrogator that was available for the experiments. Higher sampling rates
can be achieved when alternative interrogators are employed, such as a solid state
interrogator based on an Arrayed Waveguide Grating (AWG) previously developed by
the authors [265,266]. In such a case, the limiting factor for high speed operation would
be the performance of the employed data acquisition and signal processing electronics,
but scanning frequencies greater than 100 kHz can readily be achieved and the accuracy

of the proposed fault location technique could be improved significantly.
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6.2.4.4 Experimental results

The measured response from the sensors corresponding to fault scenario F5 depicted in
Figure 6.11 is illustrated in Figure 6.13 (summarised response to all the fault scenarios is
presented in Table 6.9). For the ease of comparison both simulation and experimental

results are combined in the same figure.
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Figure 6.13: Simulated and experimental DC voltages corresponding to DC scaled fault
currents for the fault case corresponding to Figure 6.11.

The DC voltage traces shown in Figure 6.13 correspond to scaled-down replicas of
the fault currents. It can be seen that all the dynamic features of the simulated currents
are captured with some inevitable level of noise. It should be noted that due to the
fault occurrence on the UGC there is a current reversal taking place between sensors
S3_p and S3_¢. The shape of TWs in terms of frequency of reflections and waveform
damping effect is a function of distance to fault and properties of the transmission media.
The measurements S;_p and S3_¢o are the closest to the fault which occurs at UGC
(cable segment), and therefore, the TWs appear less damped and with higher frequency
of reflection, while the sensors S3_4 and S3_p are at the far ends of the OHL lines
which results in longer travelling times and higher damping (i.e. travelling wave fronts
appear much less ‘sharp’). As it is difficult by visual inspection to assess the difference

between the simulated and measured response recorded from the sensors, the values
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and their impact on the performance of the proposed scheme are better appreciated by
investigating the results of Stage I, II and III of the algorithm.

For the experimental voltage traces illustrated in Figure 6.13 the differential voltage
Viigs has been derived (corresponding to Ig;¢s as explained in Section 6.2.1) individually
for every pair of adjacent sensors and is depicted in Figure 6.14. The differential voltage
calculated for the pair of sensors (i.e. S3_p and S3_¢) adjacent to the faulted segment
reaches much higher values compared to those related to healthy segments (i.e. S3_4-
S3_p and S3_c-S3_p). Therefore Stage I (faulted segment identification) of the proposed

fault location algorithm is also verified experimentally.
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Figure 6.14: Differential voltages calculated from experimental voltage traces.

The measurements from the sensors S3_pg and S3_¢ have been utilised to perform
CWT and calculate the arrival time of the TWs. The CWT for such measurements is
depicted in Figure 6.15. The time indices for fault location calculation correspond to

t1(85_ ) = 0.760 ms and ty(g, ) = 0.660 ms for the sensors S3_p and S3_¢ respectively.
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Figure 6.15: CW'T calculated from experimental voltage traces from sensors Ss_p and

S3_c.

The summarised response of the three fault cases is presented in Table 6.9, where they

are also compared with the simulation-based performance. As expected, the resulting
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accuracy of the experimentally-calculated fault location is slightly lower due to the
reduced sampling rate (i.e. 5 kHz), determined by the available interrogation system. The
sampling rate has an impact on the Wavelet Transform and the subsequent extraction of
time difference At (g, ,_s,,,) Which is used in equation (6.2) for fault distance calculation.
This is also verified by observing the extracted time difference At(g,,_g,,) for each
fault scenario. For fault scenarios F}, F5 and F3 the simulation based time difference
is 0.16834 ms, 0.13183 ms and 0.10996 ms respectively. However, the time-difference
values extracted from experiment have larger deviation compared to those obtained from
simulation, and hence larger errors. As demonstrated by the simulation results included
in Section 6.2.3 much better accuracy can be expected at higher sampling rates. The
assumed rate of 135 kHz at which the simulations were performed is technically achievable
with commercially available upgraded equipment (this is currently unavailable in our
laboratory facilities).

Regarding the faulted segment identification, it is evident from the reported sensors
Sup — San that it has been correctly identified in all three cases, both for simulation and
experimental-based analysis. Consequently, it can be concluded that the robustness of

the proposed scheme is empirically demonstrated.

Table 6.9: Comparison of experimental and simulations results.

Faults F1 F2 F3
Error Sim. 0.4583 -0.2489 0.4806
(%] Exp. -1.3254 -1.3415 1.0652
|At(5UP_5DN)| Sim. 0.17037 0.12592 0.11110
[us] Exp. 0.16249 0.10000 0.11250

Reported sensors | Sim. | S3_4,53_ S3_-B,53_¢ S3_c,S3_p
Sup — Spn Exp. | 853-4,53-B S3-B,S3-¢ S3-¢,53-D

6.2.5 Discussion

A new fault location scheme suitable for hybrid networks with segments of overhead lines
and underground cables has been proposed. The systematic and successful evaluation of

the proposed fault location scheme revealed the following merits and features:

e The scheme relies on the measurements obtained from a network of distributed
current optical sensors, and it uses travelling wave principle to estimate the fault

position.
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e The proposed algorithm has been found to successfully identify the faulted segment
of the line in all cases while consistently maintaining high accuracy of the fault
location estimation across a wide range of fault scenarios including both pole-to-pole

and pole-to-ground faults with resistances up to 500 2.

e Assuming a sampling rate of 135 kHz, and using the mother wavelet ’coif2’ with
scaling factor a = 4, the maximum fault location error has been found to be

0.1677% while the average error is 0.0784%.

e The proposed scheme has been found to be robust against noisy inputs for a wide

range of mother wavelets and scaling factors.

e The performance of the scheme has been demonstrated in detailed transient simu-

lation, and further validated using a scaled-down laboratory prototype.

