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ABSTRACT

High Voltage Direct Current (HVDC) transmission has provided a variety of possibilities for
renewable energy resources and regional substations to boost power supply reliability and
operational flexibility. To accommodate this development and improve power system
performance, the Modular Multilevel Converter (MMC) has been comprehensively adopted as a
potential converter solution for HVDC applications due to its modularity and scalability.
However, challenges such as cost, power losses, faults, regulating AC circulating current and
energy balance can hamper their practical applications and deployment, especially in controlling
and protecting the MMC-HVDC grid. Furthermore, the most crucial and challenging control issue
lies in the inability of the converter to offer DC fault protection, since conventional control
schemes always struggle to achieve converter energy balance and DC Fault Ride Through (DC-
FRT) capability due to the unbalanced system parameters. Reviewing this research gap, a novel
control structure has been proposed in this thesis ensuring a proper dynamic response, balancing
the arm and leg internal energies, minimising the oscillations in DC current, offering DC-FRT

capability and supporting Static Synchronous Compensator (STATCOM) of AC loads.

Moreover, the proposed control scheme is integrated in a novel MMC topology as a means of
providing primary protection against fault. Since a DC fault can cause a severe and sudden rise
in the converter’s arm current, it will be more detrimental to the Half Bridge (HB) MMCs that
lack DC Fault Ride-Through (DC-FRT) capability. Several fault-tolerant converters with DC-
FRT capability are surveyed. However, the cost of implementation, power losses, complexity,
and controllability of the converters limit their applications. To cut down on the cost and the
number of electronic devices, a cascaded hybrid design and an Alternate Arm Converter (AAC)
were suggested in literature. However, they require a large number of capacitors and inductors to
filter the distortions created by the switching of the MMC’s IGBTs. Furthermore, they cannot
provide reactive power compensation in the event of a DC short circuit since all their MMC arms

will stop conducting as they clear the fault. Therefore, this thesis proposes a novel single-clamped
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hybrid-arm MMC topology with STATCOM and DC-FRT capability at reduced losses, cost, and

number of electronic devices.

Implementing the proposed control system and the novel converter topology could be limited to
non-permanent faults. For a DC overcurrent fault that lasts for an extended period (a permanent
fault), the converter cannot sustain the grid with reactive power compensation for that long. Thus,
the MMC-HVDC systems would struggle to ensure power supply reliability, thereby shutting
down the entire HVDC network. As a result, a reliable backup fault location approach is
paramount for grid protection and restoration during such a fault impact. The conventional fault
location methods still struggle with setting manual protective thresholds and, they are vulnerable
to fault resistance and noise. In most cases, they require a communication channel for the fault
data which could potentially lead to signal delay and data loss. In Multi-Terminal (MT) HVDC
network, locating a fault is challenging due to the poor selectivity and sensitivity of the traditional
location schemes. Therefore, this thesis proposes a robust fault location approach based on
Bidirectional Long-Short Term Memory (Bi-LSTM) using deep learning. The proposed method
is a simplified decision-making model that uses fault features from only one end of the network

to eliminates the need for a communication channel.

The proposed Bi-LSTM fault location scheme is accurate; however, it is critical to locate faults
in a sufficiently fast and more accurate manner. This thesis also presented a faster and robust
location scheme to minimize the outage time and costs associated with faults on HVDC
transmission lines. Therefore, a novel fault location technique is proposed to integrate support
vector machine (SVM) algorithms to reduce the time needed to locate faults through fault
classification. After classification, Gaussian Process Regression (GPR) is used for location

identification.
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Chapter 1

1. INTRODUCTION

1.1 BACKGROUND

The reliance on fossil fuels as a major source of energy supply poses serious challenges to the
earth’s environment and is giving rise to significant climatic changes. The impacts of these
changes have motivated initiatives to reduce fossil fuel consumption, and this has led to the
renewable energy-based electricity, electrification of industrial heating processes and the
transportation sector. To realise gains from these initiatives, green energy sources must be used
to generate electricity that do not result in carbon emissions. Renewable energy sources meet this
requirement and, accordingly, significant investigations and investment have occurred in the
renewable energy power generation sector. However, the deployment of renewable based
generation is hindered by a variety of technical factors, one of which is the need to maintain an
instantaneous balance between electricity demand and supply. This problem is exacerbated by the
inconsistency of renewable based generation on daily and seasonal bases. A potential solution is
the use of energy storage to allow energy to be released as required to generate electricity and
meet demands. However, this incurs significant expense. Another solution is through
diversification and using multiple renewable energy source types with generation characteristics
that are complementary in terms of realising a power supply that can meet instantaneous
electricity demands. This approach has been adopted in Europe with the integration of southern
Europe's solar energy, northern Europe’s wind energy, and central Europe's hydroelectric
generation facilities. To achieve an integrated electricity sector that is dependent on diverse
renewable energy sources over distances as large as that of the European continent,

interconnections are required to transport electricity.



High Voltage Direct Current (HVDC) transmission networks are one of the most effective ways
of transporting electricity generated from renewable sources to distant locations [1]. HVDC
transmission systems in a multi-terminal (MT) network configuration can connect multiple loads
and generation sites and can be implemented using subsea cables or overhead transmission lines.
Both forms of implementation are commercially viable, and the MT approach provides additional
benefits, including power supply flexibility and a high level of reliability. HVYDC transmission
requires conversion between AC and DC forms of electricity, since most generation and
distribution systems are AC. Although AC to DC conversion is achievable through a power
converter [2], developments in converter topologies have struggled in terms of efficiency and cost
effectiveness. Further, technical issues associated with the control and protection of complex

converters and HVDC networks during DC faults pose serious drawbacks to implementation.

1.2 NATURE OF FAULTS ON HVDC SYSTEMS

A fault is a deviation from the normal state of operation. When a fault occurs in an HVDC system,
it can cause severe damage to electrical components, leading to a power outage. This interruption
in power supply can have serious societal and economic impacts, especially when the blackout
lasts for an extended period. The power blackout depends on the extent of the fault impact on the
HVDC network, the cost, and the time needed to restart and create an alternative path for power

supply continuity.

The impact of DC faults can be so dangerous that they lead to the loss of lives and property. An
HVDC fault can result from natural causes, human intervention, or equipment failure. Examples
of natural causes are earthquakes, tsunamis, windstorms, wildfires, floods, lightning strikes, and
tornados. Human intervention, such as cyber-attacks, war, and sabotage, are likely causes of fault.
Equipment failures, such as ageing insulation, mechanical failure of insulators, and overvoltage

of power devices, contribute to a higher percentage of incessant blackouts on HVDC networks

[3].

The impact of a DC fault was recorded in 2021 when all the major cities in Southern Pakistan

were plunged into a massive blackout that affected 210 million people. The cause of the outage



was technical, resulting in the shutting down of HVDC substations. This blackout was Pakistan's
second-largest. The worst was in 2015, when rebel attacks on HVDC power lines plunged 80%

of Pakistan into total darkness [4].

On the 28" of September 2003, the largest blackout in the continent of Europe was recorded when
windstorms destroyed an HVDC transmission line linking Switzerland and Italy. The outage
lasted for about 12 hours and affected millions of people in both countries. The damage left people
trapped in elevators, and underground metro trains during a snowy night. The event recorded
damage worth almost 130 million Euros. Other impacts of faults and their possible causes are

shown on Table 1.1 [5].

Table 1. 1: Impact of fault and the causes of the blackout
Affected People

References Date Causes
(millions)

[3] 30/07/12 620 Transmission line overload

[3] 1/11/14 150 HVDC station outage

[3] 26/01/15 140 Plant technical fault

[6] 23/12/15 230 Cyber-attack

[7] 3/03/16 10 A severe thunderstorm

[3] 28/09/16 1.7 Storm damage to transmission
infrastructure

[3] 1/03/17 21 Cascading failure in transmission system

[3] 21/03/18 10 Transmission line failure

[3] 20/12/18 0.6 Winds reached speeds of 100 km/h

[8] 7/03/19 30 Lack of Technical Expertise/Maintenance

[9] 16/06/19 48 500-kilovolt transmission lines disruption

[10] 4/08/19 120 Transmission line failure

From Table 1.1, some of the DC faults are caused by equipment failure. Thus, the maintenance
and protection of the switching devices forming converters is of utmost importance and,

specifically, the protection against DC faults is one of the most critical challenges. A typical DC



fault affects the normal operation of the HVDC grid leading to the generation of high voltage
transients. As such, the converter experiences distortion when balancing the active power from

the AC side with the DC network, potentially leading to grid collapse [11].

1.3 MODULAR MULTILEVEL CONVERTER (MMC)

In the 1990s, ABB and Siemens commenced research into VSC-HVDC converters, proposing the
use of IGBTSs to regulate for sinusoidal voltage and current waveforms on the AC side of a
converter [29]. Two-level converters were initially introduced, with filters used to eliminate high
frequency harmonics generated through switching [30]. To reduce filter requirements, three-level
converters were introduced [31] and [32], which make a connection to a converter neutral point.
The advantages of this approach include a reduction in harmonic content and a reduction in
voltage stresses on switching elements, which suits high-voltage applications. To further reduce
the harmonic content in HVDC applications, Siemens integrated many small cells together as
Submodules (SMs), switching particular SMs at a time to produce a staircase waveform. This is

the basis of the MMC.
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Fig.1. 1: Modular Multilevel Converter (MMC)

Since the inception of the MMC and because of its advantages, it has replaced VSC-HVDC
systems that were implemented using two or three-level VVSCs. In 2010, the Trans Bay Cable

project became the first to make use of MMC-based HVDC technology [33] without using



harmonic filters. [34] performed MMC harmonic studies to verify robustness against harmonic
distortion. MMC modules make system capacity upgrade easier and scalable, as well as offering
reduced converter losses and excellent steady-state operations [35], [36], [37]. The ease of
operating and the low cost of maintenance of an MMC-based HVDC converter are the reasons

for its commercial acceptance over other VSC topologies [38].

In summary, MMCs do not require the use of AC side filters and bulky transformers, which are
expensive and lossy [39] - [40]. Also, because of its redundant SMs, the MMC converter can
continue to operate even if one of the modules fails. This feature makes maintenance feasible and
provides enough leeway to isolate the cause of the failure. The modular structure of the MMC
can allocate the total power in each module equally, allowing for the use of cheaper components
without stress on the grid [41]. Therefore, an HVDC network implemented using an MMC is
capable of fast power controllability and capacity upgrade [42]. However, one MMC
characteristic that has shortcomings is DC Fault Ride-Through (FRT), which is the ability of an
MMC converter to ride through HVDC transmission system faults and disturbances whilst
connected to a healthy system circuit [12]. The protection schemes of the MT-HVDC network
have encountered numerous challenges regarding the converter topologies used. Some MMC
topologies are less robust under DC fault condition and cannot provide HVDC network
protection. A typical example is the half-bridge (HB) [13]. This is because HBs cannot generate
reverse voltage since they lack a zero-crossing path. On the other hand, some converters can
generate reverse voltage to ride through the fault or, in the worst case, reduce the damage caused
by the fault. These converters that can offer protection to the network are known as "fault blocking
converters", and the protection they offer is known as primary protection [14]. MMC converter

topologies are further discussed in Chapter 2.

1.4 PRIMARY PROTECTION

Primary protection is the process of eliminating the DC fault current by the MMC converters.
During the occurrence of DC faults, as shown in Fig. 1.2, the HVDC link voltage may collapse

as the MMC switches to fault blocking mode. In this scenario, the MMC plays a dual role. The



MMC uses the stored energy in capacitors to temporarily supply energy to loads to ensure
a continuous supply of power to the consumers. While that is done, the MMC works to eliminate
the fault current by generating fault-blocking voltages. The fault current will start to decay when

the total capacitor voltage reaches a sufficient level to stop the conduction by the free-wheeling

diodes.

The time required for MMC SMs to clear faults within the fault-tolerant stage and achieve FRT
is called the fault clearance time. Some SMs possess fault capability, but it can be time-
consuming to resolve a fault due to the magnitude of the fault blocking voltage. If the SMs are
unable to clear the fault within a specific time frame, their switching elements will be blocked,

and the diodes will become uncontrollable.
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Fig.1. 2: Typical MMC based HVDC system under DC fault

Furthermore, if the severity of the fault persists, sustaining FRT by primary protection will
become more challenging [15] - [16]. This drawback is made manifest through increased current
stress on the MMC switching elements, which may be short-circuited to protect the MMC. Also,
if the faulty circuits are not isolated quickly, the current from the AC source will continue to feed

the DC fault through the uncontrollable diodes of the Insulated Gate Bipolar Transistors



(IGBTSs). This effect would lead to an increased magnitude of the DC fault current, multiple

failures of the MMC modules and the collapse of the entire grid system [11].

Before the collapse of the entire grid, the DC fault extends to the HVDC transmission line. During
which, fault location techniques can be employed to protect the system components, as
transmission line faults can be detected and located in a timely manner. Further, and in the case
of multi-terminal HVDC systems, knowledge of fault locations can allow for power flow to be
re-routed through an alternative path to ensure continuity of supply. Therefore, integrating a fast
and accurate backup protection strategy with MMC to detect, locate, and isolate DC faults on
transmission lines, while realising the continuous operation of a healthy system is a current

research issue.

1.5 BACKUP PROTECTION

DC fault protection is a significant issue for MT HVDC transmission systems. The majority of
protection studies are focused on primary protection, which involves the use of modified MMC
SMs. However, the maloperation and poor sensitivity of primary protection under severe faults
affects the reliability of the grid. Thus, backup protection is essential to improve grid stability

[17].

Moreover, due to the integration of fast-acting DC systems located within AC power systems, it
is essential to detect, classify, and isolate faults as quickly as possible. For the stable operation of
a system, a feasible strategy is to monitor the fault signals so that an accurate and fast classification
of the fault can be achieved to enable correct protective control decisions. When fault samples are
correctly classified, they represent certain regions in the HVDC transmission lines. After

classification, obtaining the exact location of a fault can be done quickly.

Research focus has been placed on converter types with fault blocking capability. Thus, an MMC
topology and control methodology to offer DC fault ride-through and also support the HVDC
network with reactive power compensation during the occurrence of a fault is required. Further
to the above protection plan using the converter modules, when the fault severity increases, the

primary protection scheme for the HVDC grid tends to fail. As a result, all the MMC SMs would



require a backup protection scheme, especially for faults that last beyond their limit. Thus,
protecting the converter devices is an essential requirement for converter stations and to maintain
continuous operation of the HVDC grid. Such a protection system must be quick to locate and
isolate the DC fault current. Furthermore, the protection system must be sensitive and selective
to avoid unnecessary detection and isolation. The primary and backup protection zones in an

HVDC network are illustrated in the conceptual diagram in Fig. 1.3.
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Fig.1. 3: Primary and backup protection zones of an HVDC network

DC faults plague the proper functioning of HVDC networks and can arise from multiple causes
for both overhead transmission lines and underground subsea cables. In some cases, DC faults
could last for an extended period. These are permanent DC faults, which a converter cannot ride
through. Hence, to protect the entire network, a fast and accurate backup protection scheme should
be incorporated into a converter to quickly locate the fault and allow it to be isolated. If the fault
is isolated rapidly, other power electronic devices forming the MMC experiencing a fault can be
protected from the harmful effects. In addition, if the exact fault location is known on a MT
network, an alternative route can be used to allow for power supply continuity. At the same time,

the affected path can be isolated for quick repairs. In literature, several fault locating techniques



have been proposed. However, these conventional methods are expensive and time-consuming to
implement. For example, a fault in the Basslink submarine cable interconnector between
Tasmania and mainland Australia took approximately 500 hours to locate and repair [18]. Such
lengthy disruptions to power supply are usually unacceptable. Therefore, it is essential to locate
the precise position of the fault as soon as possible. Accordingly, a new, rapid, and precise fault

location technique is required, suited to locating faults in offshore HVDC lines and cables.

1.6 RESEARCH OBJECTIVES

The purpose of this study is to propose a novel MMC converter topology and control methodology
that have a major impact on circuit breaker requirements, protection strategies, and supporting
FRT during faults occurring on either the AC or the DC sides. In addition, the control
methodology should be able to switch the converter operation between fault mode using a fault
blocking converter and normal mode using an HB converter. The effects of this control scheme
on MT-HVDC protection systems are thoroughly investigated as a primary protection

mechanism.

However, during primary protection when the fault current exceeds the time constraints allowed
for MMC switching elements, the converter will not be able to achieve FRT. In this case the fault
must be isolated, and an alternative path is determined for power supply reliability. This is feasible
with a fault locating backup protection scheme equipped with the following features: accurate
fault detection, classification, robustness against varying MMC parameters and transmission line
parameters, and sufficiently low computational complexity to enable real-time monitoring and
the rapid locating of faults. A desirable feature of the scheme is the elimination of any reliance
on a communication channel. Thus, a well-designed backup protection mechanism is investigated

via the use of artificial intelligence approaches.

1.7 CONTRIBUTIONS TO KNOWLEDGE

The significant contributions to knowledge outlined in this thesis can be summarized as follows:

e The development of a novel MMC topology and control strategy for switching from

normal to fault operation mode for strengthening the FRT capability, reactive power
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compensation, and leg/arm energy balance. Moreover, the proposed topology is able to
change the switching status of the MMC control's cells from fault tolerant mode back to
normal operating mode because of its flexibility. As a result, the MMC blocks the DC

fault current and returns to steady state after FRT.

e The development of a novel fault locating strategy implemented on a multi-terminal
HVDC system experiencing a permanent DC fault, when the MMC switching elements
fail to protect the grid during primary protection. The scheme is developed based on
Artificial Intelligence (Al), and can rapidly and accurately predict fault locations,
allowing for isolation and the determination of alternative power flow paths for the

continuity of power supply.

1.8 THESIS OUTLINE

The remaining chapters of thesis are structured as follows:

Chapter 2 presents a comprehensive literature review on HVDC network converters. The review
incorporates the nature of faults on HVDC networks and converter topologies with fault blocking
capability. A second review is presented to investigate protection strategies to support the fault
blocking converter. This results in an extensive investigation of backup protection schemes to

identify the gaps in existing knowledge, from which research questions are developed.