e Studies have included the impact of fault current limiting and interruption devices
installed both on AC and DC side and the accuracy of the proposed scheme was

found to be immune when such devices are utilised.

e A hardware prototype based on FBG optical sensors has been employed to conduct
a series of laboratory tests which confirm the practical feasibility of the proposed
scheme. A few considerations regarding the installation of the sensors at the
transition points of transmission lines and underground cables have also been

reported.
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6.3 Method 2: Single-ended Pattern Recognition-based

Fault Locator

In this part of the thesis, a novel single-ended method for locating faults in MTDC grids
is proposed. Different from most of other methods (where the fault current interruption
is not considered), the proposed fault location method takes into account that a fault
in MTDC systems should be cleared by fault current interruption devices (e.g. hybrid
circuit breakers). By utilising currents inside HbCB during the interruption stages, a
pattern recognition approach is utilised from which the fault location is estimated. For
the proposed algorithm, only a small time window around 5 ms at 96 kHz is required.
Training patterns have been obtained by applying a series of different faults within an
MTDC grid. The proposed method overcomes the challenges related to travelling waves
while the need of line parameters estimation is completely eliminated. Results showed
that the proposed idea can accurately estimate the location and type of fault; furthermore,

the proposed method is shown to be very effective for highly resistive faults.

6.3.1 Fault current interruption using HbCBs

Following the successful and discriminative fault detection in HVDC grids, the CBs
corresponding to the faulted line(s) should be opened to isolate and clear the fault. DC
CBs require a special mechanism to drive the fault current to zero and dissipate the
energy as there is an absence of a zero crossing point in current.

As also presented in Section 2.5, several CB concepts have been proposed so far in
the literature: solid state [85], hybrid [81], super conducting (SC) [90] and resonant [38].
However, all seem to have a similar structure consisting of a commutation path, a
switching component for voltage withstand, and an absorption path for dissipating
energy [38]. Even though all the schemes have their own advantages and disadvantages,
the HbCB has been found to posses the best total efficiency regarding cost, losses and
applicability [84]. This is the reason that such a breaker has been considered as the
possible candidate for interrupting DC-side faults in future MTDC grids. In fact, HbCB
concept has been utilised in many power system studies for MTDC networks, including
protection [36,211], fault analysis [50], modelling [14] and stability [95].

The schematic of HbCB can bee seen in Figure 6.16 and the corresponding fault

current interruption process in Figure 6.17. During normal operation, the current flows
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Figure 6.16: Equivalent of hybrid circuit breaker.

through the load path which includes the fast mechanical disconnector (FMD) and the
load switch (LS). After a fault occurrence the current inside load path start rising at
t = tRise. After a few milliseconds (time to detect the fault) a tripping command is
sent to the breaker, the LS opens at t = t1g, forcing the current to flow through the
commutation path. As no current flows thought the FMD, it can now open at t = tpyp.
In the next stage, the power electronic valve device in commutation path turns off,
which results in over-voltage. From this point, the surge arrester in the absorption path
operates, and the current gradually falls to zero while the energy is dissipated. When
the current is in a near-zero region, the residual switch (RS) opens at t = tgg and the

fault is finally cleared.
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Figure 6.17: Ilustration of fault currents inside HbCB during interruption process.

6.3.2 Fault location strategy

The proposed fault location technique utilises the performance of the HbCB during the

fault clearance, and takes into account that current measurements (individually for each
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path of the HbCBs) can be assessed. This is due to the fact that current measuring

devices are installed inside the CB for self protection and control purposes [267].

|
: Positive and negative pole |
| Fault CB currents: Ic@), IcB) :

lrecord f—————— FE———————-_____ 1

AcB+) = AcB()

| y A
|
| CBecurrents I Data ||,
[ e, Iee | selector
| *—
Training data set ‘l’((l)

]
I

I

I

I
*********** Calculate similarity :
I

I

I

I

I

I

| Sub-set Ad) | pip.dp)

|
N 5 xpdp) > Stii

(Stgell| >~ T |
. 2 1
: Convert to Calculate Report faul :
|| metric —% weighted —» pe and |
|| distance average catlon |
! Stage 111 |

Figure 6.18: Fault location algorithm flow chart.

Such measurements, together with a pattern recognition approach, are used for fault
distance estimation. Specifically, by matching the HbCB currents (from a case with
unknown fault location) individually for each conduction path, with existing patterns
obtained by training data sets, the fault location is calculated. For the implementation
of the algorithm, HbCB currents from one end of the line are utilised, both from the
positive and negative poles. For enhanced clarity of the algorithm description, a test case
of a fault occurring at 100.5 km on a 300 km line is utilised. The sampling frequency
for the proposed fault location algorithm is set to 96 kHz which is consistent with the
industry standard IEC 61869-9 [226]. The algorithm consists of three stages as illustrated

in Figure 6.18 which are explained in detail below.

Stage I - Fault Detection: In the first stage the algorithm determines the type of
fault, considering three possibilities: pole-to-pole fault (PPF), positive-pole-to-ground
fault (PGF) and negative-pole-to-ground fault (NGF). In Figure 6.19 the currents of

positive and negative pole HbCBs (Icp(4) & Iop(—) respectively) are illustrated for the
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three considered types of faults.
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Figure 6.19: Fault classification pattern based on CB currents: a) PPF: positive pole
CB, b) PPF: negative pole CB, ¢) PGF: positive pole CB, d) PGF: negative pole CB, e)
NGF: positive pole CB, f) NGF: negative pole CB.

The characteristics of currents corresponding to those faults are very distinctive: in
the case of PPF, both positive and negative pole currents are equal (or nearly equal),
while for PGFs the faulted pole current is significantly higher than the healthy one.
Therefore, a simple comparison of the two currents is generally sufficient to reliably
determine the fault type. In order to obtain a single value which can be used in direct
comparison between rapidly changing currents, the current time integral (i.e. area under
the current waveform) is calculated over the whole duration of the fault. The total area

of currents for positive (A, ) and negative (A, _,) pole is calculated by

+>)

tLs tFMD trs
AICB(+) = / ILp+dt+/ Icvp+dt+/ IAp+dt (6.4)
Rise trs tPMD
App+ Acp+ Appt
trs tFMD trs
At = / I,-di+ / Ie,-di+ / Ly dt (6.5)
tRise , trs tFMD
Ap,- Ay A
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where Ir,, Icp, 1ap and Ap,, Acp, Aap is the current and its area for load path,
commutation path and absorption path respectively. Signs + and — denote the positive
and negative pole respectively.

Consequently, as illustrated on the algorithm flowchart in Figure 6.18 (Stage I), a
direct comparison of the current areas Ay, ;) and Az, (—) is used to establish the
fault type. If the two areas are almost equal (i.e within a margin of tolerance of + 10%
to account for measurement uncertainties, induced noise and other possible distortion
factors) a decision is made that a PPF occurred. Otherwise, it is either PGF or NGF

and the decision is made on the basis of the greater of the two current areas.

Stage II -Pattern Recognition: In this stage, a pattern recognition-based method
is implemented which uses the fault classification output from Stage I and the training
data set W(d) which contains pre-simulated fault current cases (denoted by d) on all
MTDC lines and at various locations (the data set creation process is described in detail
in section 6.3.4). Initially, the required data sub-set is selected corresponding to the
known faulted line and the type of fault identified in Stage I. For PPF and PGF, positive
pole HbCB currents (Iop(4)) are selected from the set, while for NGF negative pole
HbCB currents (Iop(—)) are used.

The pattern recognition is achieved by utilising the Pearson’s correlation coefficients.

Specifically, the Pearson’s correlation coefficients of two variables d and x is given by

1 N (dy, — pa Tk, — 1
_ - i P P Tp
pldp, ) = 57 > ( - > ( - > (6.6)

k=1 P P

where d and x are the variables being compared using N scalar observations. The values
ld, 04, Wbz and o, are the mean and standard deviation of d and z respectively. In this
application variable d corresponds to N samples of pre-simulated fault current (with
known fault location), and = contains N samples of the observed fault current (with
unknown fault location). The calculation of the correlation coefficient is performed
separately for each of the three conduction paths, i.e. load, commutation and absorption.

The correlation coefficients p(dp, ) (with p = 1, 2, 3 representing the three conduction
paths) are used as a measure of similarity and provide the ability to quantify the correlation
of the observed behaviour z (with unknown fault location) with the individual training
samples d (with d € ¥(d)). Correlation values approaching -1 and +1 imply high level

of linear correlation (negative and positive respectively), while the values approaching
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zero indicate poor correlation. If two cases are similar, values of p(d, z) close to 1 are
expected. In this application a fixed similarity threshold St has been introduced to
select closely matching patterns. The patterns with a correlation coefficient of 0.985
and above are included in the sub-set A(d) which is subsequently used in Stage III to
calculate distance to fault according to equation (6.7).

It is also worth clarifying here that the similarity is calculated separately for each of
the conduction paths, and if any of the three correlation coefficients p(dp, z,) (p = 1,2, 3)
exceeds the threshold Stpr, the whole case is still selected and included in the matching

sub-set A(d).
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Figure 6.20: Calculated similarity representation of a PPF (at 100.5 km on a 300 km
line) and different training samples.

Table 6.10: Similarity values of a PPF (at 100.5 km on a 300 km line) and different
training samples.

Distance [km] — 95 100 105 110
Load path p(di,xz1) | 0.9800 0.99900 0.9983 0.9716
Commutation path p(d2,z2) | 0.9420 0.9900 0.9886 0.8612
Absorption path p(ds,xz3) | 0.9037 0.9900 0.9731 0.8962

In table 6.10 and Figure 6.20 correlation coefficients of a PPF (located at 100.5 km
on a 300 km long Line 1) calculated using four training cases at different fault locations
are presented. In this small example the pattern set ¥(d) contains four HbCB currents
resulting from faults at 95, 100, 105 and 110 km from terminal 73 (see Figure 6.21). The
similarity is calculated between these four samples (patterns) and the HbCB currents of
the fault occurring at 100.5 km. As can be seen from Figure 6.20, only two cases (i.e. 100
km and 105 km) exceed the similarity threshold Spg. These two samples form the sub-set

A(d) which is used in the fault location calculation. Even though the similarity of the
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pattern at 105 km does not exceed the threshold Stp for all the three paths (correlation

coefficient for the absorption path is below S7p), the whole case is still selected.

Stage III - Fault Location Calculation: This is the final stage of the algorithm
where the fault type (output of Stage I) and its location is reported. The fault location
calculation utilises a weighted averaging function based on exponential kernels [268,269).
After the sub-set of closely matching samples (i.e. sub-set A(d)) has been identified in

Stage 11, the fault location is calculated by

Load path Commutation path Absorption path
Y. Dj(d)e” L=p(dy,z))” + > Dy(d) e Ompldm) N D y(d) em(opldaa) )2
D (.T) deA(d,z) deA(d,x) deA(d,z)
f =
Z e~ (=pldr,z1)?* | Z e~ (1=p(d2,x2))* Z o (1=p(ds,3))?
deA(d,z) deA(d,z) deA(d,z)
Load path Commutation path Absorption path

(6.7)
where Dy(x) is the calculated distance to fault corresponding fault current z, A(d) is a
sub-set of W(d) with selected test patterns similar to case x, D¢(d) is the known fault
location of pre-simulated patterns d, and p(dp, zp) (p = 1,2, 3) is the Pearson correlation
coefficient of the case z and pre-simulated patterns d (calculated separately for each
conduction path).