Chapter 3 presents a dynamic control methodology for the DC-FRT capability of MMC-HVDC
systems. As a result, the control system for the proposed fault blocking converter is designed to
ensure arm and leg energy balance is achieved and static synchronous compensation is done to
support AC loads during DC faults. This is the basis for designing a novel single-clamped hybrid-
arm MMC topology. This topology is cost-effective and has FRT capability with the capacity to
maintain the voltage levels during a DC fault by supplying energy compensation to the

transmission line.

Chapter 4 presents a novel backup protection strategy based on bidirectional long-short term

memory (Bi-LSTM) to support the converter proposed in Chapter 4. The scheme is powered by
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artificial intelligence, and it is used to locate faults on the HVDC transmission lines in cases where
the fault blocking converter fails to isolate the fault.

Chapter 5 presents a novel fault locating strategy based on SVM and GPR for bipolar HYDC

networks. This scheme improves on the fault location time and accuracy.

Chapter 6 concludes the work done and makes recommendations for future work.
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Chapter 2

2. LITERATURE REVIEW

This chapter reviews the operation of HVDC systems, the converters used for these systems, faults
on MMC-HVDC systems, and the protection methods related to faults. The chapter is divided
into six sections. Section 2.1 presents the concept of HVYDC transmission, and the history of
voltage source converters used for HVDC networks. Section 2.2 reviews different MMCs and
their suitability for primary protection. Section 2.3 reviews different backup protection strategies
for locating faults on MMC-HVDC networks. The research questions relating to the gaps in
current knowledge on MMC-HVDC systems, converter protection, and fault location are

presented in Section 2.4. Section 2.5 states the conclusion.

2.1 CONCEPT OF HVDC TRANSMISSION

Currently, there is a global drive to increase reliance on renewable energy sources. Such energy
sources are often located distantly from loads, which gives rise to a need for long distance
transmission line systems. HVDC transmission is preferred to its AC transmission alternative,
due to key advantages particularly its reliability through redundancy, flexibility of power flow
and maximizing the performance of installed assets [19]. Furthermore, it offers the most
economically attractive means for long distance transmission through overhead and subsea cables
[20]. Fig. 2.1 shows a conceptual comparison of DC and AC transmission in relation to cost and
power loss. The cost of installing DC transmission is higher than AC transmission. However, as

the transmission distance increases, AC transmission acquires more losses.
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Fig.2. 1. Comparison of HVDC and HVAC capital cost with transmission distance [21]

The average loss in the distribution and transmission of 2.2 GW of electricity via HVAC links in
OECD countries was estimated to be 6.6% in 2014 [22]. According to the energy cost analysis, a
1% loss is equivalent to £774.41 M over an expected HVAC link lifetime. This amount is
approximately equal to the estimated cost of installing a point-to-point HVDC link of £1.88 Bn

[23].
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Fig.2. 2: Viking link between Great Britain and Denmark

Countries can be linked via HVDC grids to ensure power supply security and reliability. For
example, Siemens was responsible for the supply, design, and installation of a 1400 MW
converter system (Viking link), shown in Fig. 2.2. This HVDC technology can transmit at a DC
voltage of 500 kV using a 767 km long power cable between Southern Jutland in Denmark and
Lincolnshire in Great Britain [21]. HVDC links can also connect the southern and northern parts
of a country. For example, in New Zealand, a 610 km HVDC powerline transmits 220 kV DC
voltage from Benmore hydroelectric power station in South Island to the Haywards transmission

station in North Island.

Considering that the majority of generation and distribution systems are AC, a converter station
to interface with HVDC transmission networks is required to facilitate conversion between DC
and AC. Currently, there are two types of converters integrated with HVYDC transmission: The
Line Commutated Converter (LCC) and the VSC [24]. For the VSCs, IGBTSs are the most often
utilized switching elements, and they are self-commutating. Unlike the VSC, the switching
devices in the LCC are thyristors. Thyristors can reach a conducting state when triggered by a
gate current. They can be turned off when a reverse voltage is applied to the gate [25]. The
difficulty of controlling an LCC is one of two reasons it is less preferred to the VSC. The other is
because a VSC allows for independent control over its reactive and active power supply [26].
Moreover, VSC technology has other advantages including flexible control, AC voltage control,
network security and a fast dynamic response. Therefore, offshore energy technology will
experience improved system efficiency and stability when integrated with HVDC VSCs [27]. The

table below gives a comparison between VSC and LCC based HVDC converters.

Table 2. 1: Differences between LCC and VSC based HVDC technology.

System features LCC VSC
Commutation Dependent Independent
Reactive power compensation Compulsory Not compulsory

Harmonic filters Compulsory Filters are not needed
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Directional flow of power Uni-directional Bi-directional

Currently, there are a small number of VSC based HVDC systems under construction. The
Modular Multilevel Converter (MMC) is the most commercially sought-after VSC, having power
level capacities up to 4000 MW and DC voltage ratings up to 800 kV [28]. The topologies of the

MMC are discussed in the next section.

2.2.1 MMC CONVERTER TOPOLOGIES

The MMC converter has different topologies. The Half-Bridge (HB), Full-Bridge (FB), Clamp-

Double (CD), and hybrid types. Fig. 2.4 presents the diagrams of the conventional MMC

topologies.
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Fig.2. 3: MMC converter topology: (a) HBSM, (b) FBSM, (c) CDSM, (d) SCDSM, (e) Hybrid,
(f) AAC.

According to [43], HB Submodules (HBSM) are a promising option for HVDC grid systems due
to their low cost of implementation, minimal power loss, reduced footprint, and enhanced
waveform. However, they lack fault blocking capability (the ability to self-isolate faults) because
HBSMs cannot generate negative DC voltage and do not possess zero-crossing voltage paths [44].
Moreover, during a DC short circuit, the IGBTs of the HBSM are quickly blocked to prevent
further damage to its switching elements. As a result, a low impedance short-circuit path is
created. Hence, current from the AC grid will continue to feed the fault on the DC side, resulting
in a sharp increase in the DC fault current, which could pose a serious threat to the converter or
cause the entire HVDC system to shut down [45]—[46]. Due to the challenges associated with the
HBSMs, the use of mechanical Circuit Breakers (CBs) on the busbar of the HVYDC network with
the HBSMs was proposed in [47] — [49] as a traditional solution to isolate the fault currents. In
this approach, the currents from the AC side can be prevented from feeding the DC fault by
opening all the CBs and isolate the line segments that are affected by the fault to allow the DC
fault to be extinguished. In fact, this approach is the most cost-effective, but because the
mechanical CBs operate slowly, high-rating semiconductor devices must be used to sustain the
overcurrent [13]. Moreover, the entire system will be shut down for an extended period. This is
inconvenient and will not be tolerated in a future HVYDC system. As a result, [50] and [51] propose
the use of solid-state DC CBs for reliable and fast isolation of fault current. However, the lack of
a natural zero-crossing current path makes the development of DC CBs extremely challenging,
leading to their high capital cost. Moreover, [52], [53] stated that the development of DC CBs for
high voltage and high-power applications is not sufficiently mature due to the large magnitude of
fault currents involved and the cooling requirement to withstand the on-state heating. Following
the limitations associated with the aforementioned CBs, [54] presents the hybrid CBs developed
for HVDC transmission systems. These hybrid CBs combine the advantages of mechanical CBs
and solid-state CBs. Thus, they have reduced losses and high speed when in operation but may
be expensive for large-scale implementation. Conclusively, the application of this CB to the

HBSM is based on the trade-off between losses, cost, and speed. As a result of the drawbacks
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brought about using CBs to aid converter fault capability, researchers decided to modify the
HBSMs to topologies with robustness to fault current (fault tolerant converters) [55] — [57].
During normal operation, these topologies can behave as typical HBSMs, but during a short
circuit, they can generate bipolar voltages to quickly eliminate the DC fault current. However,
when compared to the HBSMs, these SMs require twice as many electronic devices, resulting in

substantial cost and power losses.

Reference [58] proposed the Full-Bridge SM (FBSM), which is capable of clearing DC fault
current, unlike the HBSM. However, [59] acknowledged that the cost of implementation,
footprint, and power loss of the semiconductor devices in the conduction path of the FBSM are

twice as high as that of the HBSM. This limits the commercial attractiveness of the FBSM.

The use of Clamped Double SM (CDSM) MMC was presented in [60]. It comprises two HBSMs
in series with two diodes and two parallel capacitors connected through an anti-parallel diode and
an IGBT. When a fault is detected, the two capacitors generate voltages of opposing polarity to
block the fault current. The magnitude of these voltages is half the voltage produced by the FBSM;
therefore, more time is required to eliminate the fault currents. Thus, CDSM is not a suitable

topology for FRT.
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Given this shortcoming, Series-Connected Double Submodules (SCDSM) with only one diode
were proposed as an improvement to the CDSM. It can double the reverse bias voltage and

improve fault capability, but at the expense of the cost of electronic devices and power loss [61].
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Since the modified topologies have improved fault capability at the expense of increased losses,
[62] described how a hybrid topology can be formed to have reduced losses and still achieve fault

capability. According to [62] two different variants of hybrid topology are:

1 A SM which combines the HBSMs and FBSMs. Such that one arm comprises the HBSM
and the other arm comprises the FBSM. Merging the two SMs draws on the strengths of both the
HBSM and the FBSM to achieve fault capability and reduce power loss. However, the major
challenge with this topology is the high capital cost of implementing the design [63]. Also, it was
shown in [64] that this hybrid SM struggles as a static synchronous compensator (STATCOM)

since all their converter arms are blocked as they clear the fault current.
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2 A SM which combines FBSM with a two-level converter (H-TL). In addition to fault
capability, the FBSM acts as an active filter to reduce the switching losses in a conventional two-
level converter. The active switches of this hybrid topology require a series connection of IGBTs
and a large DC link capacitor. However, during DC faults, the DC capacitor discharge could

increase the fault current which would require additional measures to achieve FRT.
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To minimise the cost and the number of additional power electronic devices, the Alternate Arm
Converter (AAC) was suggested in [65], [66], [67] and [68] as the most efficient modified MMC
topology. The AAC draws the advantages of an FBSM and a high voltage IGBT. According to
[69], the AAC exhibits fault capability when used in protecting overhead lines DC faults.
However, the AAC uses director switches, which utilize an increased number of IGBTSs.
Moreover, due to the alternative operation of the converter arms, a remarkable sixth-order
harmonic component in the DC current exists, which may require a large-sized reactor in the DC
side for filtering purposes. Table 2.2 presents a comparison of characteristics of different MMC

topologies reported in literature.



Table 2. 2: Comparison of MMC topology [59], [70]
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Comparison of the MMC Configurations

Hybrid (Mixed-

MMC
HBSMs FBSMs CDSM SCDSM H-TL AAC
Parameters FB+HB)
HVDC-
link Ve Ve Ve Ve Ve Ve 0.628V4,
voltage
Fault .
. Excellent Satisfactory Excellent Excellent Excellent Excellent
blocking X
1.08V,, 0.5V, 1.08V,, 1.08V,, 1.08V,, 1.08V,,
Voltage
Blocking
. X 12s 24's 12s 5s 10s 2-55s
Time
Fault ride- ) ] .
X Satisfactory Very Poor Satisfactory Good Satisfactory Excellent
through
Number of
2N 2N 2N N-HB+N-FB 2N 0.628N
SMs/arm
Conduction . . ) . .
| Conduction ~ Conduction ~ Conduction Conduction ~ Conduction
0sses
Estimated losses losses losses Conduction losses losses
(0.47%) +
Power Loss itchi (1.88%) + (1.92%) + (1.90%) +  losses (1.75%)  (1.74%) + (0.60%) +
switchin
(Switching | g switching switching switching + switching switching switching
0sses
losses + (0.16%) losses losses losses losses (0.34%) losses losses
. 0
Conduction Total (0.29%) Total (0.30%) Total (0.30%) Total Total Losses= (0.31%) Total (0.20%) Total
ota
losses) L Losses = Losses = Losses = 2.09% Losses = Losses =
0Sses =
2.17% 2.22% 2.20% 2.05% 0.80%
0.63%
Estimated
Device 100% 166.70% 126.70% 122% 125% 118% 111%
Cost

From Table 2.2, the fault capability of the CDSM is inferior because two of its SM capacitors are

in parallel; they would produce a reverse-biased voltage of 0.5 Vdc, which is not sufficient to

control the converter phase current. FBSMs and other modified topologies exhibit fault capability

for primary protection but at the expense of semiconductor devices, while HBSMs cannot handle

fault current. Although, the HBSM offers the lowest number of IGBTs and footprint.
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2.2.2 CHARACTERISTIC COMPARISON OF MMC
TOPOLOGIES

The following section shows a detailed review of the losses, costs, and fault blocking times of the

MMC topologies mentioned above.

A. MMC Loss Evaluation

The total power loss of an MMC is the sum of the switching and conduction losses of all its diodes
and IGBTSs. In Fig. 2.5, the total power loss is represented by the grey bar, while the conduction
and switching losses are represented by the blue and orange bars, respectively. The power loss of
the standard HBSM-based MMC is approximately 0.63%, whereas the AAC has losses of

approximately 0.80% as seen in Table 2.2.
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Fig.2. 4: Loss evaluation for MMCs

B. Estimated Cost

The MMC cost consists of the operational and initial components cost. The components cost is
dependent on the number of devices per arm of the SMs. The daily cost of operation of the
converter can be accounted for by the conduction losses associated with its SMs. These losses are
a measure of the power loss cost in a 20-year operating period. Fig. 2.6 gives the estimated cost

in percentage drawn from Table 2.2.
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Fig.2. 5: Estimated cost for MMCs

The HBSM-based MMC is considered the standard MMC topology with the least capital cost due
to the simplest structure of its SM. All the modified SMs, such as the CDSM, SCDSM, FBSM,
and hybrid, require additional devices, which leads to drawbacks such as high cost, large footprint,

and the need for a cooling system.

C. Fault Blocking Time
Fault blocking is the ability of the converter to self-isolate a fault by using reverse voltage, while
fault blocking time is the amount of time needed for a converter to eliminate faults before the
IGBTS are blocked. This is possible during the primary protection stage. Fig. 2.7 shows the fault

blocking time in seconds for each converter SM as seen in Table 2.2.
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When a fault is detected, all the converter IGBTSs are quickly switched to the fault-tolerant mode
before they are blocked. The shorter the time, the quicker the fault isolation process and the better

the FRT.

Further comparison based on the performance of the MMC converter topologies is given in Table

2.3 as shown below.

Table 2. 3: Performance checklist of the various MMC SMs

Capacitor .
MMCs Converter Voltage Capital Power Footprint FRT References
Topology Balancing Cost Loss

HBSMs v v v v X [71] [72]
FBSMs v X X X v [70] [73]
CDSMs X X X X X [74] [75]
SCDSMs X X X X v [76] [77]
Hybrid (Mixed) v X X X v [78] [79]
Hybrid (H-TL) v X X X v [80] [81]
AAC X v v v v [82] [83]

From Table 2.3, the modified topologies utilise additional IGBTs which increase the complexity,

cost, and power losses and thereby reduce the attractiveness for large-scale implementation.

The performance of the hybrid MMC is based on a trade-off between the number of HBSMs and
FBSMs. The above table suggests that the AAC would be the best option. However, several
challenges limit its commercial application, such as the capacitor and energy imbalance [84], and
the hard switching effect between the lower and upper arms of the director switches. This could
lead to voltage transients and high voltage stress on the IGBTs. The HBSM is the simplest and

most cost-effective topology [85] but lacks FRT capability.
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Furthermore, Table 2.3 shows that the modified MMC topologies exhibit DC-FRT when deployed
on HVDC networks. While these converters can ride through faults, there are still challenges in
network management and control methodology that affect the robustness of the fault clearing
process and primary protection. For example, during DC faults, a more complex control strategy

is required to coordinate the balance of the MMC’s circulating current and leg/arm energy [86].

Several control strategies have been proposed for the MMC during normal operation, as
implemented in [87] - [90]. For example, a closed-loop control scheme was used to regulate the
DC output current and power of the MMC in [91] and [92]. However, during a DC fault incidence,
the control strategies for normal operation are not appropriate. To obtain DC fault protection
schemes for HVDC systems, an open loop modulation [93] or a direct voltage modulation [94]
that relies on using a DC modulation index was proposed. This method of controlling the MMC
is known as a non-energy control approach. The control approach is asymptotically stable because
its transient depends on the impedance of the converter rather than being imposed by a controller,
resulting in undesirable overshoots and slow time constants [95]. Furthermore, the voltage ripples
generated during the charging and discharging of the arm capacitors of the MMC are not
compensated for in the modulation stage. This leads to insertion index errors. As a result of these
errors, the arm capacitor voltages are significantly diverged [96], and the circulating currents are
contaminated with large 2nd order harmonics [97], which increase the RMSE value of the

converter's internal current with excessive power loss.

Further attempts to eliminate these oscillations have led to the development of resonant controllers
[98]. However, these controllers struggle to achieve stable and sensitive control parameters [99].
Moreover, in [100], it was shown that the 2nd order oscillations are caused by an unregulated DC
link current and stored energy in the MMC. Therefore, it is necessary to control the internal
dynamics (energy and circulating current) of the MMC such that SM charges are distributed

equally, thereby preventing the divergence of the arm energies from the desired values.

Several control schemes for ensuring MMC arm energy balance are discussed in [101] - [104].

These schemes focus on the total sum of energy in the MMC’s arms. However, they fail to
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recognize that the individual converter leg energy could vary with a DC fault, generating
differential energy. As a result, the control strategies described in [105] and [106] employ
oscillatory components in common mode currents to regulate energy differences. However, this
technique can generate undesirable interferences with the DC power, which may lead to
fluctuations in the DC grid voltage, therefore posing a challenge to DC-FRT. Thus, there is a need
to develop a converter topology that integrates a control system to enhances primary protection

with a balance of energy and circulating current.

2.3 REVIEW ON BACKUP PROTECTION STRATEGIES

Backup protection strategies, briefly mentioned in Section 1.4, are discussed in greater detail in
this section. The existing backup protection methods can be classified into Travelling Wave (TW)
and Non-Travelling Wave (NTW) techniques. The travelling wave (TW) method is the most used
among conventional techniques. TW techniques measure the reflection of fault current and
voltage from the point of fault impact, as seen in Fig. 2.8. This method’s accuracy depends on the

arrival time and velocity of the reflected fault wave [107].