The purpose of the weighted function in (6.7) is to apply more ‘weight’ (and thus
have more influence on the result) to most closely matching patterns in the sub-set A(d).
For this reason the correlation coefficients p(d,,z,) are converted to form a positive
measure of distance between the ideal match (i.e. 1) and the value of p(d,,zp). This
can be seen in the exponent of e in (6.7), i.e. (1 — p(dp,r,))?. Maximum values in the
weighted function are achieved by the elements with the highest values of p(d), x,) (i.e.
zero distance between actual and test case fault position), and the function should decay

exponentially as the distance increases (according to the selected kernel).

6.3.3 Modelling

A five-terminal HVDC grid has been developed and utilised in all case studies as illustrated
in Figure 6.21. The network topology has been adopted from the Twenties Project
case study on DC grids [163]. There are five MMCs operating at +400 kV (symmetric

monopole), HVCBs and current limiting inductors at each transmission line end. Overhead
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lines have been included in the network adopting the distributed parameter model.

MMC: . _MMC;
Line 1
o o
Vde control P=0.3 GW
MMC,
o]
P=0.5 GW
MMC:; MMCs
o o
P=0.4 GW P=0.2 GW

Figure 6.21: Case study five terminal HVDC network.

The HbCB model represents a hybrid design by ABB [82] which, according to the
manufacturer, has a potential breaking time of 2 ms while the maximum rating of the
breaking current is 9 kA. For the purposes of modelling, all power electronic devices have
been modelled as ideal switches with practically zero resistance during their on-state.
Additionally, a time delay of 2 ms has been added to represent the operation time of the

FMD. The AC and DC network component values are provided in Table 6.11.

6.3.4 Training data

The training patterns (data set ¥(d)) have been generated by simulating PPFs, PGF's
and NGF's on all lines at varying distances and fault resistance values. The fault positions
have been applied in 5 km increments, and fault resistances covered the range between 0
to 500 €2 (in steps of 25 ).

Since the fault detection and protection strategies are out of scope of this work, for
each simulated case the HbCB sets have been tripped with the typical time associated
with DC protection operation. To represent real-life variations in the tripping time,

randomisation of operating time using normal probability distribution has been applied.
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Table 6.11: DC and AC network parameters.

Parameter Value
DC voltage [kV] + 400
DC inductor [mH] 150
Line resistance [{2/km] 0.015
Line inductance [mH/km] 0.96
Line capacitance [uF /km] 0.012
Line lengths (1 to 5) [km)] 300, 200, 600, 180, 150
AC frequency [Hz] 50
AC short circuit level [GVA] 40
AC voltage [kV] 400
MMC levels 401
MMC arm inductance [p.u.] 0.1
MMC equivalent arm capacitance [pF] 20.84

It has also been assumed that the HbCB current never exceeds 9 kA (maximum breaking

capacity).

6.3.5 Simulation results

Fault cases have been simulated along all the transmission lines within the HVDC
grid, considering a wide range of fault distances and resistances for all type of faults.
Specifically, for lines one to five, 290, 190, 590, 170 and 140 cases representing different
fault distances have been considered. For each case HbCB currents from the faulted line
have been fed into the fault location algorithm. In order to better examine the robustness
of the proposed fault location algorithm, artificial white noise has been included to HbCB
currents. For every case, the fault location is estimated and the reported errors have
been calculated by

Dp — D
ZE - TF 100% (6.8)
Lp

error % -

where D is the calculated distance to fault, D% is the actual distance to fault and Lp
is the length of the faulted line.

In Figure 6.22 the distribution of errors is illustrated for all the lines and type of
faults. The depicted values consider PPFs, PGFs and NGFs with fault resistance of
1 Q. The statistical report of the fault location results (illustrated in Figure 6.22) are
presented in Table 6.12. The table includes minimum, maximum and average values of

the errors.
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Figure 6.22: Distribution of errors for faults at different lines and fault types.

Table 6.12: Fault location results for different lines and fault types.

. Error [%
Line  Fault type Minimum Maxin[luln Average
PPF 0.00025 0.50000 0.07249
1 PGF 0.00038 0.33334 0.11303
NGF 0.00044 0.39190 0.11830
PPF 0.00036 0.75000 0.07580
2 PGF 0.00028 0.74998 0.11640
NGF 0.00027 0.85160 0.11870
PPF 0.00001 0.66566 0.06762
3 PGF 0.00001 0.66665 0.07340
NGF 0.00013 0.63520 0.07344
PPF 0.00024 0.83334 0.07864
4 PGF 0.00028 0.55557 0.18235
NGF 0.00026 0.52750 0.16890
PPF 0.00041 0.99998 0.09100
5 PGF 0.00026 0.33333 0.12979
NGF 0.00028 0.36670 0.13680
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As can be seen by both Figure 6.22 and Table 6.12, the accuracy of the proposed
fault location method achieves values within an acceptable range for a wide range of fault
distances for all the lines. Specifically, the minimum value of error recorded is 0.00001 %,
while the maximum corresponds to 0.99998 %. Considering average values of errors, the
minimum and maximum value have been found to be 0.0676 % and 0.1824 % respectively.
Even though it is not included in the tables, the fault type (e.g. PPF, PGF, NGF), as

explained in Stage I of the algorithm, has been identified correctly in all cases.

6.3.5.1 Performance with highly resistive faults

The fault location algorithm has been tested under the occurrence of highly-resistive
faults. The fault distance scenarios presented previously have been repeated for a wide
range of fault resistance values. In particular values of 50, 75, 100, 150, 200, 300, 400
and 500 €2 have been utilised. The resulting average errors corresponding to such cases

are presented in Tables 6.13, 6.14 and 6.15, for PPFs, PGFs and NGF's respectively.

Table 6.13: Average error values for PPFs under different fault resistance values.

Line
Ry 9] 1 2 3 4 5

1 0.07249 0.07580 0.06762 0.07864 0.09100
50 | 0.07487 0.08618 0.07121 0.07953 0.10317
75 | 0.08311 0.07993 0.06754 0.080517 0.09550
100 | 0.10640 0.0905 0.09969 0.12292  0.10572
150 | 0.07801 0.09272 0.12394 0.10441  0.08707
200 | 0.07612 0.09059 0.14068 0.07895 0.11849
300 | 0.11445 0.10465 0.09834 0.09236 0.12341
400 | 0.12828 0.10827 0.09516 0.09200 0.12566
500 | 0.10813 0.11649 0.08819 0.10076  0.09290

Table 6.14: Average error values for PGFs under different fault resistance values.

Line
Ry 19 1 2 3 4 5

1 0.11303 0.11640 0.07340 0.18235 0.12979
50 | 0.12642 0.13199 0.073516 0.20701 0.14114
75 | 0.11264 0.11958 0.07875 0.13385 0.14848
100 | 0.12537 0.25127 0.12954 0.20677 0.21236
150 | 0.12392 0.15432 0.29715 0.12715 0.22931
200 |0.17154 0.11748 0.31836 0.21836 0.19943
300 | 0.18100 0.18500 0.09553 0.27671 0.14541
400 | 0.17620 0.11711 0.08859 0.17138 0.13753
500 | 0.18709 0.18039 0.09101 0.16078 0.13086

By observing Tables 6.13, 6.14 and 6.15, the minimum and maximum errors for PPFs
are 0.06754 % and 0.14068 % respectively. For PGFSs, those errors correspond to 0.0734 %
and 0.31836 % and for NGF to 0.07344 % and 0.27524 %. It can be concluded that the
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Table 6.15: Average error values for NGFs under different fault resistance values.

Line
Ry 19 1 2 3 4 5

1 0.11830 0.11870 0.07344 0.16890 0.13680
50 | 0.13231 0.13460 0.07355 0.19174 0.14877
75 | 0.11789 0.12194 0.17879 0.093014 0.15650
100 | 0.13122 0.21079 0.12961 0.20274 0.22383
150 | 0.12969 0.15737 0.12711 0.27524  0.24169
200 | 0.17954 0.11980 0.12310 0.19487 0.21020
300 | 0.18943 0.18865 0.09559 0.25630 0.15326
400 | 0.18442 0.11942 0.08864 0.17191 0.14495
500 | 0.19581 0.18395 0.09106 0.17712 0.13792

proposed alogrithm can maintain a relatively low error even with highly resistive faults

up to 500 2 and the accuracy is not compromised.

6.3.5.2 Impact of Sampling Frequency

In order to investigate the impact of sampling frequency on the proposed fault location
technique, studies on PPFs (with Ry = 1 ) have been repeated for different sampling

frequencies. The resulting average errors are presented in Table 6.16.

Table 6.16: Average error values for PPFs for different sampling frequencies.

Line
fs [kHZ] 1 2 3 4 5
5 0.7669 0.7351 0.6188 0.6912 0.9901

10 0.5042 0.4773 0.4686 0.4884 0.8891
20 0.3085 0.4008 0.4233 0.3688 0.5069
30 0.1678 0.2085 0.2488 0.2619 0.3141
40 0.1316 0.1479 0.1704 0.2304 0.2595
50 0.0953 0.0918 0.0784 0.1030 0.1131
96 0.0725 0.0758 0.0676 0.0786  0.091
100 0.0724 0.0758 0.0676 0.0786 0.0909
200 0.0723 0.0756 0.0675 0.0785 0.0908
500 0.0708 0.0756 0.0654 0.0768 0.0888

By observing the table it can bee seen that the dependency of the accuracy on the
sampling frequency is considerable for frequencies below 30 kHz. This is due to the fact
that the entire current interruption process lasts about 5 ms; therefore with low sampling
frequency only a few points can be extracted. The sampling frequency can be set to
a minimum around 50 kHz without the accuracy being compromised. Additionally, it
evident that exceeding sampling rate above 96 kHz results in insignificant improvement

of fault location accuracy.
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6.3.6 Discussion

A new learning-based fault location method for locating fault in MTDC networks, based
on the current measurements of HbCBs during the interruption process and a pattern

recognition approach, has been proposed. The following remarks can be pointed out:

e The proposed scheme requires training data. These have been generated taking into
account a wide range of fault distances and resistance values. Additional artificial
noise has been added to represent uncertainties and any other possible source of

noise.
e The sampling frequency was set to 96 kHz according to IEC 61869-9.

e The fault location method was found to be capable of classifying PPFs, PGFs and
NGFs while the accuracy achieves values within an acceptable range even for highly

resistive faults up tp 500 €.

e The proposed method overcomes the challenges related to travelling waves and

reflectometry while the need of line parameters estimation is completely eliminated.

e Further sensitivity analysis revealed that a minimum sampling frequency of 50 kHz
would be sufficient for this application. This is due to the fact that the current
interruption process lasts about 5 ms. Consequently, when adopting lower sampling
frequencies the number of extracted data is not sufficient to execute the algorithm

efficiently.

e As in any learning-based scheme, there is always a challenge for obtaining training

data.

e The minimum and maximum errors for PPFs are 0.06754 % and 0.14068 % respec-
tively. For PGF's those errors correspond to 0.0734 % and 0.31836 % and for NGF
to 0.07344 % and 0.27524 %.

6.4 Summary

In this chapter the challenges and requirements with regards to fault location in HVDC
networks have been analysed. It has been pointed out that fault location is mostly related

to accuracy rather than speed of calculation. The accuracy of fault location is of major
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importance as it will enable faster system restoration, diminish the power outage time,
and therefore enhance the overall reliability of the system.

A literature review on the existing and proposed fault location techniques revealed
that there is a wide selection of options which can accurately calculate the location of a
fault. All have their own advantages and disadvantages, which have been pointed out.