Considering a remote fault at a point on a transmission line L, travelling wave techniques can be
used to obtain the location of the fault, x using the expression:
u(t, —t
=1 - vtz —ta)
2

fault

Rectifier Inverter

Fig.2. 7: Travelling wave fault location scheme

where, v is taken as the speed of light and ¢; and ¢, are the initial arrival and reflected time of the

fault waves.
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The TW method struggles to differentiate the waves from a system terminal from those of a fault
[108]. In [109], a pilot protection approach that uses the similarities between the cosines of TWs
on a single-ended protected HVDC line is proposed. Further, and considering the wave power of
reflected and incident TWs, a time-domain fault location scheme was applied to the HVDC grid
[110]. However, it was difficult to detect the reflected TW transient. This is due to the small
difference in time between successive reflected close-in fault signals, confusion between multiple
reflections, and the attenuated magnitude of fault signals [111]. To improve the accuracy of the
TW method, a double-ended TW method was proposed to detect only the surge arrival time of
the first TW at both terminals [112]. These TW-based fault schemes are prone to communication
delays and poor sensitivity; in fact, they must be integrated with a GPS time synchronisation
technology and a communication channel [113], which increases the cost of the fault location
process [114]. Finally, under high impedance remote faults, the TW signal can be vulnerable to
noise and too weak to detect [115], leading to a significant error. This worsens the accuracy of

the fault location process.

An alternative scheme to the TW method is the impedance method, which is an NTW technique.
The impedance-based technique uses the online voltage and current in pre-fault and during-fault
situations to determine the impedance at the fault point [116]. In [117], an impedance-based
method was used to locate high-resistance faults and remote faults. The technique measures the
characteristic harmonics of the fault current and voltage in the HVDC transmission line to obtain
the fault distance. However, since the impedance of the HVDC cable increases with the distance
between the fault location and the protective device [118], the location of the fault can be
estimated with knowledge of the cable impedance per unit length. Thus, the location accuracy of
impedance-based techniques is dependent on fault resistance. As the fault resistance increases,
the error between the actual and estimated location increases [119]. Moreover, the technique is
susceptible to noise signals and the operating states of the MMC converter. Reference
[120] proposes a high-frequency impedance-based method and uses double-ended measurement
techniques to locate the fault and overcome difficulties caused by a varying fault resistance.

However, at high frequencies, the effect of the distributed capacitance of the HVDC cable creates
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new difficulties. In addition, the accuracy of this technique is dependent on fault data from both
ends of the transmission line, which adds to the cost of installing communication facilities and

microprocessor relays [121].

In [122], the Pearson correlation coefficient on voltage signals was another fault location method
for MMC-HVDC systems. Its location process is quite challenging to implement since the voltage
signals are easily disturbed by the actions of the fault protection devices. In addition, the Pearson
correlation coefficient changes with voltage ripples even when the rate of change of voltage is the
same. This could lead to miscalculation of the fault location. In [123], fault location based on
Electromagnetic Time Reversal (EMTR) was proposed. This method uses an almost similar
approach to the TW fault location techniques by refocusing the peak energy amplitude from time-
reversed waves to locate the unknown fault distance. However, it fails to accurately locate high
impedance faults, and it requires numerous backpropagation simulations to identify the fault
location. In [124], the Prony algorithm was used to locate faults using the principal components
of natural frequencies. However, it is prone to location errors since the Prony model is numerically

ill-conditioned, non-strict, and sensitive to noise.

Table 2.4 presents a summary of the different TW and NTW backup protection schemes that have
been reported in the current literature to reinforce HVDC systems. The table further shows the
drawbacks encountered by each technique. It is apparent that the TW and NTW schemes suffer
from setting manual protective thresholds, data loss in the communication channel, sensitivity to
fault resistance, and vulnerability to noise. Due to these shortcomings, recent work has been
reported to improve the performance of TW techniques. According to [125], the surge arrival time
difference (SATD) between the line-mode and ground-mode TWs was proposed at 200 kHz. The
effects of fault resistance on locating DC faults were greatly improved. However, in actual
travelling wave devices, it was difficult to sample at such a high frequency as the wavefront
generated was too fast. [107] proposes a morphological gradient TW based on a single-end

protection technique. The issues with the communication channels were improved. However, the
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method was greatly influenced by resistance, which affects the scheme’s accuracy to fault

location. In addition, the research did not investigate performance under noise conditions.

Table 2. 4. Reviews on Backup protection strategies

Backup C;ommumca Sensitivity Sampling Calculation Data .
. tion to Synchroniza  Challenges Sources
protection . . rate Burden .
requirement  resistance tion

strict signal

synchronization,

low operating speed,
It‘j"r’ferft”d high sensitivity to  [107]
di . Yes Yes 10 kHz Large Yes white Gaussian [126]

ifferential .

noise, poor

selectivity during

resistance fault

TW device must be

sampled at high

frequency to

improve accuracy,
Travelling susceptible to [127]
Wave Yes Yes 10 kHz Small Yes interference and
(TW) attenuation as it

propagates through

a long transmission

line,
Ratio of poor sensitivity to
Transient fault detection at [128]
Voltage Yes Yes 50 kHz Large No hiah sampling rate [129]
(ROTV) gh sampling

As fault resistance
Reactive increases, the
Energy reactive energy at [130]
Compariso  Yes Yes 10 kHz Large No both ends weakens
n leading to sensitivity

problem

extensive time

domain simulations
Current -

to determine
3/nd| ¢ the protection 131
I oftage Yes Yes 20 kHz small Yes thresholds for only a [131]
evel-based g
method specific small-scale

test

system
Time In most practical
reversal operations, fault-
electroma location results are 132
netic baseg Yes Yes 50 kHz Large No affected by time .
method asynchronization.

Due to TW
Protection requirement on data [133]
based on Yes Yes 10 kHz Large Yes S [134]
™ synchronization is

necessary to avoid
maloperation
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Given the complexity of today's HVDC grid networks, which include multiple terminal
transmission lines and insufficient measuring stations, a wide-area approach to fault estimation
holds great promise for the future. In addition, with the limitations of the TW and NTW
techniques, a reliable and fast intelligent system that can overcome the challenges listed in Table
2.4 is recommended as backup protection. This can be achieved through secondary protection

schemes based on artificial intelligence, as discussed in the next section.

2.3.1 BACKUP PROTECTION BASED ON ARTIFICIAL
INTELLIGENCE ALGORITHM

Modern control systems based on Al are robust and reliable. Al is gaining more attention in the
field of HVDC transmission for converters, fault diagnosis, and system state estimation.
According to [135], the adaptation of Al to MMCs is due to its strong learning capabilities, good
performance under noisy signals, and ability to map complex nonlinear behaviour. Hence, Al
algorithms can efficiently recognize electrical circuit patterns for fault estimation in DC-AC
systems. The application of Al to transmission line fault location is shown in [136], but it is stated

that the actual application of fault location requires further research.

Al can either be machine learning (ML) based or deep learning (DL) based. Both ML and DL
approaches are very efficient at solving complicated problems. Al algorithms have begun to be
applied to various fault location tasks, such as fault location in power systems since they tend to
have better adaptability and are less likely to be influenced by fault parameters. Reference [137]
proposes the use of an ML Naive Bayes classifier on a multi-terminal HVDC grid system to
expedite backup protection operations for faster fault clearance by relaying algorithms. Reference
[138] proposes the use of DL convolutional neural networks for DC fault detection and
classification on a two-terminal, 21-level MMC based HVDC system. However, it could not
capture time-series features in voltage or current signals. Also, an improved extreme learning
machine [175] was designed to locate faults, but it does not consider the time series features. In
[176], the Decision Tree Regression (DTR) method was used to extract the characteristics of the
voltage and current signals to determine the fault location. However, under some experimental

samples, the proposed method produced significant errors. While in [177], fault signals were
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processed through Empirical Mode Decomposition (EMD) and used to train a deep learning-

based Convolutional Neural Network (CNN). The CNN’s classification and linear regression

mechanisms were used to achieve fault location on the HVDC network. The model also considers

the impact of high impedance ground faults, but it cannot automatically adapt to different fault

lines. Moreover, the technique uses a complex feature extraction and working algorithm, and due

to the size of the trained dataset and the number of pooling layers in the neural network, it suffers

from a large computational burden, which slows the backup operation.

Table 2.5 presents a brief review and comparison of different Al backup protection approaches

applied to MMC based multi-terminal HVDC.

Table 2. 5: Comparison of various Al Techniques for backup protection of MMC

Al Fault Location Methods Overview Challenges Sources
LDA suffers from misclassification,
LDA algorithm is used to extract  practical implementation of LDA
Linear Discriminant the operational time frames and  algorithm fails since the
Analysis (LDA) thresholds of both primary and discriminator is in variance. Besides,  [139]
backup protection regions. its algorithm is synchronised with
significant calculation burden.
K-means is applied to post-fault
current and voltage data
generated in various conditions. This anoroach is slow because the
The obtained thresholds and pproach I
- . standard deviation of the sampled
centroids are used for detecting, X - . . .
o . signals is not discretized and filtered.
K-means data classifying, and locating faults . .
N, Also, the K-means algorithm is [140]
path. There is minimal S .
e . sensitive to resistance, and the
classification error in the computational burden is enormous
training and testing dataset with P ’
reduced sampling rate and no
data synchronization.
The fuzzy logic controller is The fuzzy logic derivation is relying
highly efficient in controlling on human interpretation of system
Fuzzy Logic nonlinear variables and dynamics. They also experience a [141]
optimizing HVDC system for delay when tuning fuzzy system
fault estimation parameters in complex grid systems.
The Bayesian network applies
the principle of backpropagation
algorithm to estimate the fault
location of a complex grid. The algorithm suffers from a
Bayesian Networks Furthermore, they have precise significant computational burden [142]

semantics, powerful error
tolerance ability and no
convergence problem during the
diagnosing procedure.

which tends to slow their operation
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Neural networks have excellent Its performance may sometimes be

Neural Networks, NN adaptive and self-learning influenced by weight adaptation

(Feedforward, capabilities in pattern algorithms, noisy data, and implicit

Convolutional, Recurrent, recognition problems. The data representation. The many layers

Radial basis function, outputs of the ANN are used to used in its network sometimes leads

Modular, Multilayer trigger the DC line and bus to many training cycles and

perceptron) protections and select the faulted ~ computational burden when dealing
poles. with complex grid systems.

[143]
[144]
[145]
[146]

2.4 RESEARCH QUESTIONS

According to the above literature review and identified research gaps, the following research

questions are developed.

¢ Can a control methodology and a converter topology be designed at reduced losses, cost,

and footprint to allow the MMC-HVDC system to exhibit FRT and support AC loads

with energy stored in the capacitor?

e Can a backup protection strategy be developed with improved FRT performance that

efficiently locates the faulty terminal and the exact fault point on MMC-HVDC
transmission lines for isolation to be performed while reducing economic losses,

enhancing quick restoration of services, and promoting power sustainability and

reliability in the grid?
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2.5 CONCLUSION

In this chapter, an overview of VSC-HVDC technology has been introduced. The features of
MMC-based VSC-HVDC systems for multi-terminal operations were also analysed and
compared with those of the LCC-based systems. It was shown that MMCs have a developed
topology with great flexibility. However, they have a complex control structure, and their
topologies with FRT capability are still limited by losses, cost, and increased footprint. There is
a need to design a control system and a converter topology that can offer primary protection from

faults and meet the above limitations.

Furthermore, it was shown that MMC fault blocking converters struggle with permanent DC
faults and would require a backup protection strategy to locate faults while maintaining the
operation of the network. Several backup protection strategies were reviewed. The TW method
for estimating fault location is the most commonly used for HVDC systems, but it has some
drawbacks. Other methods based on cable impedance measurement were used for small-scale or
overhead transmission systems. Some of these methods require additional equipment, such as
global positioning systems and additional secondary factors. Moreover, the Al backup protection
schemes struggle with computational burden and poor sensitivity. Therefore, there is a need to
design a low computational method to estimate the location of faults on an HVDC transmission
system and realize effective backup protection systems without the need for extra devices or

disconnection of the terminals.



33

Chapter 3

3. A NOVEL SINGLE-CLAMPED HYBRID-
ARM MMC WITH A DYNAMIC CONTROL
METHODOLOGY FOR DC-FRT AND
STATCOM OPERATION

3.1 INTRODUCTION

In this chapter, a single-clamped hybrid-arm MMCs topology is proposed to achieve a 50% and
a 29% reduction in the number of IGBTs when compared with the FBSM-based topology and the
hybrid-based HBSMs and FBSMs, respectively. The proposed topology is implemented with a
novel energy-based control for achieving leg and arm energy balance during DC fault such that
the components of the circulating currents responsible for feeding the DC fault with transient DC
oscillations are eliminated successfully. Also, the control strategy encourages DC-FRT capability
and STATCOM operation through reactive power compensation to support the AC grid voltage.
Therefore, the novel hybrid-arm converter topology is proposed to offer one of the most cost-
effective methods of providing DC-FRT with a reduced number of power electronic devices while
ensuring additional reactive power is supplied to the AC system at reduced losses during the fault
clearance.

The rest of the chapter is structured as follows. In Section 3.2, a detailed analysis of the circuit
parameters of a typical MMC and its control structure are presented, while Section 3.3 describes
the conventional energy-based control of the MMC. The proposed energy-based control needed
to achieve DC-FRT is analysed in Section 3.4. In Section 3.5, a detailed analysis of the proposed
topology is presented while its operation principle and control structure during normal and faulty

scenarios are presented in Section 3.6. Section 3.7 and 3.8 describes the DC-FRT techniques of
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the MMC and the STATCOM operation respectively. In Section 3.9, simulation results are
conducted to validate the proposed topology and its control methodology. Furthermore, in Section
3.10, comparative analyses are presented with the other converter topologies in terms of the
number of power electronic devices used, the associated power losses, cost, and the DC-FRT

performance. Section 3.11 is the conclusion.

3.2 MMC SYSTEM DESCRIPTION

The MMC circuit representation in Fig. 3.1, is a typical AC-DC three phase (a, b, c) system,

where DC voltage, Vp is split into % to feed the lower and upper arms. Each arm comprises a

series of N connected Submodules (SMs), separated by arm impedance (inductor, L, and
resistance, R,) offering a low of resistance to DC fault current. For this section, an Average Arm
equivalent Model (AAM) of the MMC is used, where the stack of SMs is represented by a chopper

with a balanced capacitor voltage. The aggregated capacitor is represented by C,,. Where, Ce, is
given as % for the N SMs in each arm. The rest of the AAM parameters are discussed in the next
section.
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Fig.3. 1: MMC circuit with Average arm model
3.2.1 CIRCUIT PARAMETERS OF AAM
In this model, the MMC independent variables are theoretically explained. The relationship
between the current and voltage of the three phases (j € {a, b, c}) average arm model is shown in
(3.2):

From,

i=c¥ (3.1)

dt

=, eed 3.2
lceq) = Leq —g; (3.2)

To generate the DC and AC control variables of the MMC, Kirchhoff’s law is applied to the AAM

to obtain (3.3) and (3.4).

i
dig

. i d-]' r .
Zae — p) 4 Ryi) + Lo =2 + Ly =S + Rl + v (3.3)
2 dt dt
Vae _ o p ooy Al g
— =V tRaly +Lo—-— Ls—> — Rl — v; (3.4)

where vy is the phase voltage, v/, vy, i/ and i/, are the voltages and currents of the lower and

upper arms, ig is the grid current through grid resistance, R, and inductance, L. On adding (3.3)

and (3.4), the decoupled parameters for the DC side are obtained.

Vac _ j dily,
~ = Vsum t Ryiz;, + La? (3.5)
i/, = ‘TJ‘%‘{ and v}, = "i;”j (3.6)
Likewise, on subtracting, AC side parameters are obtained.
véiff —vl = Leg C;—itg + Reqi;. (3.7)
Leg = Ls + %4/ and Ryq = R +%a/, (3.8)

g~ = el (4 e ) 69
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. j_ . . .
j o~V o i)

Vaifr S— and g =1 — il (3.10)

where, Uéiff is the AC internal voltage of the MMC while v_fum is the internal voltage driving

the circulating current, i,... In normal operation, iZ,,. is the current that flows between the lower

and the upper arm of phase j. The decoupled equations and parameters are prerequisites for

understanding the proposed control design.

3.2.2 CONTROL STRUCTURE OF MMC

The control structure of MMC using a proportional integral (PI) controller can be grouped into
inner level control and outer level control as shown in Fig. 3.2. The top part of the outer loop
comprises the reactive power Q. control and the AC power P,. control. These control blocks
generate the grid side current reference ig which is used as inputs to the inner level control when
decoupled to the dq equivalents (i4*, i) via the Phase Lock Loop (PLL) using the inverse park
transformation [147]. At the bottom of the outer loop is the energy control that generates the

circulating current i.;, that flows through the converter.

Considering the inner level control, it comprises the voltage-based control at the top and an

extension of the energy-based control at the bottom. From the two loops, the generated voltages

can be modulated to produce the gate signals mi and m{ for switching the IGBTs of the MMC.

A further study is carried out in the next section to explain the challenges and possible solutions

associated with this control system, particularly the energy control system.
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Fig.3. 2: Control structure of MMC
3.3 CONVENTIONAL ENERGY-BASED CONTROL

The energy in the MMC converter is grouped into phase energy, arm energy and total energy
based on the decoupled variables in the previous section. The MMC is stable, and its energy is
constant during normal operation. However, during short circuit mode, one or more of the
converter’s SMs in each arm fails, and the remaining SMs are discharged to maintain the pre-fault
energy sum, leading to an imbalance in energy. As a result, a control variable can be used to drive
the energy difference to zero without disturbing the total arm-energy. This is done using an AC
reference increment of the circulating current on a differential arm-energy controller as shown in
Fig. 3.3. The challenge with this approach is to ensure the circulating current corresponds to the

reference value.