From the research point of view, this thesis has contributed to the fault location
problem by introducing two major ideas. The first one is related to a special fault location
challenge where non-homogeneous transmission feeders are involved (i.e. segments of
underground cables and overhead lines are combined in one feeder). In such networks,
challenges for TW-based methods arise from the fact that the speed of electromagnetic
wave propagation is not uniform, additional reflections are generated at the junction
points, and there is an increased difficulty in identifying the faulted segment. The
proposed TW-type method uses Continuous Wavelet Transform (CWT) applied to a
series of line current measurements obtained from a network of distributed optical sensors.
The technical feasibility of optically-based DC current measurement is evaluated through
laboratory experiments using Fibre-Bragg Grating (FBG) sensors and other commercially
available equipment), The proposed algorithm has been found to successfully identify
the faulted segment of the line in all cases while consistently maintaining high accuracy
of the fault location estimation across a wide range of fault scenarios including both
pole-to-pole and pole-to-ground faults with resistances up to 500 Q. Additionally, the
proposed scheme has been found to be robust against noisy inputs for a wide range of
mother wavelets and scaling factors. Studies have included the impact of fault current
limiting and interruption devices installed both on AC and DC side and the accuracy of
the proposed scheme was found to be immune when such devices are utilised.

The second solution for fault location utilises a learning-based approach. Specifically,
by utilising currents inside HbCB during the interruption stages, a pattern recognition
approach is utilised from which the fault location is estimated. For the proposed algorithm,
only a small time window around 5 ms is required. Training patterns have been obtained
by applying a series of different faults within an MTDC grid. Results showed that the
proposed idea can accurately estimate the location and type of fault, while it is also very
effective for highly resistive faults. The required training data have been generated taking
into account a wide range of fault distances and resistance values. Further sensitivity

analysis revealed that a minimum sampling frequency of 50 kHz would be sufficient for
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this application. This is due to the fact that the current interruption process lasts about
5 ms. Consequently, when adopting lower sampling frequencies the number of extracted
data is not sufficient to execute the algorithm efficiently. It has been found that the
proposed method overcomes the challenges related to travelling waves while the need of

line parameters estimation is completely eliminated.
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Chapter 7

Conclusions and Future Work

This chapter concludes the entire thesis by summarising and highlighting the findings
and contributions of the research. Additionally, based on this thesis, future work is also

suggested.

7.1 Summary and Key Outcomes

Chapter 1 presented evidence for the growing need for HVDC interconnections both as
individual links (i.e. point-to-point) and multi-terminal configurations. It is expected
that the HVDC-based power transmission will be one of the key players for the realisation
of Supergrids. It has been pointed out that the challenges of fault-related issues is of
major importance. Emphasis has been given to protection and fault location applications
of DC-side faults. These are of major importance as they can reassure the safe and
secure operation of MTDC grids, accelerate restoration, minimise repair cost, reduce the
system down-time and increase the overall availability and reliability of the HVDC-based

transmission.

Chapter 2 presented a comprehensive literature review of the background material
reagrding HVDC grids. The review included network architectures, converter designs
and configurations, transmission lines and the available grounding options. Additionally,
the review included important material related to DC protection such as state-of-the-art
circuit breakers and the available measuring techniques for DC voltage and current

measurements.
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Chapter 3 described the outcomes of a detailed, theoretical but also simulation-
based transient analysis of DC-side faults. The characterisation has been carried out
considering various states of the converters during DC-side faults, their dependencies on
converter topology, fault type, fault resistance and operating conditions. The analysis
took place considering mainly DC-side faults from the converter point of view, analysing
the stages and the corresponding equivalent circuits on which faults (pole-to-pole and
pole-to-ground) can be decomposed. From the analysis the following observations can be

reflected:

e Pole-to-pole faults are considered more severe due to the fact that they force
the system to collapse, but they are less likely to occur. On the other hand,

pole-to-ground faults are less harmful but more likely to happen.

e It is necessary to isolate the DC-side faults to prevent voltage collapse and before
excessive current flow through system components (e.g. power electronic vales).
This means that the DC-side faults have to be cleared within a few milliseconds,

including fault detection, localisation and isolation.

e DC fault signatures are predominately defined by the energy contained on the DC
side at the moment of fault inception. Therefore, the AC side does not significantly

contribute to the DC fault current during the first few milliseconds after the fault.

e The fault position appears to have the same effect on both types of faults, i.e. fault
peak and rate of change of current are both reduced with distance to fault. In
particular, for pole-to-pole faults this is clearly evident as the line impedance is the
main current limiting factor. However, for pole-to-ground faults the fault resistance
is considered as one of the main influencing elements so the impact of fault position

cannot be pre-determined.

e System behaviour is highly dependent on earthing arrangements implemented and
needs to be taken into account when developing operational procedures including

fault detection and protection strategies.

e Different converter architectures introduce different fault signatures the first few
milliseconds of DC-side faults. This is due to the different arrangement and
allocation of power components (e.g. capacitors, inductors, etc.) which make the

equivalent DC energy to vary at the moment of fault inception.

198



CHAPTER 7 CONCLUSIONS AND FUTURE WORK

The comprehensive fault characterisation presented in this chapter acted as prelimi-

nary knowledge for the design of DC side fault-related systems for HVDC networks.

Chapter 4 presented a theoretical and simulation-based analysis of fast fault-related
transient phenomena in MTDC networks. It has been found that such studies do not
depend on the converter topologies (or generally on the power source), but instead
they are more dependent on components taking place within a DC network (after the
converter DC terminals) such as current limiting inductors, cables/lines and DC breakers.
Additionally emphasis has been given to signal processing methods for obtaining a deeper

insight of nature of the faults. The investigation revealed the following remarks:

e Travelling waves can be detected both in DC voltage and current signatures.

e The fault resistance can decrease the amplitude of travelling waves. Extremely high
values of fault resistance can minimise the sharpness of travelling waves, which in

some cases it can be difficult to discriminate them from noise or other disturbances.

e Line termination (e.g. resistive, inductive, capacitive) plays a significant role to the

shape of travelling waves.

e The point of measurement affects on a significant degree the captured fault signa-
tures. As a result, depending on the point of measurement different fault-related

functions (e.g. protection) can be realised accordingly.

e The deliberate inclusion of additional inductance not only limits the rate of change
of DC current but also the resulting DC voltage signatures (and the fact that
they may be different depending on fault location and known values of inserted
inductance at line terminals) can help to achieve a discriminative non-unit type

protection.

o A series of DC-side faults within an MTDC network has been applied. Considering
a single point of observation, the resulting signatures and their corresponding
analysis has been found to be capable of distinguishing the nature and location of

the faults.

e Signal processing methods have been introduced. It has been demonstrated that
conventional signal processing techniques such as Fourier Transform are not suitable

for fast and simultaneous time-frequency analysis. On the contrary, it has been
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shown that Wavelet Transform is a powerful tool for analysis of fast transient

phenomena such as DC-side faults.

e Two categories of wavelet transform can be distinguished: Continuous Wavelet
Transform and Discrete Wavelet Transform (DWT). The selection between CWT
and DWT is a trade-off between time accuracy of the wave detection, and processing
resources and their associated time delays. In the case of CWT, the accuracy of the
wave time detection is better than for DWT techniques but the power requirements
are higher. This is the reason that CW'T is preferred for fault location applications,
where the computational time is not crucial. However, DWT is computationally
more efficient, which enables faster wave detection. As a result, DWT is considered

more suitable for power system protection applications.

e The selection of mother wavelet and scaling factor « is of major influence to the
resulting signatures both in time and amplitude. Attention should be paid to
lower scales where noise in the measurements can be amplified and cannot be

distinguished from other power system transients.

Chapter 5 presented the challenges and requirements with regards to protection
in HVDC grids. DC grid protection philosophy is well-aligned with the objectives of
AC grid protection which include reliability, selectivity, stability, speed and sensitivity.
However, a few essential differences have been pointed out which mainly determine the
time window of events. As such, it has been demonstrated that DC-side protection should
be fast enough to isolate DC-side faults in around 5 milliseconds (including detection
and interruption).

Based on such requirements, two different methods have been introduced. The first
one, termed as ‘Single-ended Differential Protection’ utilises the principle of distributed
optical sensing. After the thorough evaluation of the proposed scheme, the following

remarks can be pointed out:

e The proposed scheme is highly sensitive, discriminative and fast both for pole-to-pole

and pole-to-ground faults.

e The proposed scheme has been found to be stable during external faults occurring

on adjacent lines or busbars.
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e The performance of the scheme has been demonstrated in detailed transient simu-

lations, and further validated using a scaled-down laboratory prototype.

e The key advantages of single-ended instantaneous current measurement have been
outlined which result in enhanced reliability, superior stability, and high speed of

operation.

e The design, construction and operating principles of the hybrid optical sensors have
been discussed with specific emphasis on the practical aspects of implementing such

sensors in distributed monitoring of transmission lines.

e Excessive noise of optically-based measurements requires denoising which has been
implemented using Wavelet multi-resolution analysis and reconstruction of the

signal. Other methods could be also used (e.g. low-pass filter).

The second solution is a new centralised scheme which utilises the principles of
busbar differential protection and travelling waves. The performance of the scheme
has been demonstrated in detailed transient simulation, and further validated using a
scaled-down laboratory prototype. This prototype provides a high level of confidence that
the proposed method is practical, considering realistic measurements, communications
and computation. After the successful evaluation of the proposed scheme the following

conclusions can be pointed out:

e The scheme requires communication within DC substation which has been enabled

with IEC 61850.

e It has been found that the recommended frequency of 96 kHz reported in IEC
61869-9 is suitable for the detection of fast transient phenomena in HVDC grids,
and hence can be utilised for the implementation of fast and reliable DC busbar

and line protection incorporating travelling waves.

e It has been found that the proposed scheme can provide fast and discriminative
protection for busbar and line faults (both solid and highly resistive), including

multiple faults occurring simultaneously on different transmission lines.

e The use of line terminating inductors leads to the limitation of the current rise in
case of a fault, assists in the discrimination of the faulted line and also prevents

the currents from exceeding the breaking capability of the CB.
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e Further sensitivity analysis revealed that a minimum sampling rate of 60 kHz would

be adequate for this application.

In Chapter 6 the challenges and requirements with regards to fault location in HVDC
networks have been analysed. It has been pointed out that fault location is mostly related
to accuracy rather than speed of operation. The accuracy of fault location is of major
importance as it will enable faster system restoration, diminish the power outage time,
and therefore enhance the overall reliability of the system.

A literature review on the existing and proposed fault location techniques revealed
that there is a wide selection of options which can accurately calculate the location of
a fault. All have their own advantages and disadvantages, which have been pointed
out. Some of the main challenges include the need of time-synchronised measurements,
requirements of high sampling rates and the utilisation of external equipment.