3.3.1 PHASE AND ARM ENERGY

The phase energy is the stored energy in each leg of the MMC, as shown in (3.11). Because the
total leg energy fluctuates during short circuit conditions due to capacitor discharge,

compensating the energy is required.

Ephase = El + Eu (311)
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The arm energy is measured based on the power needed to charge the capacitors in the upper and

lower arms of the MMC SMs. It is dependent on the aggregated capacitor voltage as shown in

(3.12).
E}y =35 Ceqv?,, (3.12)
Elum =5 Ceq (Vu + v2,1) (3.13)
Ecji'iff = %Ceq (Vgequ - Ugeql) (3.14)

where Ejum and Eéiff is the sum and difference of the stored energy in each arm. The relationship

between these energies in the converter is shown below when losses are negligible.

dEgum ~ ) j

—um = pl o+ Dae (3.15)
From (3.6) and (3.10),

dEs{'um ~ ) ££

T = del({'iT + Z 3l (316)

dEsjum ~ )

T = delcir_dc (317)

Where the DC and AC power is represented as P, and P, respectively. The AC power is the

total power divided by 3, while the DC power is the product of DC voltage and DC circulating

current as shown in (3.16). During steady states in (3.17), only the DC components of igir is used

to regulate the average sum of arm energy. Similarly, the average energy difference is regulated

by the AC components of the circulating current as shown below.

From (3.14)
aE), S
— L =p) — Pac (3.18)
By o
— = Udl{l — Zvcju-ffléir (3.19)
dEéiff -

i
2 = T 2Vairrlir ac (3.20)
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where the circulating current of phase j is regulated through a PI controller to track its nominal

value, i, reduce harmonic distortions, and eliminate the energy imbalance in the converter. The

expression for the PI controller is given in (3.21).

B Zvéiff(igii‘r,ac)

PlEdirf = :
Eairr=Eairr

(3.21)

From (3.18) - (3.21), the imbalance in energy due to active power transfer in charging and

discharging capacitor in the MMC arms can be compensated using the AC components of the

circulating currents, igir_ac. This AC circulating current must be prevented from flowing to the
DC links since it generates transient DC oscillations which is undesirable for achieving DC FRT.
The phase and arm energy controller of the conventional MMC lacks the ability to balance this

AC circulating current.

Another challenge of implementing the phase and arm energy-based control occurs during a pole-
to-pole DC fault, where DC voltage collapses to zero and there is no active power supplied to the
DC link. In such a case, the energy controller based on DC current reference will not be a viable
option. Hence, a total energy-based controller capable of responding to DC faults by changing

completely to AC power should be implemented.

3.3.2 TOTAL ENERGY

As a result of the limitations of the phase and arm energy control where the state variables of the
MMC are controlled using only the AC circulating current reference, this section explains the
impact of applying a total energy control scheme. This controller uses either the DC circulating
current or grid current reference (i, 40 O is) to control the stored energy in all three phases of

the MMC as shown in the upper part of Fig. 3.3.

dETotal _1 d

Total — > Coq gz (V20 + ZV2,1) (3.22)

% = PDC + PAC (323)
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During pole-to-pole short circuit conditions, the total energy control can balance the converter
energy using AC power-based control thereby solving the challenges of using only the DC power
control. However, during this fault condition, the SMs capacitor is discharged due to the absence

of phase and arm energy controller. Therefore, the total energy control scheme should be
compensated using i/ with a balanced reference as shown in the proposed energy-based

cir_ac

scheme in Fig. 3.7.

i ]
]
l v Grid |
i Eroral — _ P+ ls current !
! ‘ + >3 control !
I

| " i
Pd Lni [

I ¥ { L
vl Eroa B, X bc !
s ni, current ,
—_— |
! 3 control |

I
N . | :
i-’if ; Fl —:%/ . [gl'?l" de + [gl"r !
i'jif | _+ —-t"' ‘D:?c* o t.El'$r' de i + i bc :
- e ey per | 2 o FH" Current | |
Vu | — ¥ —x ~ |eir de M o Leir | Control | |
S > »[ PI Aoy = (L "R !
; [PI]>%) S e |
| Energy |
i | Generator :
pf - i |
T ® -'F‘ N cir_ac .
i.’b : +“_ § E-:E'I:'*r' ac :
— > NS |
pE o + g i<t |
[—:h —= .= cir_ac :
| Bairr ) * |
1 dl'sff 1
| Eg?fi Phase and Arm Energy Control |
Fig.3. 3: Classical energy-based control
3.4 PROPOSED ENERGY-BASED CONTROL

The proposed energy-based control focuses on regulating the energy balance within the arm and

leg of the MMC converter. Section 3.4.1 elaborates on this concept.

34.1 LEG AND ARM ENERGY CONTROL

During a pole-to-pole fault, an energy imbalance occurs since some SMs are discharged to provide
the affected SMs with energy. Also, no DC current reference is generated since the AC power
feeding the network is prevented from flowing to the DC side, hence the DC component of the

circulating current reference is zero and only the AC component of the circulating current is used
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for balancing the energy difference in the converter as shown in Fig. 3.7. This current provides
internal control actions and should not be seen flowing to the DC or AC terminals. This is possible
if the AC circulating current reference is zero. Therefore, the imbalance in arm energy during

j
cir_ac"

. . j
However, using i ;. ,. for the arm energy

pole-to-pole fault can be regulated using i
balance is challenging because it has hon-zero sum of magnitude and phase reference which affect
its circulating nature within the converter. This non-zero AC currents reference can flow to the

DC link and causes large oscillations as they feed the fault and prevent the feasibility of DC-FRT.

Hence, the aim is to eliminate the non-zero reference in i’ for the arm-energy control.

cir_ac

The circulating current reference generated from the classical energy controller is shown in Fig.
3.4. The sum of the current vectors in each arm of the converter is non-zero. Hence, there is a

need to modify the current reference.

Vaiff

Leir

b
Vairf

Fig.3. 4: Original AC circulating current vectors.
Fig. 3.5 shows the modified current reference, ig;*r_ac, generated by the PI controller in (3.21).
The AC phase angle 6 is used by the PLL to align the projected current reference with the arm
voltage, making sure that the output power is preserved. From this transformation, a zero-

reference sum of the circulating current is obtained for the arm energy.
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Fig.3. 5: AC circulating current vectors for arm-energy.

Also, from Fig. 3.5, the relationship between the original and the new current reference for the

arm energy controller is obtained.

icir = icirCos6
i%,. =il Cos(6 — 120) (3.24)
i&ir = 15-Cos(6 + 120)
icir icirCos6
i .| = |i%:.Cos(6 — 120) (3.25)
i % Cos(6 +120)
Considering phase j for arm-energy balancing

_ _ Cos6

il =Xl [Cos(@ — 120)] (3.26)
Cos(8 + 120)

The PI controller is compensated with a coupling matrix, A; to improve the gain effect needed to

drive Y i’7 to zero.

cir

A x Xl =0 (3.27)
Aaa Aab Aac

Ay =|Apa App  Apc (3.28)
Aca Acb Acc

The elements of A; must have a constant variable along the diagonals, while the corresponding
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rows and columns must have variables with similar absolute values.

2 -1 -1
A =|-1 2 —1] (3.29)
-1 -1 2
Therefore,
2 -1 —1][coso 0 0
[—1 2 —1] [ 0 cos(6—120) 0 ] =0 (3.30)
-1 -1 2 0 0 cos (6 + 120)

The above compensation method is efficient for the arm energy controller. However, for leg
energy balance, each leg is controlled independently, and the differential current sum (iZ;. +
i +iS) may not be zero. This might lead to AC grid current contamination with AC

circulating current, resulting in three phase currents with unbalanced reference. Hence, each leg

should be controlled individually to achieve energy balance.

Considering leg a, to balance its AC circulating current iy, .., the reference should be shifted by
180° from the original current using new current reference from the other two phases, i%",. and

icir ac and a coupling matrix. Such that:
Azigi*r_ac + igir_ac =0 (3-31)

where A,, is a coupling matrix capable of removing the energy fluctuations introduced by the new

current reference as analyzed below.

Vaiff

- a
F > Ud:ff
a
CLY
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Fig.3. 6: AC circulating current vectors for leg energy balance.

Conditions:

1
A*aa =1, |A2a| = |A2a| = ﬁ

L AA* *
Leir Aaalar
ba*

Leir Aba ctr (3'32)

ca* *
ClT' - ACCL cir

aa __ :ba __ :b ca
For leir = lczr' lar Leir leir = lar

Considering leg a, and substituting (3.24) into (3.32)
icir = AgalcirCost
24 = Ay i% Cos(6 — 120) (3.33)

iS3 = Aqidh.Cos(6 + 120)

The angle between b and ¢ with reference to a can assume 90 phase shift.

&0 =i [AyqCosO  Ap,Cos(6 +90) Az,Cos(6 —90)]
ibar = jar[A5 Cos(0 —210) A%,Cos(6 —120) A%,Cos(6 — 30)] (3.34)
i =12 [AsqCos(0 +210) Aj,Cos(6 +30) Ay,Cos(6 + 120)]
jacs Cost %605(9 +90) %605(9 —90)
b2 | = i% Z=Cos(6 —210) Cos (6 —120) —=Cos(6 —30) (3.35)
cax
cir [ﬁ Cos(6 +210) —Cos(6 +30) Cos (6 +120) |

V3
aax* :bax FCax
( Leir + lClT' + Leir )

=%, (Cos(O) +%C05(90) +%Cos( 90) +%Cos( 210)

+ Cos(—120) + %Cos(—?)O) + %Cos(ZlO) + %COS(B»O) + Cos(lZO))

P88+ 20 + 8 =0 (3.36)

Hence,
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1 1
Cos6 \/—gCos(Q +90) \/—ECOS(Q —-90)
1
Ay = | Cos(6 —210)  Cos(6 — 120) %605(9 —30) (3.37)
1

= Cos(0 +210) %Cos(@ +30) Cos(6 + 120)

The same approach is used to balance the AC circulating current reference for leg b and leg c.

Therefore, the sum of the opposing currents for each leg is zero, as shown in (3.38).

- A *x :bx* . Cx _
Leir_ac + Leir_ac + Leir ac = 0 (3.38)

i Grid E
current i
—*|_control |
_—————— !
pole —pole fil8 ~o !
fault \_ - current v
control )
e I Ui -~ I""'I
| o
v | i | |
v | + ii’i’r bc 1 !
— " *@—— | Current |
Vi | ir | Control || !
V| ERErgy | 0N e - e o —— ..I i
|| Generator !
pE |
ﬁ" Circulating
"J'_:.. Current
vi | Control
—

Fig.3. 7: Proposed energy-based control

For this study, to achieve FRT, the energy in the converter should be balanced and the converter
must continue to operate during the fault. This is feasible by applying the above energy-based

control methodology in (3.38) and in Fig. 3.7 into the proposed fault tolerant converter discussed

in the next section.

3.5 PROPOSED CONVERTER TOPOLOGY
The proposed hybrid-arm topology under DC fault is shown in Fig. 3.8. It comprises two

independently controlled monopolar MMC that are symmetrically separated into positive terminal,
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ground, and negative terminal. Each monopole of the MMC consist of the HBSM arm which is
connected to the ground and the SCSM arm attached to both the positive and negative terminals.
Both arms of the HBSMs and SCSMs are separated by arm inductor, L,, which is used to suppress
the harmonics content of the circulating current. Although the HBSMs do not possess any DC-
FRT capability, they provide the lowest cost, highest efficiency, and least number of components.
The SCSMs on the other hand, provide the DC-FRT. In this way, the proposed hybrid-arm design
can offer DC-FRT capability at reduced cost and power loss compared to the other SM topologies.

In addition, it exhibits low switching losses.
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—
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Fig.3. 8: Circuit topology of the proposed Hybrid-Arm.
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Fig.3. 9: (@) SCSM circuit topology (b) HBSM circuit topology.

The switching state of the hybrid-arm topology is shown in Tables 3.1 and 3.2, where the
converter IGBTSs can either be inserted, blocked, or bypassed depending on the operation mode
of the converter. Before the occurrence of the DC fault, the SCSMs exhibits the features of a
typical HBSMs by inserting switch S4, as shown in Fig. 3.9. As such, the overall hybrid-arm
generates an output voltage of 0 or V.. However, during DC short-circuit when the DC link
current exceeds the converter threshold and the switches are blocked, the SCSMs generate —V, to
eliminate the fault. Further explanation of the working methodology of the proposed hybrid-arm

converter is provided in the next section.

Table 3. 1: HBSM switching modes

HBSM
Switching mode S S, Ly Ve Vey
Blocking ¢ 0 >0 T W
0 0 <0 - 0
Bypassing 0 1 >0 - 0
0 1 <0 - 0
Inserting 1 0 >0 T Ve
1 0 <0 ) Ve

Table 3. 2: SCSM switching modes

SCSM
Switchingmode S, S, S, Iy Ve Veu
Blocking 0O 0 0 >0 T I
0 0 0 <0 | =V
Bypassing o 1 1 >0 - 0
0 1 1 <0 - 0
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. 1 0 1 >0 T Vg
Inserting

1 0 1 <0 1t VW

3.6 OPERATION PRINCIPLE OF THE PROPOSED MMC

This section describes the principles of operation and control methodology of the proposed MMC
during normal mode and fault mode. Since the proposed hybrid-arm converter is divided into
positive and negative symmetrical MMC, the same principle of operation applies to both sections

of the converter. As a result, only the positive part of the MMC is discussed.

3.6.1 NORMAL OPERATION MODE

Considering the positive MMC, during normal operation, the SCSMs exhibit the features of a
typical HBSM as explained in the previous section. As a result, they both generate a constant DC
voltage, V,.. The system parameters and control variables of the MMC are described using Fig.

3.10.

positive pole

(? iju
' j=abec
: +
E T ‘ SCSM arm \
: 3o
;o . 5 ;
Ve Positive —>» /-\" §
MMC \'\_’/
2
ficir % L, =
! + C:]
' ;1| HBSMarm
ground © lijl

Fig.3. 8: Positive MMC normal mode of operation.
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From Fig. 3.10, the expressions for the upper and lower arm currents (i,,) and (i;;) are shown in

(3.39) and (3.40) using the Kirchhoff principle.

i (®)

b () = ==+ Geir (1) (3.39)
MOEE GRS NG (3.40)

where, i;¢; is the circulating current and i; is the AC current of phase j. To obtain the upper arm
voltage, Vj,, and lower arm voltage, Vj;, of the positive MMC in (3.41) and (3.42), the same

principle used in Section 3.2.1 is applied.

Vac Lodijy, (t)

Viu(t) = ¢ = V() - == (3.41)
Vac Lodi; (®)

V() =2+ (1) - =1 (342)

where, V; is the instantaneous AC voltage of phase j that supports the AC side current.

To generate the inner dynamics variables of the MMC during normal mode, (3.41) and (3.42) are

added to obtain (3.43).

Lodijcir(t) 1
l(Ji—t = EVdc - Vjsum(t) (3.43)
Visum(@®) = 5 (Vu(®) + Vi (D) (3.44)

where, the sum of the voltages driving the circulating current in the hybrid-arm is given as V.

and it is regulated by the inner level control in Fig. 3.2.

To regulate the outer dynamics under normal mode, the energies stored in the upper and lower
arms of the hybrid-arm converter is controlled by applying the energy control method discussed
in Section 3.3. Since the energy balancing techniques using common-mode voltage for FBSM in
[148] is very complex with numerous dg-abc transformations. Where the arm energy sum, Eg,m.
is obtained from the power generated in charging the capacitors in the upper and lower arms of

the MMC SMs in (3.14) and (3.15). Hence, total energy balance in the hybrid-arm is linked to the
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circulating current, i;c;,, in (3.17) and for normal operation, only the DC component of i;;, is

used to regulate the total arm energy.

Finally, a modulation technique is needed to generate the gating signals m;,, and m;; in Fig. 3.2,
to control the number of SMs that are inserted or bypassed. Since the SCSMs are working as
HBSMs, the same Nearest Level Modulation (NLM) technique used for HBSMs in [149] is

applied to the hybrid-arm MMC.

3.6.2 FAULT OPERATION MODE

In this section, the impact of a DC fault on the operation of the hybrid-arm converter is analysed.

Considering the hybrid-arm converter, DC faults can be classified as single pole-ground, double
pole-ground, and pole-pole fault. A single pole-ground fault occurs on either the positive or
negative pole to ground, as shown in Fig. 3.11. Similarly, a double pole-ground fault occurs on
both the positive pole and the negative pole to ground. During this fault, both the positive and
negative MMC are short-circuited, and the transfer of active power is truncated until the converter
clears the fault. In a pole-pole fault, the positive pole and the negative pole of the MMC are faulty,
and the DC voltage in each pole drops to almost zero, with similar effects as the double pole to

ground fault.
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v il

Fig.3. 9: positive hybrid-arm in fault mode.

For this Chapter, only positive MMC is considered since the MMC topology exists in a
symmetrical monopole configuration. Thus, all the different fault types have a similar principle

of operation [150].

From Table. 3.2, when a pole-pole fault is detected, all the IGBTs of the SCSMs in the upper arm
are blocked, and the converter generates negative DC voltage from its N-series of inserted
capacitors to block the fault current. In addition, the direction of the SCSM diodes is reversed to
prevent the flow of i;,, as shown in Fig. 3.11. While the SCSMs eliminate the DC fault, the HBSM
generates reactive power to support the grid until normal operation resumes. The mechanism of

operation of the SCSMs and HBSM s is illustrated mathematically:

Considering the SCSMs arm, (3.41) becomes (3.45). Since V4. =0

Lod"u(t)
Viu(£) = =Vi(6) - === (3.45)
Lod"u(t)
== = —[Vu(© + %] (3.46)
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In (3.46) and considering the circuit diagram above, when i;,, > 0, the SCSM diodes are still
conducting, and the SCSM’s capacitors are charged. However, as ij,, turns negative, the upper

arm diodes are reversed, and thus the capacitors discharge to produce the current, i . in (3.47)

needed to block and decay the fault current [151].

_ E av jy, (t)

ige =L (3.47)

As the arms of the SCSMs eliminate the fault current, the arms of the HBSMs exist as a star
connected STATCOM to support the grid [152]. To generate the expression for STATCOM mode,

(3.42) is changed to (3.48). Also, V4. = 0.

Lodij(t)

1O = yi(6) - Vu(®) (3.48)

Transforming (3.48) from a, b, ¢ coordinates to dq coordinates, the STATCOM expression in

(3.49) is generated.

20t = WLoig(8) + VH(E) = Var(8)

dt
Lodigi(t) (349)
I = —wloig () + VH(6) = V(D)

where i, is regulated to its reference value i; to keep the average capacitor voltage in the hybrid-
arm close to its nominal value during STATCOM operation. This is done through the voltage and
power controllers in Fig. 3.2. Also, the value of i, is regulated to reference value i; by the

reactive power controller to regulate the reactive power supplied to the grid.
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To balance the energy difference in the converter during fault mode, the differential energy

balance in (3.20) is applied with a balanced circulating current reference using (3.38).

Finally, during the fault mode, since the SCSMs can generate negative voltage like the FBSMs,
the sorting algorithm modulation technique for FBSMs in [153] is applied to control the blocked
SMs and capacitor voltages in the SCSMs. Therefore, the overall control system integrates a
combination of NLM modulation techniques for normal operation mode and a sorting algorithm
for fault mode as discussed in [154]. Fig. 3.7 presents the entire control system for the hybrid-

arm converter.

3.7 DC-FRT MECHANISM

A DC fault is detrimental to power supply reliability and can shut down HVDC network.
Therefore, it is necessary to sustain the network to support fault recovery. For this chapter, to
achieve FRT, the energy in the converter should be balanced and the converter must continue
operation. This is feasible by applying the energy-based control scheme in Fig. 3.7 on the
proposed hybrid-arm converter to regulate the bipolar voltages to cause the short circuit current
to decay to zero. Thus, the DC-FRT mechanism of the converter is explained based on the internal

operation of the control methodology and the visible operation by the converter.

For the control methodology: During fault, the DC voltage is reduced to zero and i, 4. is zero,
as indicated by the red dashed lines in Fig. 3.7. To balance the converter’s energy, the circulating
current, iz o0, reference must be balanced using (3.38) to prevent it from feeding the DC fault

with harmonics. While the energy difference within the leg and arm of the converter is balanced,

negative voltage with magnitude greater than the grid voltage is used to produce ig in opposite
direction to the grid current. This current flows through the antiparallel diode towards the grid
side to regulate the AC current feeding the network and the fault. As a result, the fault tarnishes.
Also, the AC load is compensated with reactive power using the i; component discussed in

Section 3.8.
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For the converter operation: The fault ride-through capability in Fig. 3.12 is integrated. During
this fault mode, the SCSMs are blocked and generate reverse voltage to clear the fault. If the
SCSMs clear the fault when the time to achieve fault ride-through, Tpc_ gy, IS Within 55, normal
operation resumes, and the hybrid-arm continues to transfer active power. However, if the SCSMs
fail to clear the fault within 5 s, the HBSMs switch to STATCOM mode to supply reactive power

to support the grid for 120 s, while the SCSMs continue to clear the fault.

Once the converter eliminates the fault within 120 s, the hybrid-arm converter switches to the
recovery mode. In this mode, the fault current decays completely to zero and the converter
rebuilds the DC current. The STATCOM operation stops as the HBSMs resume normal operation
by generating active power while the SCSMs switch to a conducting state and the entire hybrid-

arm returns to a Steady state.

Fault

detected
‘ch = "'rrh

Control system
operates normally

Hybrid-arm works
in two Quadrants

1
STATCOM mode

Hybrid-arm works
in four Quadrants

Continuous
transfer of power

5= TDC—FRT =120s

Recovery mode

Fig.3. 10: DC-FRT scheme of the proposed hybrid-arm converter.
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Hence, for this Chapter, it is assumed that the fault is a non-permanent fault and thus should be
cleared within 120 s. However, for a permanent fault, the HBSMs are unable to continuously
supply reactive power for a long period of time, and as such, a backup DC-FRT technique is

integrated in this thesis to localise and isolate the fault [155].

3.8 STATCOM

During the fault, the converter switches from the normal mode of operation to the STATCOM
mode. In this mode, the Q. controller in Fig 3.7 regulates the amount of reactive power supplied
by injecting iy into the AC grid to improve real power transmitted to the load by ig as shown in
Fig. 3.13 and to minimize the harmful effect of the fault. The energy of the converter needs to be
balanced and the converter station connected to the AC grid to ensure satisfactory STATCOM
operation and a quick recovery of the grid to normal operation mode after fault clearance. The

expression for the grid current during STATCOM operation is shown in (3.50).
. )2
Igrid = (ls)z + (lq) (3.50)

Igria
(pu)

telear t(s)

STATCOM Normal

Fig.3. 11: STATCOM and Normal mode of operation
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3.9 SIMULATION AND RESULTS

In this section, the simulation results of the proposed MMC are presented to verify DC-FRT
mechanism using the system parameters in Table 3.3. A bipolar DC voltage of 100 kV is
generated by the 24 SMs hybrid-arm fault tolerant converter in Fig. 3.14. The results of the AC
circulating current and its impact on DC current are shown in Section 3.9.1. The impact of the
control strategy on the proposed topology during STATCOM operation and DC-FRT while
making sure energy is balanced is discussed below. In addition, the performance of the converter
is verified for when Tp_pgrr iS less than 5 s and when Tp_ggrr €xceeds 5 s. See Table A.1 in

Appendix for the control parameters.

Table 3. 3: System parameters for designed simulation

System Parameters Values
AC nominal voltage 120 kV, 50 Hz
Rated DC link voltage, V. +100 kV
Nominal power of the MMC 20 MW
SM capacitance 15 mF
Number of MMC SMs 24
Arm inductance 4.7 mH

Number of SMs per arm

6 HBSMs + 6 SCSMs

Transformer voltage ratings

120 kV/86 kV

Switching frequency 20 kHz
Carrier frequency 2 kHz
Transformer reactance 0.12 pu
Phase Impedance 0.2 pu
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Fig.3. 12: MMC-HVDC system under test

For clarity, the analysis of the results is divided into two sections: The first section describes the
impact of applying the control methodology on the proposed converter while the second section

explains the two stages of the DC-FRT mechanism.

3.9.1 IMPACT OF THE CONTROL METHODOLOGY ON THE
PROPOSED MMC

During fault, the AC circulating current is used to balance the SM energy only if its AC circulating
reference is zero, so that it does not flow to feed the DC fault and induce undesirable oscillations
on the DC current as explained in Section 3.4. Considering a fault impact at 0.5 sec, the
conventional control strategy was implemented with unbalanced AC circulating reference. Fig.
3.15 (a) shows that the current was distorted with irregular magnitude, since there is no balance
either among the arms or legs as the different phases possess different current magnitude. This is
also evident in Fig. 3.16 (a), where a large oscillation is noticed in the DC current. As a result of
this distortion, the coupling matrix A, in (3.28) is used to balance the circulating current as shown
in Fig. 3.15 (b). It was seen that the top and bottom of the waveform is balanced with the same

amplitude; although, there are series of rise and fall in the magnitude of the circulating current as
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observed during the fault duration. This is an indication that the approach fails to achieve
individual leg balance. The effect of this failure on DC current is shown in Fig. 3.16 (b), where

oscillations can still be seen during the fault.

o 05 055 06 065 07 075 08 085 ”53—
e
go-w@% Rl sy

T T T T T T T T
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 L(s)

(b)

I I I 1
lcir-ac_ b lcir-ac_c

mwaca

£)
2
S :pr-’% \k‘% O A S
; e
L

0. 0.565 0. DES

07 075 08 085 !(®

(c)

Fig.3. 13: Result of AC circulating current during fault (a) with unbalanced AC circulating
reference (b) with coupling matrix Az (c) with coupling matrix A..

On integrating the coupling matrix A,, Fig. 3.15 (c) was obtained. It was shown that the AC
circulating current in the individual leg is balanced and properly tracked. The effect is also seen
in Fig. 3.16 (c), where there is little or no oscillation in the DC current during the fault. This is
because the AC circulating current reference has been reduced to zero and the current is balanced

and able to regulate the internal energy of the converter.
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Fig.3. 14: Result of DC current disturbance during fault (a) with unbalanced AC
circulating reference (b) with coupling matrix Az (c) with coupling matrix A..

Further verification of the impact of balancing the AC circulating current is seen in the arm and
leg energy balance as shown in Fig. 3.17 and Fig. 3.18. During the fault, the conventional strategy
was used as shown in Fig. 3.17 (a), and it was observed that the converter energy diverged in each
phase of the converter arm. However, on integrating coupling matrix A, the energy controller
was able to converge the arm-energy to a common value as shown in Fig. 3.17 (b). This is an
indication that the arm-energy is balanced. Despite the contribution of 4, to balancing the arm-

energy, it fails to achieve individual leg energy balance as seen in Fig. 3.18 (a).
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Fig.3. 15: Simulation result for arm-energy balance (a) with conventional strategy (b) with
coupling matrix Az

Fig. 3.18 (b) shows the impact of using coupling matrix A4, to achieve leg energy balance. It can

be seen that the overall energy in each leg is properly matched for phase a, phase b and phase c.

Therefore, A; can achieve arm-energy balance while A, ensures leg-energy balance. Hence, with

balanced internal energy, the negative impact of oscillations on DC current is ameliorated and the

converter can support DC-FRT as discussed below.
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Fig.3. 16: Simulation result for leg energy balance (a) with coupling matrix A: (b) with coupling
matrix A,
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Another benefit of the proposed algorithm is the injection of reactive power to support the grid as
active power drops during fault. From Fig. 3.19, the pole-to-pole fault occurred at 0.5 sec and the
converter switched to STATCOM mode soon after the fault, as previously described in Fig. 3.19.
The STATCOM mode ends at the point the converter resumes normal operation. Hence, Fig. 3.20
depicts the AC current and voltage of the converter, and it shows that the converter was able to
ride through the DC fault as normal operation resumed after 0.5 sec of the fault impact. Therefore,
a balanced AC circulating current promotes DC-FRT by reducing the feeding of the DC fault
current with harmonics. Also, with balanced internal energy, the STATCOM mode of operation
can support fault recovery. See Table A.2 in the Appendix for a comparative analysis of the

control schemes.
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Fig.3. 17: STATCOM mode and DC-FRT
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Fig.3. 18: Grid voltage and current during and after fault
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3.9.2 STAGES OF THE DC-FRT CAPABILITY BY THE
PROPOSED MMC

Considering the first stage of the DC-FRT, a DC fault with a fault resistance of 10 Q is detected
at 2.5 s. The fault lasted for 2.5 s before it was cleared to resume normal operations. Fig. 3.21
shows the result of the first stage. Where Fig. 3.21(a) depicts the effects of the fault on the DC
current and voltage. The voltage drops due to the fault while the current rises above the threshold
(twice the current magnitude). Also, the effect of the fault on the AC voltage is shown in Fig.

3.21(b), where the voltage drops to almost half of its rated value.

Furthermore, while the HBSMs continue to conduct, as shown by the submodule arm current and
voltage in Figs. 3.21(c) and (d), the SCSMs' arm current and voltage remain constant because
their IGBTS are blocked to clear the fault. Also, since the fault is cleared within 5 s which agrees
with the DC-FRT mechanism described in Section IV, Fig. 3.21(e) demonstrates that the
converter can sustain the fault period without the HBSM generating reactive power to keep the
grid running. This is evident as the reactive power remains constant despite the presence of the
fault. These results verify the effectiveness of the proposed hybrid-arm converter in clearing DC

faults and resuming normal operations for fault disturbances with a shorter duration.
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Fig.3. 19: Display results of first stage: (a) DC current and voltage, (b) AC voltage, (c) Submodule
arm voltage, (d) Submodule arm current, (e) Active and reactive power of the hybrid-arm positive

MMC.
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For the second stage, the parameters in Table 4.3 are also implemented. However, the DC fault
occurred at 7.5 s and lasted for 30 s before it is cleared. Since the fault period exceeds 5 s in Fig.
3.22, the SCSMs clears the fault while the HBSMs switches to STATCOM mode to support the
AC grid with reactive power. Fig. 3.22(a) shows the drop in AC voltage during the fault period,
while Figs. 3.22(b) and (c) show that the SCSM current and voltage remain constant as the HBSM
current and voltage experience a little fluctuation while they support the load with reactive power,
in Fig. 3.22(d). Finally, as normal operation resumes through active power generation, the reactive

power drops back to zero to verify the recovery mode.
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Fig.3. 20: Display results of second stage: (a) AC voltage, (b) Submodule arm current, (c)
Submodule arm voltage, (d) Active and reactive power of the hybrid-arm positive MMC.

3.10 COMPARATIVE ANALYSIS OF MMC CONVERTERS

This section presents a comparison among eight different MMC topologies based on the number
of power electronic devices, power losses, DC-FRT capability, and the ability to provide reactive
power compensation (STATCOM) when clearing faults, as shown in Table 3.4, using the same
parameters highlighted in Table 3.3. The HVDC link voltage, V., is applied to all the MMCs and
the number of SMs in each arm of the MMCs is given in terms of N, where N is taken as 20. In
view of the number of devices per arm of the MMCs, the FBSM has the highest number of IGBTs
and diodes per arm, followed by the hybrid combination of HBSM and FBSM. This accounts for
the 50% and 29% reduction in size when compared with the proposed hybrid-arm topology.
However, the number of IGBTs and diodes of HBSM, CDSM, 3LCCSM, 5LCCSM, and hybrid
of HBSM and CDSM is the same as the proposed topology. Considering these topologies,
3LCCSM and CDSM-based topologies have the highest number of extra IGBTs and diodes.
Based on this, the HBSM is the least complex, followed by the proposed hybrid-arm topology.
Also, since the additional IGBTs are pathways for continuous conduction of arm current,
topologies with higher switching devices often encounter more power losses. The estimated
power losses for all the topologies are calculated as a percentage of active power transferred using
IGBT module FF300R17KE4 in [156], where the HBSM and the proposed topology offers the
most reduced power losses. Thus, in terms of complexity and losses, both topologies are cost

effective when compared to the rest of the topologies.
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Despite the benefits of the HBSMs, they are unable to provide reversed voltage to ride through
DC faults, while the CDSMs generates the least reverse voltage due to their number of parallel
connected SM capacitors. On the other hand, all the other topologies, including the proposed
topology, can offer excellent DC-FRT. Similarly, the proposed hybrid-arm and the rest of the
topologies with excellent DC-FRT can provide reactive power compensation (STATCOM) while
clearing the fault current. Therefore, the hybrid-arm topology provides DC-FRT and reactive
power compensation with the least number of electronic devices, which justifies its cost-effective
approach for bulk power HVDC transmission. The comparative analysis is further strengthened

with theoretical equations in 3.10.1 and 3.10.2.

3.10.1 POWER LOSS ANALYSIS

The power losses in the MMC can be mainly divided into conduction and switching losses,
denoted as P.,, and P,,,. The average power loss over a period is given from (3.51) — (3.53) with

full details in [157]:

The expression for the conduction losses of the IGBTs and diodes in the MMC is obtained from

the power relation in (3.51).

{ Pcon_igbt =Vigon + igonr (3.51)
Peon_dgiode = Vicon + igonr
Also, the switching loss expression is shown in (3.53).
EontEo Velsw
Psw ight = ( Tow ). Vi (3.52)
VCiSW
Psw_igbt = fsw(Eon + Eoff) m (3.53)

Ve Lsw

Psw_diode = fswErec Vin
where i,, and v, are the rated current and voltage per SM, i,, and i.,,, are the average current in
switching and conduction mode. The on-state forward voltage drop is VV and r is the on-state
resistance. For the IGBTS, the turn on and turn off energy loss is E,,, /E, s While for the diodes,

the switching frequency is f,, and E,... is the reverse recovery energy. For N submodules, the

capacitor voltage, V, can be represented in (3.54).
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v, = % (3.54)
Considering the HBSM topology and assuming all SMs are balanced, the detailed numerical

power loss expression for its IGBTs and diodes has been derived in [158] using (3.51) and (3.53).

As a result, the expression for the conduction loss in the HBSM is given in (3.55).

1 ra . ,
Pcon_igbt(hbsm) = Efalz ((Vigbtlarm(wt) + lérm (wt)rigbt)smhbsm(wt)) dwt 55)

1 ra , ,
Pcon_diode(hbsm) = Efalz((_vdiodelarm(wt) + lérm (wt)rdiode)smhbsm(wt))dwt

where a, and a, are the conduction intervals of the diodes and the IGBTs. The arm current in the
HBSM is iy, It is positive, when IGBT1 and diode2 conducts and negative when IGBT2 and
diodel conduct. Also, smpys, is the duty cycle of the arm SM. It can be obtained using the

expression in (3.56).

1-mgsin (wt)

2 (3.56)

1+mgsin (wt)
2

smy (wt) =

sm,(wt) =

where m,sin (wt) is the modulating signal of a particular phase in the HBSM.

For switching losses, it is necessary to know the number of power devices in the switching state.

The expression for switching losses of the HBSM is shown in (3.57) similar to [158].

fsw(EontE Ve .
Psw_igbt(hbsm) = S(+n_0ff) ' Kin : f:;z igrm (@t)dwt (357)
fswErec | Ve , '
Psw_diode(hbsm) =" Vnin : f;;z —lgrm(wt)dwt
(3.57) can also be represented as (3.58) by substituting (3.54).
_ fsw(Eon"'Eoff) Vac raz .
Psw_igbt(hbsm) =7 Efal larm(wt)da)t (3.58)

_ fswErec . Vdc @2 .
Psw_diode(hbsm) ="on ﬂf% —larm(wt)dwt

From (3.58), the expression for the switching loss of the HBSM is independent on the number of

submodules.

Considering the FBSM, three different voltage levels (0, V. and -V..) are generated unlike the
HBSMs that generates two voltage levels (0 and 17.). Thus, the expression for the FBSMs power

losses will incorporate a redundant SMs as illustrated below:
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Similar to (3.55) the conduction losses of the FBSM is shown in (3.59).