From the research point of view, this thesis has contributed to the fault location
problem by introducing two major ideas. The first one is related to a special fault location
challenge where non-homogeneous transmission feeders are involved (i.e. segments of
underground cables and overhead lines are combined in one feeder). In such networks,
challenges for TW-based methods arise from the fact that the speed of electromagnetic
wave propagation is not uniform, additional reflections are generated at the junction
points, and there is an increased difficulty in identifying the faulted segment. The scheme
relies on the measurements obtained from a network of distributed current optical sensors,
and it uses travelling wave principle to estimate the fault position. The performance
of the scheme has been demonstrated in detailed transient simulation, and further
validated using a scaled-down laboratory prototype. A hardware prototype based on FBG
optical sensors has been employed to conduct a series of laboratory tests which confirm
the practical feasibility of the proposed scheme. A few considerations regarding the
installation of the sensors at the transition points of transmission lines and underground

cables have also been reported. The successful evaluation revealed the following merits:

e The proposed algorithm has been found to successfully identify the faulted segment
of the line in all cases while consistently maintaining high accuracy of the fault
location estimation across a wide range of fault scenarios including both pole-to-pole

and pole-to-ground faults with resistances up to 500 €.

e Assuming a sampling rate of 135 kHz the maximum fault location error has been

found to be 0.1677% while the average error is 0.0784%.
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e The proposed scheme has been found to be robust against noisy inputs for a wide

range of mother wavelets and scaling factors.

e Studies have included the impact of fault current limiting and interruption devices
installed both on AC and DC side and the accuracy of the proposed scheme was

found to be immune when such devices are utilised.

The second solution for fault location utilises a learning-based approach. Specifically,
by utilising currents inside a hybrid DC circuit breaker during the interruption stages, a
pattern recognition approach is utilised from which the fault location is estimated. For
the proposed algorithm, only a small time window around 5 ms is required. Training
patterns have been generated assuming a wide range of fault distances and resistance
values. Additional artificial noise has been added to represent uncertainties and any other

possible source of noise. Simulation-based analysis demonstrated the following features:

e The fault location method was found to be capable of classifying pole-to-pole,
positive pole-to-ground and negative pole-to-ground faults. The accuracy achieved

values within an acceptable range even for highly resistive faults up tp 500 2.

e The proposed method overcomes the challenges related to travelling waves and

reflectometry while the need of line parameters estimation is completely eliminated.

e Further sensitivity analysis revealed that a minimum sampling frequency of 50 kHz
would be sufficient for this application. This is due to the fact that the current
interruption process lasts about 5 ms. Consequently, when adopting lower sampling
frequencies the number of extracted data is not sufficient to execute the algorithm

efficiently.

e As in any learning-based scheme, there is always a challenge for obtaining training

data.

e The minimum and maximum errors for pole-to-pole faults are 0.06754 % and
0.14068 % respectively. For positive pole-to-ground faults, those errors correspond
to 0.0734 % and 0.31836 % and for negative pole-to-ground faults to 0.07344 %
and 0.27524 %.
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7.2 Future Work

After the successful development and evaluation of the proposed protection and fault
location schemes, it has been identified that there are still several research directions to
be explored. For further work with regards to DC-side faults in MTDC networks the

following remarks may be consulted:

7.2.1 Development of back-up protection schemes

The proposed protection schemes presented in Chapter 5 are considered to be primary.
It is also concluded by the literature review that most of the research is focused on the
primary protection systems. Consequently, more research should be steered towards the

development of back-up protection systems for MTDC networks.

7.2.2 Assistance from communication Llinks

It has been pointed out that most of the research is focused on non-unit protections
schemes. However, the assistance from communication links should be investigated
thoroughly to identify the potential merits for protection and fault location applications.
The investigation should include the identification of optimal network infrastructure but
also the analysis of the potential challenges with regards to decoding and encoding, time

latencies and compliance with IEC 61850 and other standards.

7.2.3 Further investigation of IEC 61689

It has been demonstrated in Chapter 5.4 the the recommended sampling frequency of 96
kHz for HVDC applications reported in IEC 61689 is sufficient enough for analysing fast
transient phenomena in HVDC systems. The recommended sampling frequency should
be further investigated to identify the limitations with regards to time and amplitude
accuracy in conjunction with increasing levels of signal-to-noise ratio. This should be

tested for various application such as protection, fault location and control.

7.2.4 Improvement of optical sensing technology

Optical sensing technology (notably distributed sensing) is a powerful tool for power
system monitoring. Such technology has been used for development of both protection

and fault location schemes presented in this thesis. The basic principles and technical
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guidelines for realising such technology have been described in Chapters 5.3 and 6.2. It
is recommended that future research should focus on the design and implementation
of dedicated sensors for DC voltage and current measurements along HVDC feeders.
Emphasis should be given to the achievement of high sampling rates with low signal-to-
noise ratio. Some major technical challenges are expected to involve the impact of the
properties of magnetic materials, optical interrogators, requirements of voltage insulation

properties and signal amplification.

7.2.5 Further investigation of additional fault types

The proposed protection and fault location schemes presented in this thesis were focused
on non-arc faults. However, further investigation should be carried out considering arc
faults. Moreover, faults on the AC side of the system should be studied and their impact

on protection and control should be investigated.

7.2.6 Effect of non-optimal conditions

Further research should be carried out considering the effect of non-optimal conditions,
such as the degradation of equipment (e.g. DC breakers) and non-uniform behaviour of

measurements.

7.2.7 Interoperability with flexible power transmission

Voltage source converters have significantly evolved to perform advanced power system
operations. These include fault ride through of DC-side faults, rapid change of operating
modes and other flexible operations. During such operations the physical quantities
in the system will be disturbed and therefore protection and control devices can be
spuriously tripped. It is therefore proposed that protection and control devices shall be
equipped with advanced functions to correctly identify those disturbances and adopt
their behaviours. A research approach could be the internal communication between
converters and protective relays within a DC substation. This could be an elevation of

the proposed scheme presented in Chapter 5.4.

7.2.8 Utilisation of learning-based methods

Learning-based approaches for protection and fault location applications has been widely

used in AC power systems. However, there is a significant lack of their utilisation for
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problem solving in HVDC systems. It is suggested that potential merits can arise from the
utilisation of learning based methods for HVDC applications. Learning based methods
shall be used mainly for fault location applications where the time is not critical and the

margin for error is greater.
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