1 ra , .
Pcon_igbt(fbsm) = Efalz ((Vigbtlarm(wt) + lérm (wt)rigbt)smfbsm(wt)) dwt

1

(3.59)
a . ,
Pcon_diode(fbsm) = Efalz ((_Vdiode larm(wt) + lérm (wt)rdiode)smfbsm (wt)) dwt

where the duty cycle of the FBSM arm is given in (3.60).

3—-mgsin (wt)

4 (3.60)

1+mgsin (wt)
4

smy.(wt) =

smyz(wt) =
where smy, is for transistors 1 and 4 while sm,5 is for transistors 2 and 3. From (3.60), it can be
deduced that smgpgm = 2 X smyp,sm. Also, since the conduction losses is proportional to the
number of submodules, the conduction losses of the FBSM will be greater than that of HBSM.

Thus, it can be deduced that as the number of SMs increases the conduction losses increases.

Also, considering the switching losses of the FBSM in (3.61), It can be seen that a redundant SM

is added to (3.57).
fsw(Eon+E V . ,
Psw_igbt(fbsm) = S(oz—nt)ff) ’ Tin ) [N f;: lgrm(wt)dwt + Ny f(:llz larm(wt)dwt] (3.61)
fSWEreC VC . . '
Psw_diode(hbsm) =" Vi ) [N f;lz —lgrm(wt)dwt + Ny f;;z —larm ((Ut)d(‘Ut]
Nepsm = N + Ny (3.62)

where N; is the number of redundant SMs. Thus, the switching losses of the FBSM increases with

Ny, so does the total loss of the MMC.

For the hybrid SMs and mixed topologies made of HBSMs, increasing the number of SMs in the
HBSMs would not affect switching losses as seen in (3.58) and [159]. However, in (3.61), it does
increase losses with the FBSMs and other topologies with higher number of IGBTs as N;
accounts for IGBTs 3 and 4. Also comparing (3.56) and (3.60), the conduction losses of the FBSM
are twice that of the HBSM. Therefore, increasing N will increase the total power loss of the

MMC as seen in Table 3.4.

As a result, the proposed hybrid-arm topology with 0.3N of HBSM and 0.3N of SCSM will have

reduced power losses compared to all other fault tolerant SMs in Table 3.4.
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3.10.2 MMC COST ANALYSIS

The basis of this study is to estimate the cost of additional redundant cells for adequate
comparative analysis of the MMC topologies. The cost of the MMCs is done in a standard
operation without considering the cost of controlling the voltage ripples associated with the SM

capacitor voltage. Thus, a fixed DC voltage of 120 kV as given in Table 3.3 is used.
The total MMC cost of a standard topology is divided into initial cost and power loss cost [160].

Costyme = Costinit + CoStpowerioss (3.63)

The initial cost includes the cost of installing the power conversion systems (SM cost) and the
cost of installing cooling systems such as HVAC. The initial cost of a QkW MMC system with

X redundant SMs is given in (3.64).

X
Costinie = [@ X (1+3)] (Costom) + Costeooing (3.64)
The cooling system cost is dependent on the volume and weight of the conversion unit, and it is

scaled down to 10% of the initial cost according to [161].

COStcooling = 0'1C05tinit (365)

X
Costinie = 1.11[Q x (1 +%)| X (Costym) (3.66)
The SM cost is proportional to the ratings of the system. It is grouped into cost of IGBTs and the
cost of the capacitors in the submodule since they contribute immensely to the SM weight,

footprint, and Capital Expenses (CapEXx) [162].

Costsy = Costigpes + CoStegpacitor (3.67)

The properties of the IGBTs are taken from the manufacturer datasheets of IGBT module
FF300R17KE4. The IGBT cost is calculated based on the nature of the semiconductor chip and
the weight (package) since they constitute a larger fraction of the thermal and electrical behaviour

of the device [163]. Thus, the cost of the IGBT is given in (3.68).
Costigpes = CoStepip + COStpackage (3.68)

COStChip = nigbt(1.27Vce” — 974[$]) (369)
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Vcell = 0.56 x VbT (370)
Costpackage = Migbt (15'06/Wigbt) (3.71)
Wigpe = 0.9 X 1073V — 0.34[kg] (3.72)

where Vy,. is the breakdown voltage given as 1700V from the IGBT datasheet and n; 4y, is the
number of IGBTSs in the MMC SM. The numerator of (3.71) is taken from the overall package
size per unit of a standard IGBT chip as seen in [163]. The 0.34kg is also obtained from the

manufacturer’s datasheet of the IGBT.

For the cost of capacitors, thin film metallized polypropylene capacitors are the most considered
technology for the MMC because of their high reliability, low loss, low cost and high stability
over a wide temperature range [164]. As a result, the cost function of the capacitors is modelled

below in accordance with the manufacturer’s datasheet.
COStcap_film = Neap X Weap [$] (3.73)

Weap = 3.57Egm + 5.92[kg] (3.74)

where Ej,, is the energy storage capacity of the SM in kJ while the number of parallel capacitors

IS Negp-
Therefore, the total initial cost of X redundant SM in (3.66) can be represented as (3.75):
X
Costiir = 1.11 [Q X (1 + ﬁ)] X (Costepip + CoStpackage + COSteapacitor)  (3-75)

From (3.75), the higher the submodule number, the higher the CapEx. Thus, an MMC with an
increased number of SMs is expected to incur more initial cost. Considering that the proposed
SM has the least number of SM in comparison with other fault tolerant converter, it will incur the

least initial cost.

In addition to the initial cost is the power loss cost. The power loss cost is dependent on the
conduction losses of the semiconductor devices. Assuming that the SM loss cost is 10 ¢/kWh
and the operating time (OT) of the MMC in a 20-year operating year (OY) is 8760 hr, the power

loss cost for a QkW MMC can be obtained using (3.76).
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Costpowerioss = (1 —=1) X Q X 0.1 X OT X OY (3.76)
Costpowerioss = (1 = 1) X Q X 0.8760 X 24 X 365 (3.77)
CoStpowertoss = (1 —1) X Q X7673.76 (3.78)

where 7 is the efficiency of the MMCs. Thus, the total MMC cost can be obtained by combining

(3.66) and (3.78).

Cost,me = 1.11 [Q x (1+ %)] x (Costgy) + (1 — 1) x Q X7673.76 (3.79)

From (3.79), the cost of the MMC in Fig. 3.23 is obtained using the information from Table 3.4.
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Fig.3. 21 Comparative analysis of MMC topology cost



Table 3. 4: Evaluation of different MMC topologies

72

MC Topology Proposed
5-level Hybrid-arm
Half Clamp- Full 3-level cross | cross Hybrid Hybrid Tg olo
Bridge double Bridge connected connected | (HBSM+ (HBSM+ (HESMQESC
(HBSM) | (CDSM) (FBSM) | (3LCCSM) (5LCCSM | FBSM) CDSM) SM)
)
MMC Parameters
HVDC link voltage
Vdc Vdc Vdc Vdc Vdc Vdc Vdc Vdc
No. of SMs per arm 05N N . N N 0.5SNHBSM 0.5NHBSM | 0.3NHBSM
’ and 0.5NFBSM | and 0.5NCDSM + 0.3NSCSM
No. of capacitor per
arm N N N N N N N N
No. of devices per
arm  (IGBTs and 2N 2N 4N 2N 2N 2.8N 2N 2N
Diodes)
No. of extra IGBTs
per arm 0 0.5N 0 N N 0 0.4N 0.4N
No. of extra diodes
per arm 0 N 0 N 0 0 0.8N 0.4N
Approximated
power loss 0.6% 0.8% 0.9% 0.8% 0.8% 0.8% 0.7% 0.65%
PeFRT No Yes but Yes es es es es es
limited Y Y Y Y Y
STATCOM
No No yes yes yes yes yes yes
3.11 CONCLUSION

In this chapter, a novel hybrid-arm topology and a control methodology are proposed for HVDC
transmission systems. The topology is made up of positive and negative symmetrical MMCs.
Each MMC is a mix of an identical number of SCSMs and HBSMs. It was shown in the result
section that when the topology is harnessed with the control methodology, The topology achieved
leg and arm energy balance as there were no divergence among the energy values. This is because
the DC and AC circulating current references were properly controlled, as the summation of their
individual circulating current references is zero (i qc + iZ e + 15 ac =0). Thus, the
oscillations that contaminate the DC and AC terminals of the MMC are avoided while enhancing
DC-FRT. Furthermore, it was observed that for DC faults with a fault period of less than 5 s, the
converter could ride through the fault and resume normal operation without the need to

compensate the grid with reactive power. However, for faults with longer durations, the converter

generates reactive power from the HBSM arm as the SCSM arm clears the fault. In addition to
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the DC-FRT capability of the converter, comparative analysis was done with other converter
topologies to verify the commercial viability of the proposed topology. It was seen that the hybrid-
arm topology offers a 50% and a 29% reduction in the number of semiconductor devices used
when compared with the conventional FBSM and hybrids of FBSM and HBSM, respectively.
Moreover, the estimated power loss of the hybrid-arm converter is the lowest for all the topologies
except for the HBSM, which lacks DC-FRT capability. Furthermore, considering the energy
balancing capability of the proposed converter topology, it can be inferred that the proposed
topology exhibits a good balance of the capacitor voltage in each arm at reduced footprint, losses,
and operational cost compared to any of the topologies listed in Table 3.4. Therefore, the proposed
control methodology and hybrid-arm topology of SCSM and HBSM is a cost-effective option for

bulk power transmission.
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Chapter 4

4. A NOVEL FAULT LOCATION STRATEGY
BASED ON BI-LSTM FOR MMC-
HVDC SYSTEMS

4.1 INTRODUCTION

This chapter proposes a new deep learning Al-based fault location method inspired by
Bidirectional Long-Short Term Memory (Bi-LSTM). The algorithm can classify fault lines and
locate fault distances using a simplified extracting and analysing approach on fault data from only
the rectifying end of the MMC-HVDC network, thus eliminating the need for a communication
channel. Furthermore, the proposed algorithm learns the time series of the fault current samples
from a real-time simulator of bipolar and four-terminal MMC-HVDC systems based on the
Artemis and SSN benchmarks. The accuracy of the proposed technique is verified under different
fault types, fault impedances, and noise levels. From the above statements, the main contributions
of this chapter are summarised as follows: A simple and robust fault classification and location
scheme is proposed to handle high-resolution timestep data with the exclusion of complex feature
extraction, thus eliminating the issues with the computational burden. In addition, the scheme is
resilient against varying fault impedances, noise, transmission line parameters, and operating
conditions. The approach can eliminate the issue of vanishing gradients, affecting the deployment
of Recurrent Neural Networks (RNN) in practical systems. Finally, the proposed algorithm can
adapt to a more complex multi-terminal MMC-HVDC network with less than a 1% location

percentage error.

The rest of the chapter is structured as follows: Section 4.2 presents a theoretical analysis of the
proposed scheme, while Section 4.3 gives a detailed analysis of the fault location methodology.

Section 4.4 discusses the system under test and the data acquisition process. Section 4.5 shows
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simulations and results, as well as a set of comparisons with other fault location methods.

Conclusions are drawn in Section 4.6.

4.2 DESCRIPTION OF THE PROPOSED SCHEME

The Long Short-Term Memory (LSTM) algorithm is a deep learning algorithm integrated into
MMC-HVDC to locate DC faults in the network. The algorithm is a new type of Recurrent Neural
Network (RNN). The RNN is an improved version of the Convolutional Neural Network (CNN),
one of the most popular deep learning algorithms. The RNN uses previous output data to forecast
new data. This ability has led to a significant improvement in time-series forecasting tasks.
However, RNN still suffers from gradient disappearance. A condition where the weights of the
neurons are unable to learn and update as the time step increases. This condition is severe because
the learning rate of the network drops, and the network may fail during the training phase. RNNs
also require high computing power during training of data for large scale implementation. These
drawbacks to RNN can be linked to the fact that the recurrence of data is done using a single
layer. The LSTM solves the issue with the RNN’s gradient disappearance using three different
gates with separate activation functions to continuously update the data. Moreover, the LSTM has

a memory block that can hold information for a long time step thus the name ‘Long Memory’.

The gates in the LSTM are the forget gate, the input gate, and the output gate, as shown in Fig.
4.1. These gates control the flow of information in the LSTM. The "forget" gate can be used to
remove unwanted data. It uses a sigmoid activation function to refresh the memory of the LSTM.
Immediately after the forget gate is the input gate. This gate controls whether the memory should
be updated and the elements needed for the update. The output gate determines the features sent

out to the hidden state.
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Fig.4. 1: The structure of LSTM

From Fig. 4.1, x; is the current time-step of the input data while the previous time-step of the cell
state and the hidden layer are C,_; and h;_,. The current hidden state, h;, of the LSTM can be

computed by updating the weight and bias parameters of each gate as shown below:
Forget gate,
fsigmaid = (wfh T Wry + bf) (4.1)

On passing the inputs (h;_; and x;) through the function, (4.2) is obtained:

for = o[(wpn + heeq) + (wpx + x¢) + by (4.2)
th = Ct—1 * for (4.3)

Input gate,
lsigmoia = (Win + Wiy + by) (4.4)
iy = o[(win + heoy) + (i + %) + by (4.5)

Similarly,
Jtanh = (wgh + Wgy + bg) (4.6)
g¢ = tanh|(wgn + he—1) + (wgx + x¢) + by (4.7)

C,f =1l * gt (4.8)



77

C.=c/+cl (4.9)
Output gate,
Osigmoid = (Won + Wox + by) (4.10)
0 = [(wop + he—q) + (Wox + x¢) + byl (4.11)

Passing (4.9) through the tanh function and combining it with (4.11) will generate the output of

the hidden layer in (4.12):

hy = tanh(C;) + o, (4.12)

eX—e~ 1

1+e=*

tanh(x) = and sigmoid(x) =

eX+e%

where f;, it, g¢, and o, are the forget gate, input gate, input node and output gate. While w¢, w;,
wg, and w,are the weight parameters. The bias for the gates is by, b;, by, and b, o is the sigmoid
activation that maintains the gates output between 0 and 1 while the tanh activation controls the
outputs between -1 and 1. The current memory cell state, C;, can be obtained from the current cell
state of the input gate, C}, and the forget gate, th . The latter is generated from the previous cell
state, C;_; and f,;. Where f,; is a combination of x; and h;_,. Setting f,; to zero ignores the old
data while setting i, to zero ignores newly computed data. Similar computation is done to obtain

the next hidden layer of the LSTM thus eliminating gradient disappearance.

One of the limitations of using single LSTM is that it uses only historical data during prediction.
However, with the use of the Bi-LSTM in Fig. 4.2, this drawback can be eliminated since the
algorithm uses both the previous state (h;_;) and the future state (h;,,) by stacking two LSTMs
in a forward and backward pattern. With this approach, the proposed algorithm can efficiently

extract all the hidden layer features, thus increasing the accuracy of the location process.
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Fig.4. 2: Structure of bidirectional LSTM (Bi-LSTM)

Furthermore, the proposed Bi-LSTM can classify and locate faults on the MMC-HVDC
transmission lines using the flow diagram in Fig. 4.3. When a fault is detected in the system, the
algorithm collects all the fault samples from the sequence input layer. The output from the Bi-
LSTM layer is passed onto the fully connected layer, from which the fault types are classified,
and the faulty lines are identified using the SoftMax layer. Once the faulty lines are detected, the
output is sent back to the fully connected layer, from which a regression layer is used to locate

the fault distance.

[ Sequence Input Layer ]

I}

[ Bidirectional LSTM ]

l

[ Fully Connsctad Lavar ]

i
[ Fully Comnected Layer ]

!

[ Begression Laver

[ Softmax Layer ]

v
[ Clazsification Layer ] 'L -
.1. [ Fault location ]

—[ Fault linex ]

Fig.4. 3: Flow diagram of Bi-LSTM model
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4.3 ANALYSIS OF THE FAULT LOCATION APPROACH

The proposed fault location scheme for the MMC-HVDC transmission system is shown in Fig.
4.4, At the top of Fig. 4.4 is a bipolar MMC system with a rectifying and inverting end. Faults
such as polel to ground (P;), pole2 to ground (P,) and polel to pole 2 (P; — P,) can affect the
system. When a fault is detected on the transmission line, the fault current and voltage data are
collected from only the rectifying end of the system into the input layer. The fault samples are
passed from the input layer to the hidden layer comprising multiple bidirectional LSTM units
where unwanted fault samples are removed by the forget gate while the input gate updates the
cell state of the Bi-LSTM with the maximum current and minimum voltage fault values. As a
result, useful features from the fault data are extracted by the output gate. Thus, the Bi-LSTM
improves the accuracy of the fault location scheme by providing the backpropagation needed to
minimize the Mean Square Error (MSE) in (4.13) and extract the features containing the
information of the faulty lines using the sigmoid and the tanh activation function.

MSE = Y™(D; — dg)? (4.13)
where, D; is the actual location of the fault, dj is the predicted location and m is the number of

samples.
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Fig.4. 4: Fault location scheme

Also, from Fig. 4.4, the output from the Bi-LSTM is sent to the fully connected layer. This layer
is also known as the dense layer of neurons. A fully connected layer consists of weights (w) and
bias (b) to perform dense multiplication between input features and trainable weights. In Fig. 4.4,
the fully connected layer can reduce the structure size of the fault samples to eliminate the
computational burden and improve the speed of locating the faulty lines and the fault distance.
From the fully connected layer is the classification model. This model can classify the fault
samples into the different fault types (Py, P,, P; — P,). The algorithm in the classification model
that is responsible for detecting the faulty lines is the Softmax. The Softmax can perform multi-
classifications and represents the results using probability distribution function in (4.14). Thus,
output is between 0 and 1 with the faulty region having the highest probability. If the fault occurs

on the first transmission line, the Softmax can predict P; to have a probability close to 1, while
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P, and P; —P, have probabilities close to 0. Thus all P, fault samples are sent to the location

model to speedily obtain the fault distance.

Softmax(P;) = ZKe—x;x] (4.14)

=1

where e*i is the input vector standard exponential function and e*/ is the output vector standard

exponential function. K is the number of fault classes and for this case K is 3.

The fault location model uses regression function to predicts the fault distance (dg) on the selected

transmission line. d is measured from the point of fault impact to the rectifier substation.

Considering the fault current and voltage waveform in Fig. 4.4, the fault samples x; in the input
layer consisting of current and voltage can be used to update w and b in the regression function
as shown in (4.15) and (4.16). In addition, the regression function in (4.17) can correlate x; with
the fault distance so that when a new fault impacts the system, di can be obtained using (4.18) as

shown in Fig. 4.5.
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Fig.4. 5: Fault location approach using regression function

dp=w.f,+b (4.18)
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where t is the duration of the fault, N is the number of fault samples, [ is the location parameter,
o is the standard deviation, A is the variance and f; is the fault sample probability function. The
point on the probability distribution curve obtained from the classification model with the highest

fault sample density is used to predict the fault distance.

4.4 SIMULATION SETUP AND DATA PREPARATION

In this section, the MMC-HVDC system is shown in Section 4.4.1, while simulation of the faults
on the systems and the extraction of the fault currents and voltages as training and test datasets

are evaluated in Section 4.4.2.

4.4.1 MMC-HVDC SYSTEM

The validation of the fault location scheme is done using fault samples generated from a bipolar
HVDC system in Fig. 4.7, designed in MATLAB and simulated in real-time using the OPAL-RT
digital simulator in Fig. 4.6. The digital simulator uses the Artemis and State Space Nodal (SSN)
solver to simulate the 24-pulse bipolar HVDC on four cores of a 3.2 GHz Xeon V2 (2 cores per

station).

The MMC station is a 230 kV, 40 MW, 60 Hz network based on the CIGRE Benchmark. The
rectifier and inverter are 12-pulse converters connected using a bipolar link. The link (pole 1 and
pole 2) is a 300-km Distributed Parameter Line (DPL) based on Frequency Dependent Model
(FDM) [165]. The capacitance, inductance and resistance of the line are 0.014 pF/km 0.79 mH/km,

0.02 Q/km respectively.

Table 4. 1: Simulation parameters for the system under test

Design Parameters Values
AC voltage and frequency 230 kV and, 60 Hz

DC Voltage level 230 kv

Capacity rating 40 MW

SMs capacitor voltage 1.15kV

Arm inductance 0.026 H

Cell capacitance 0.015F
Number of MMC SMs 12
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Insertion resistance 5kQ

DPL model — 300 km, 0.79 mH/km, 0.014
uF/km, 0.02 Q/km

Transmission line
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Fig.4. 6: OPAL-RT Digital real-time simulator
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Fig.4. 7: Bipolar MMC HVDC system

4.4.2 FAULT DATASET GENERATION

The first step in the fault location approach is to obtain the fault current and voltage from the
network. Fig. 4.8 shows an example of the fault current and voltage display generated from the
real-time simulator during the fault and from which the fault data are extracted. From the display,
the fault impacted the system at 0.5 s and lasted for 0.7 s. The three different fault types
(P, P, P, — P,) were impacted at four different inception angles (30, 45, 60, and 90) for 30
different positions of the transmission line, with 25 different resistance values selected randomly
between 0.01 Q and 250 Q. A total of 9000 fault cases (3 fault types, 4 impact angles, 30 fault
positions and 25 fault resistances) are obtained using a sampling frequency of 12 kHz. The fault

dataset is collected by a measuring relay at the rectifier pole.
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The fault current and voltage samples are normalised between 0 and 1 using (4.19) to form the
input fault samples (x;) for the algorithm. This is done to enforce a level of uniformity without
distorting the range of the values, thus improving the dataset's quality, and speeding up the fault

location process. The result of x; obtained from the simulation is shown in Fig. 4.9.
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Before x; is passed to the Bi-LSTM fault location scheme, it is divided into 70% training samples
(6300) and 30% test samples (2700). The training fault samples are used to model the algorithm
to learn and adapt to the fault features so that they can easily make future predictions when

deployed on new fault samples, which in this case are the test samples.

For adequate training and testing, parameters such as the layers, batches, learning rate and epochs
of the Bi-LSTM network should be properly selected. Increasing the number of layers, batch size
and epochs, improves the performance of the model but adds to the complexity and computational
burden thereby increases the locating time. Also, a learning rate not too low or too high should
be selected. Because a low learning rate will converge after several iterations thus reduces the
speed of location while a learning rate too high will diverge and lead to poor accuracy. As a result,
the following parameters: 256 hidden layer, 3 fully connected layer, batch size of 90, 30 number
of iterations (epochs) and learning rate of 0.01 are used for training and testing the fault datasets

in a timely and accurate manner.

4.5 SIMULATION AND RESULT

This section presents the classification model results for the training and test phase of the fault
samples in Section 4.5.1, the location model result is shown in Section 4.5.2. In Section 4.5.3, the
effect of noise on the location scheme is analysed. In Section 4.5.4, the Bi-LSTM location scheme
is deployed on a four-terminal MMC-HVDC system to verify the scheme's robustness while

comparative analysis with other location schemes is presented in Section 4.5.5.

45.1 CLASSIFICATION ANALYSIS

The classification model separated the training dataset into the three different fault types
(P4, Py, P; — P,) as shown in Fig. 4.10. Each fault types identifies with the different regions of the
transmission lines with corresponding class intervals of 0-1, 1-2, and 2-3. The accuracy of the
trained model is shown in Fig. 4.11. The simulation was done for 21 iterations, and it can be seen
that a close comparison occurs between the actual fault regions and the classified fault types as
the curves approach 100%. This verifies that the trained model has learnt the fault features of the

transmission and can further be deployed to predict the fault types of the 2700 test samples. The
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identified region of the test sample is shown in Fig. 4.12 while the performance of the prediction

model is shown using a confusion matrix in Fig. 4.13. From the confusion matrix, it was seen that

only 1 out of the 900 fault samples belonging to pole2-G were wrongly predicted.
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Fig.4. 10: Classified trained fault samples
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Fig.4. 12: Classified test fault samples
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Fig.4. 13: Confusion matrix of classified test model
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Fig.4. 14: Performance of the classification model

The performance of the classification model is shown by a correlation response plot in Fig. 4.14,
such that the trained model was able to predict the test fault samples as both the training and test
output converged to the three fault regions of the transmission line. Thus, the proposed

classification model is accurate and efficient.

Since the fault region is known, the information from that faulty transmission line is sent to the
location model to detect the exact point of fault impact. For example, if the classifier predicts the
fault to occur on pole 1 of the bipolar network, only the pole 1 dataset is made available to the
location model. This idea reduces the computation complexity in dealing with complex data from

all the regions of the transmission line.
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4.5.2 LOCATION ANALYSIS

For this section, all the test samples are sent to the location model and considering that they were
generated from faults impacted on 30 different positions, the scheme is used to predict the location
of each fault impact. Fig. 4.15 shows the distance prediction of one of the fault impacts. From the
results, the distance of a pole-pole fault is indicated by a purple sample point located at the top of
the probability density curve f(t). The model predicts the fault at 83.25 km since that is the
distance with the highest magnitude of f(t). On validating, the actual fault location was at 83 km.
Thus, a percentage error of 0.3% was recorded, which shows that the predicted and actual fault
distances are in close agreement. Further to the above statement, Fig. 4.16 shows the MSE of the
location model. It can be seen that the curve for the predicted distance is close to the true value

with a low MSE of 0.006.
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Fig.4. 15: Pole-pole fault distance estimation
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Table. 4.2 presents the percentage error for the fault location of some of the other 29 different

positions. From the table, it can be seen that the percentage error for the test samples is less than

1%. This shows that the proposed location scheme has high precision for fault distance estimation.

Table 4. 2: Validation of proposed location scheme

Predicted
Fault Type Actua-ll Fault Eault Percentage
Location, km error, %
Location, km

P, 40 39.75 0.625
55 55.38 0.686

108 108.22 0.203

130 129.25 0.577

242 242.54 0.223

P, 50 50.16 0.319
94 94.69 0.729

112 111.82 0.161

256 255.19 0.316

287 287.86 0.299

P, —P, 24 24.11 0.456
73 72.39 0.836

100 99.46 0.540

140 139.54 0.329

215 215.62 0.286
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4.5.3 PERFORMANCE ON NOISY FAULT DATA

In real life scenarios, fault signals are sometimes contaminated with noise from measuring devices
and from the environment. Such distortion to fault data can affects the accuracy of the location
scheme. To verify the performance of the proposed location scheme in a noise polluted
environment, Gaussian noise with Signal to Noise Ratio (SNR) from 40 dB to 10 dB is added to
the training and test fault samples. Some of the result of the distance estimation is presented in
Table 4.3. From the table, it can be seen that the percentage error was less than 1% for the different

noise levels. This verifies that the location scheme is robust against noise.

Table 4. 3: Fault location performance under noisy data

SNR Actual Fault Predicted Fault Percentage
(dB) Location, km Location, km error, %
40 40 39.644 0.890
30 80 80.73 0.904
20 160 161.49 0.923
10 240 237.72 0.950
454 PERFORMANCE ON A 4-TERMINAL MMC-HVDC
SYSTEM

The proposed location scheme is deployed on a 4-terminal MMC-HVDC system based on the
CIGRE benchmark. The system comprises four MMC substations with a 250 kV, 1.5 GW
capacity. The MMCs are regulated by a master control (SM_Control) and connected by 4 DPL

(150 km, 200 km, 300 km, and 400 km), as shown in Fig. 4.17.

The scheme's performance is verified by simulating pole to ground faults on the four different
lines. As discussed in Section 4.4.2, the fault data are generated by varying the resistance,
distance, and inception angles. The distance prediction results obtained using the same principle
as in Section 4.4 are shown in Table 4.4. The location scheme still maintains the percentage error

within 1%. Thus, the performance of the scheme is not affected by system complexities.
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Fig.4. 17: 4-terminal MMC-HVDC system

Table 4. 4: Location scheme on 4-terminal MMC-HVDC

Fault Lines Actua-1l Fault Predict-ed Fault Percentage error, %
Location, km Location, km

DPL150km 22 21.92 0.355
70 70.33 0.469
130 129.67 0.254

DPL200km 50 50.47 0.931
110 110.26 0.236
167 165.9 0.659
189 189.82 0.432

DPL300km 26 26.19 0.725
100 99.36 0.640
265 265.68 0.256
288 289.70 0.587

DPL400km 80 79.35 0.813
150 149.54 0.306
215 216.03 0.477
376 374.02 0.527
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4.5.5 VALIDATION ON A 37-TERMINAL MMC-HVDC
SYSTEM

The proposed fault location scheme is validated on an IEEE 37-terminal MMC HVDC system,
simulated using the Opal-RT real-time digital simulator under unbalanced load conditions. The
HVDC substation is rated at 230 kV with a capacity of 2.5 GW nominal power. Each substation
is linked by different lengths of DPL transmission networks in the order of 7xx. The system uses
the SSN solver to simulate the model and to section the model to fit into two cores containing the

subsystem shown in Fig. 4.18 and the console, which displays the fault dataset in Fig. 4.19.
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Fig. 4. 18: Subsystem of a 37-terminal MMC HVDC system
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Fig. 4. 19: The console showing fault results.

To further validate the proposed algorithm, DC faults were impacted on less than 1% and more
than 99% of the transmission lines. The fault dataset was generated from a combination of
different fault scenarios such as different fault locations, different fault resistances (0Q, 4Q, 8Q,

20Q2, 40Q and 60Q) and different fault types (P, P, P, — Py).

The display in Fig. 4.20 shows a sample of the fault current and voltage obtained from ten
different locations along the transmission line. The algorithm is further deployed to locate the

fault points of the new fault samples.



Fig. 4. 20: Current and voltage display of 37-terminal MMC HVDC system.
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The performance of the algorithm is shown in Table 4.5 for faults that occur close to the nodes of

the bus bar. From this table, it can be seen that the accuracy of the fault location algorithm drops

slightly compared with its accuracy in Table 4.4. This is solely due to the closeness of the fault

impact to the transmission line terminals, which might add some errors to the data as a result of

reflections. However, the overall performance of the algorithm is still very high, with a 1%

deviation in accuracy. Thus, it can be concluded that the algorithm is robust to faults occurring

close to the nodes of the transmission lines and that no communication channel is required.

Furthermore, it can be seen that the complexity of the network has no effect on the performance

of the algorithm, as the percentage error falls within the proposed 1% tolerance.

Table 4.5: Location results for 37-terminal MMC HVDC system

Fault lines

<1% of Transmission line

>99% of Transmission line

Actual Fault Predicted Percentage Actual Fault Predicted Percentage
Location, km Fault g Location, km Fault g
- error, % ! error, %
Location, km Location, km
DPL 701 - 702 0.198 0.20 1.120 19.820 20.042 1.119
DPL 702 - 703 0.590 0.586 0.752 59.460 59.009 0.758
DPL 703 - 727 0.178 0.176 1.034 17.840 17.656 1.031
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DPL 703 - 730 0.346 0.349 0.971 34.690 35.028 0.974
DPL 704 - 720 0.396 0.392 0.950 39.640 39.260 0.958
DPL 706 - 725 0.693 0.698 0.726 69.370 68.872 0.718
DPL 707 - 720 0.545 0.549 0.808 54.510 54.952 0.810
DPL 709 - 731 0.297 0.294 0.996 29.730 29.434 0.995
DPL 714 - 718 0.099 0.100 1.420 9.910 9.769 1.421
DPL 733 - 734 0.495 0.490 0.911 49.550 50.003 0.914

4.5.6 COMPARISONS WITH OTHER LOCATION SCHEMES

This section presents a brief comparison in Table 4.6 and Table 4.7 between the existing fault

location methods and the proposed scheme under the same fault scenarios. One of the points of

comparison is the requirement for a communication channel. Location methods that require a

communication channel often encounter time delays since they need time synchronisation

between installed relays on each end of the network. The Al location scheme does not have to go

overcome this challenge. Also, the proposed location scheme has the least MSE (0.006).

Table 4.6: comparative analyses among Al-location schemes

Fault location CO”;?;;:Z?“O” Computational Robustness Sampling Performance
methods - burden to Noise rate (MSE)
requirement
Decision Tree No Medium High Medium 0.048
K-nearest neighbor No Medium High High 0.670
ANN + Fast Fourier No High Low High 0.889
Transform
ANN + Discrete . . .
Wavelet Transform No High High High 0.906
SVM based particle No Medium NA High 0.590
swarm optimization
CNN No High Medium High 0.012
Proposed bi-LSTM No low High Medium 0.006
Table 4.7: comparative analyses among Non Al-location schemes
Fault location Corr::r:]]::r:(é?tlon Computational Robustness Sampling Performance
methods - burden to Noise rate (MSE)
requirement
TW Yes Medium Low High 1.990
Impedance-based Yes Medium Low High 1.206
Current differential Yes Medium Low Medium 1.405
Pearson C_or_relatlon Yes Medium Low High 0.951
Coefficient
EMTR Yes High Medium High 1.153
Prony algorithm Yes High Low High 2.016
Voltage rate change Yes low NA Medium 2.301
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Moreover, it can be seen from both Tables 4.6 and 4.7 that the proposed bi-LSTM has a low
computational burden, and since it is independent of the communication channel, that makes it

the optimal scheme for locating HVDC faults.

4.6 CONCLUSION

This chapter has proposed a fault location scheme based on the Bi-LSTM algorithm. The scheme
can classify and locate faults on the transmission lines of an MMC-HVDC system with a lower
sampling rate than the conventional TW based methods. The scheme can eliminate the challenges
of complex data extraction and preprocessing, a condition that could lead to a high computational
burden and performance limitation in real engineering applications. In addition, the scheme is
accurate, without requiring a communications channel. From the simulation results obtained, it
was shown that the scheme could classify fault regions with very high accuracy, and the location
model could predict fault distance with a low MSE of 0.006. In addition, the location scheme is
not affected by system complexities, noise, different fault types, and resistance since the

percentage error obtained from each case is within 1%.
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Chapter 5

5. AFAST AND ACCURATE FAULT LOCATION
TECHNIQUE USING SVM AND GPR FOR
HIGH VOLTAGE DIRECT CURRENT
(HVDC) SYSTEMS

5.1 INTRODUCTION

In this chapter, a novel ML fault location scheme is proposed to guarantee fast fault location and
improved accuracy when compared to the DL fault location scheme discussed in Chapter 4. This
method utilizes data from a single source and significantly reduce computational burdens. A
single-source data approach does not require a communication channel. Using a communication
channel may cause unnecessary delays and poor accuracy in determining the fault location due to
attenuation, interference, and multiple reflections of fault signals. Furthermore, it adds to the
network's complexity and necessitates the use of a Global Positioning System (GPS) which is
costly to install and maintain. Therefore, the benefits arising from the proposed technique include:
improved accuracy in fault classification and location, robustness against varying fault parameters
such as fault impedance, noise, and fault inception angle, the elimination of the need for a
communication channel, and a computationally straightforward system that allows for real-time
monitoring and fault location in a very short time frame. The proposed technique is verified using

an MMC-HVDC system model that is implemented on a digital real time simulator.

The rest of the chapter is structured as follows. In Section 5.2, a detailed description of the fault
location technique is presented, Section 5.3 describes the MMC-HVDC model and the real-time

simulation test procedure. A comprehensive set of scenarios are then investigated, and the results
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are presented in Section 5.4. To validate the proposed technique, the results are compared with

other Al approaches. Section 5.5 is the conclusion.

5.2 THE FAULT LOCATION TECHNIQUE

Fault detection Fault voltage and

current samples

Protection by MMC

Fault location
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Megative pole
to ground fault

End

Fig.5. 1: Flow chart of the proposed technique

In Fig. 5.1, the proposed fault location technique is represented using a flowchart. The processing
of the fault samples is not covered in detail; however, Discrete Wavelet Transform (DWT) is used
to process the fault current and voltage samples. DWT is a feature selection method used to
process fault samples because it offers better resolution, eliminates redundant fault samples,
reduces the dimension of huge data sets, thereby eliminating computational burden and finally

enhances speed and accuracy of the classifier [166].

The overall scheme in the flowchart comprises three stages, starting from detecting fault current
and voltage signals, classifying the processed fault samples using Quadratic Support Vector
Machine (QSVM) and finally, locating the fault point on the transmission line using Gaussian
Process Regression (GPR). These three stages are necessary to ensure accurate fault estimation is

achieved. The contribution of each stage to fault location is described below.
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5.2.1 FAULT DETECTION

Fault detection is done by intelligent protective relays placed on the rectifying end of the
transmission lines. Voltage and current are fed to the built-in algorithm in the relay. When a
disturbance occurs in the system, a fault threshold method is used to determine the existence of
fault in the system. The fault is detected when the current rises above or the voltage drops below
a certain threshold. The fault detection method can be mathematically explained by obtaining the

expression of the fault current.

ifault = lgc + ltransient (5.1)

Since a fault causes a rapid change in the DC current, the fault information is contained in
itransient- 1HUS, the rate of change of current can be used to determine the presence of a fault on

the system.

Considering the arm current and voltage in the MMC in Chapter 3.2.1, (5.2) and (5.3) is shown:
1 . 1. .
Vi =2Vac + Vier L = 55 + Gcir
1 . -1. .
W = EVdc - Vref Lii = 7’1 + Licir (5.2)
And

v di;
Vju=£_VS_L ZJju

2 0 dt
v, =Yae py g L (5.3)
LT T :

Also, from the inner dynamic equations in (3.41) and (3.42), the expression for the circulating

current is shown:
dl jcir Vv [ 1
Lo—22m == = (Vi + Vi) (5.4)

From (5.4), the circulating current, i.;,- can be directly controlled by (Vj; + V},). During a DC

fault, the voltage drops below V., consequently a high DC fault current is produced at the
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converter arms. Also, from (5.4). It can be seen that the discharge of the DC fault current is
governed by the DC components. Thus, the capacitor voltage dynamic of the SMs of the affected

MMC units is defined as:

icj=C=g (5.5)
Similarly, the net DC-side voltage dynamic is given by:
aVgc Viac , ,
Ceq df = - R_L; — (lgcu t Lac) (5.6)
3Csm
Ceq = m (57)

where Cs,, is the submodule capacitance and N,-,, is the number of SMs. Based on the power

balance equation of the MMC, (5.8) is deduced:
. 1 . . .
lac =5~ (vgiq + vpip + veic) (5.8)

The above equation represents the mathematical model of the net DC bus of the HVDC system

in the abc frame. Thus, converting the abc model to dg0 frame using [167], (5.9) is obtained.
idC = Vidc (Udid + quq) (59)

Substitute i, from (5.9) into (5.6) gives:

aVac Vic

1 . . 1 . .
Ceq ac _R_p — V_dc(vdld + vqlq)l — V_dc(vdld + Uqlq)u (5.10)

According to [168], (5.10) can be written as (5.11) after multiplying both side by V.

d(3c.qv2 2
(2 ;‘Z dc) — _I;ch - (vdid + 'quq)l - (vdid + quq)u (511)

Simplifying (5.11) by eliminating the dgO components, (5.12) is obtained:

%Ceqd(vjc) — _VLZC

— o (5.12)

From (5.4), while V. = iRy
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P . 2
dijeir _ Vg _1 (V]l + V]u) (513)

O dt  2igRp 2

Differentiating both sides gives:

d?ije 1 dvi 1d
Zgar - %% - (y. : 5.14
Lo de? 2igrRy dt 2dt(Vﬂ+V}u) (5.14)

Inserting (5.12) into (5.14) to generate (5.15)

L Elier _ ler 14
0 a2 Ceq 24t

(Vi + Vi) (5.15)

V4V
where WittVi) _ Ve
2

d%ijcir | Rpdig ici
Jeir p Blcir cir  _ 5.16
dt? +Lo dt +LoCeq 0 (5.16)

Thus, the fault current can be deduced as:

dzifault @difault + ifault =0 (5 17)
dat? Leg dt LegCeq '

Where R.; = R, + Rjine and Loq = L, + Lyin.. The second order differential equation can be

solved under the initial condition ifq,,;:(0) = I to give (5.18).

Coq .
ifque() = e [Vdc ’ﬁsm(wt) + I4.cos (wt) (5.18)
R
where a= Z:q and w = ! —

The expression in (5.18) is used to configure the zone relay to a pre-set value of fault current such
that when the rated current rises to the pre-set threshold, a fault signal is sent, and the fault is

detected.

5.2.2 QUADRATIC SVM (QSVM)

The Support Vector Machine (SVM) identifies the faulty transmission line in a multi-terminal

network. It generates an optimal plane that separates the different fault samples into distinct
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regions to aid classification using the weight, w and bias, b support vectors. In this work, the
algorithm uses a quadratic kernel parameter to improve the gap between the hyperplanes of each
class. QSVM can map the fault current and voltage samples into a unique global solution without

overfitting (a condition where the algorithm cannot accurately classify new test samples).

Considering a bipolar network, three different regions are characterized as shown in Fig. 5.2.
SVM_1 represents the region for positive pole to ground faults, SVM_2 is for the negative pole

to ground faults, while SVM_3 is for the positive pole to negative pole faults.

N
Rectifier end fault data s SVM Fault Classifier
Vel )
Polel, Pole2 = Polel-G
)3
)
E Pole2-G
b
3

SVM P2-G

Polel-Pole2

S SVMP1-P2

¥

A

Fig.5. 2: Proposed SVM classifier

Given a training dataset of fault current and voltage samples,
X ={x1, x5, ..., Xn}, x € R™0 (5.19)

Where each training sample set x,, has m,, input features describing a class. Three class labels are
possible, one for each of three types of faults that can occur. The goal is to obtain an optimal

decision boundary (hyperplane) to separate each fault sample into one of the three classes. The

hyperplane is described by the equation,
gx)=w.x+b (5.20)

Where the weight vector, w and constant, b are developed in a way that fault data is accurately
classified. This can be done by increasing the margin of separation, d between each class. The

distance, d, as a function of w, b and x; is given by:
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d((w, b), x;) = L&D (5.21)

llwl|

Where, y; is the class label. From the fault dataset X, the values of d((w, b), xi) for each training

sample are computed. Let M be the smallest value of d obtained. M is given by:

M = _niny, GLorD) (5.22)

llwll

To find an optimal hyperplane, the values of w and b must be extrapolated. The problem of
solving for the values of w and b is the optimization problem. Therefore, to solve the optimization

problem a constraint is needed where d of each fault sample will be equal to, or greater than M

max, , M

subjecttod; 2 M,i=1..m (5.23)

Supposing # = y(g(x)) and F is the least # obtained. Then:

F={"nyiw-x+b) (5.24)
Hence, combining (5.22) and (5.24), M = ﬁ The above optimization problem can be rewritten
as:
max, , M
subjectto$; 2 F,i=1..m (5.25)

If the values of w and b are rescaled, M could still be maximized, leaving the optimization result

unaltered. Through rescaling w and b as well as making F = 1, (5.25) can be written as:

1
max, p, —
P o]l
subjectto$; = 1,i=1..m (5.26)

The maximization problem in (5.26) is equivalent to the following minimization problem:

minw,b lwll
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subjecttof; = 1,i=1..m (5.27)

Hence, (5.26) can be written as:
: - 2
ming,p 7 llwll

subjecttoyj(w-x+b)—1=>0,i=1..m (5.28)

The above statement is the SVM optimization problem. However, it can also be restated as (5.29)

using the Lagrange multiplier method to obtain the minimum of # and based on (5.20).
V#(x) —aVg(x) =0 (5.29)
Where « is called the Lagrange multiplier.
Using (5.28), the Lagrangian function is then written as:
L(w,b,a) = 2 l|wl|? - 27 a;[yi(w - x + b) — 1]. (5.30)

To solve VL(w, b, @) = 0 analytically, the problem is represented using the duality principle
[169]. After solving the dual problem, the Lagrangian multiplier value for every fault sample is

obtained. The values of w and b, which determines the hyperplane can then be extracted. From

(5.30),
w—XiZ ayix; =0 (5.31)
w =Xt 4y (5.32)

Using,
yi(w x{+b)—1=0 (5.33)

and multiplying both sides by y; and based on y? = 1, then
b=y, —w-x;] (5.34)

Thus, b is computed as:
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1 x
b= }Zf=1[yl' —w-x;] (5.39)
For a bipolar MMC, X is given as either SV M;, SVM, or SVMj;.

When the hyperplane is extrapolated and each region classified, the occurrence of a positive pole
to ground fault, for example, is depicted by SV M, displaying +1, while SV M, for negative pole
to ground and SV M; for pole-pole faults will both display -1. At this stage, each fault sample can

be classified.

The benefit of classification is that it allows for higher computational speeds, as a large amount
of data processing based on fault classifications that are irrelevant can be avoided. This is a key

advantage of the proposed technique.

After classification, the Gaussian Process Regressor (GPR) approach is used to locate the fault
point on the transmission line. The classification process realizes a significant advantage of the
proposed approach, because only one type of fault needs to be checked for, on the transmission

line.

5.2.3 GPR WITH SQUARED EXPONENTIAL KERNEL

A Gaussian Process Regression (GPR) approach is used to obtain the fault point on the grid using

the mean and covariance function defined by:
¢ (d)~GP(m(), k(1) (5.36)
Where, m(1l) is the mean function and k(l,1") is the covariance function. From (5.36),
m(l) = E[y' (D] (5.37)
k(1) = E[(g'(D) —mD)(»' (") —m()] (5.38)

Where E is the expectation. In the training phase, a set of data, S, of size N, from the selected

transmission line, given by:

S= {(l1jf1): (12:f2): e (lN'fN)} (5-39)

is collected, where [ is the distance from the protective device to the fault point on the 300 km
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transmission line and fy is the fault generated. Assuming a fault occurred on the polel to ground
(Polel-G) terminal as indicated by the SVM, the distribution of faults generated at different

distances is given by:
p(f(DIH~N(mD), K (D) (5.40)

The notations from (5.40) can be obtained using the expressions below:

L2 [l Ly, Iy]T (5.41)
f 2 fnfor e " (5.42)
m() & [m(ly), m(ly), ..., m(y)]" (5.43)

k(ly, 1) k(o) .. k(ly, Ly)
K1) & k(lzz' L) k(lzz; l2) k(lz; In) (5.44)

k(ly, 1) k(ly, 1)~ ke, Ly)

When a new fault,f, is introduced into the above equations, the distribution of the fault outputs,

f and the predicted value of distance, [, can be obtained using:

R C ) 649

If there are N training points and N, test points, then K(f, f.) denotes an N x N, matrix of the
covariance evaluated at all pairs of training and test points. The probability of an observed DC

fault at a new location, [, can be obtained using (5.46):

p(LfIH~N (A(f), 62(£.) (5.46)

where,
A(f) =K. NK 7ML, (5.47)
G2(f) =K(fu ) = KF OHKE HTKE £) (5.48)

The location value [, (corresponding to the DC fault f,) can be obtained by evaluating the mean

and covariance matrix from (5.47) and (5.48).
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In most realistic situations, the fault dataset could have noisy function values defined by:

gx) =fx) +¢ (5.49)

Where, £ is the Gaussian noise with variance ;2. Therefore, the joint distribution for the predicted

location becomes:

HREICIR A Asl) 60

The key predictive equations for the GPR given in (5.46) - (5.47), become.

p(LfIIH~N (A(f), 62(£.) (5.51)
A(f) = KE NIKSE ) + or] 7ML, (5.52)
G2(f) = K(fo £ = KENIK S ) + o 17K (S, £.) (5.53)

Equations (5.51) - (5.53) are the mathematical equations used for modelling signals that include
noise. It allows for the prediction of a fault location under noisy conditions to show the robustness

of the proposed technique.

5.3 MMC-HVDC SYSTEM SET-UP FOR REAL-TIME
SIMULATION

To verify the theory presented in Section 5.2, tests are undertaken using the model of an MMC-
HVDC system implemented on a real time simulation system. A diagram illustrating the MMC-
HVDC system is given in Fig. 5.3 and comprises MMC substations and HVDC transmission lines
as key components. In Section 5.3.1 the MMC converter topology and the HVDC transmission
line model are described. In Section 5.3.2 the real time simulation system is analyzed, along with

the procedure used to verify the proposed theory.

5.3.1 THE MMC TOPOLOGY AND THE HVDC
TRANSMISSION LINE

The MMC is implemented using a three-phase hybrid-arm MMC topology described in Chapter

3. Each phase of the MMC comprises an N-number of Submodules (SMs) in the lower and upper
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arms of the converter. From Table 5.1, the parameters needed to model the 12 MMC SMs are
presented. A fixed DC voltage of 230 kV and a grid side AC voltage of 230 kV are selected with
a 26 mH inductance and a 15 mF capacitance, in accordance with the ARTEMis and SSN

benchmarks available in OPAL-RT [170].

The MMC circuitry at both ends of the HVDC system model are linked by a 300 km transmission
line. Previous work has shown a nominal-rm lumped model is ineffective in producing accurate
results for transmission line lengths exceeding 250 km during fault conditions [171].
Accordingly, Bergeron's model for Distributed Parameter transmission Lines (DPL) [172], is
used. For Bergeron's model, the distributed LC line is related to the impedance of the line, Z. and
the speed of wave propagation, v which are obtained using the values of inductance and
capacitance in per-unit length. From Table 5.1, L and C are given as 0.792 mH /km and 0.0144

uF /km while the resistance of the line, R is given as 0.015 Q/km.

5.3.2 REAL-TIME SIMULATOR

The MMC-HVDC system is simulated in real-time using an OPAL-RT digital real-time simulator
(DRTS) eFPGAsim OP5700, as shown in Fig. 5.4. The MMC-HVDC system is tested and
validated under normal operation and fault operation conditions, with faults simulated at different
distances. The fault samples for training the algorithms are generated for different fault scenarios
including polel-G, pole2-G and pole-pole fault types. These fault types are sampled at 50 ps from
the rectifying end of the HVDC network, for 29 different positions along 300 km transmission
line with varying resistance values ranging from 0 to 1000 Q. A total of 8700 (3 fault types, 29
fault distances and 100 fault resistances) processed fault samples were obtained from both lines

and randomly split into 77% for training and 23% for testing the scheme.

An example of the fault cases obtained from the real-time simulator using the MMC-HVDC
system under test are shown in Fig. 5.5. These results show the DC current and voltage from
which fault samples are obtained. From the graphs it is apparent the fault occurs at 0.5 s and lasts
for 0.6 s before being cleared. Also, from Fig. 5.5, a large oscillation is observed within the fault

period soon after the IGBTS of the converter are blocked to prevent further damage to its switching
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devices. This is caused by some non-zero AC current appearing on the DC link as discussed in
Chapter 3, thus causing an energy imbalance and introducing harmonics while feeding the fault

[173].

Using the approach described in this section, results can be obtained and used to verify the

accuracy of the proposed fault location technique, as given in Section 5.4.
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Fig.5. 3: Connection of MMC-HVDC system for testing

Table 5. 1: System parameters for designed simulation

Design Parameters Values
Grid voltage 230 kV and, 60 Hz
DC Voltage 230 kV
Nominal power rating 40 MW
Capacitor voltage of SMs 1.15 kV
MMC DC current 86.96 A
Arm inductance 26 mH
Cell capacitance 15 mF
Number of MMC SMs 12
Insertion resistance 5kQ
Transmission line model DPL (Bergeron) — 300 km, 0.792 mH/km, 0.0144
uF/km, 0.015 Q/km
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Fig.5. 4: OPAL-RT eFPGAsim with GUI
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Fig.5. 5: DC current and voltage during fault
5.4 RESULTS AND ANALYSIS
The results presented in this section verify the accuracy of each of the key parts of the proposed
location technique. This includes the accuracy of the SVM in classifying fault types in Section
5.4.1, and the accuracy of the fault locating in Section 5.4.2. Section 5.4.3 and Section 5.4.4 show
the accuracy of the proposed technique under varying fault resistance and noise conditions, while

Section 5.4.5 compares different Al fault location schemes with the proposed scheme.
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5.4.1 SVM CLASSIFICATION RESULT AND ANALYSIS

To verify the SVM approach described in Section 5.2, the scheme is trained and then used to
classify fault samples. The training is achieved with 6699 fault samples using a quadratic kernel
function to accommodate all parameters. The outcome of the trained SVM is shown in Fig. 5.6,
where the fault samples are accurately classified into three different fault types. The separating
class intervals 0-1, 1-2, and 2-3 correspond to pole2-G, polel-G, and pole-pole fault, respectively.
Once the fault samples are separated, the algorithm learns and extracts the features of the faulty
path of the transmission line so that when a new fault occurs on the transmission line, it can
identify the exact path of the transmission line where it occurs. Fig. 5.7 shows the accuracy of the

fault classification during the training phase.

The trained SVM is deployed to classify 2002 fault samples into the three different types of faults
for the bipolar networks. Fig. 5.8 shows a scatter plot for the sets of fault samples of each fault
type separated into different classes (Polel-G, Pole2-G and Polel-Pole2) using hyperplanes with
a margin of 1. The high magnitude fault samples are those with low fault resistance, while the
low magnitude samples have the highest resistance. Outliers are fault samples that are wrongly
classified. During this test phase, five outliers were obtained from the fault samples that were
classified. The misclassified fault samples belong to either the Polel1-G class or the Pole2-G class

as seen in Fig. 5.8.

The performance of a typical classifier can be represented using a confusion matrix, where the
accurately classified fault samples are placed on the diagonal of the matrix. Fig. 5.9 shows the
confusion matrix for the test phase of the SVM. The classification accuracy is 99.7 %, which

indicates that the proposed classifier is robust.
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Fig.5. 8: SVM prediction of each fault types during test phase
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Fig.5. 9: Confusion matrix for SVM test phase

After classification, GPR can be applied to locate faults in a faster manner because the fault type

is known. Locating faults using the GPR is explained in the following Section 5.4.2.

5.4.2 FAULT LOCATION RESULT AND ANALYSIS BY GPR

The GPR is trained with the fault samples generated from the different regions of the transmission
lines (Polel-G, Pole2-G and Polel-Pole2). To verify the performance of the GPR, it is deployed
to predict the location of an unknown fault. A new polel-G fault is applied on the HVDC
transmission line for 1.2 s before being cleared. The algorithm maps the fault to its trained pattern
and extrapolates the distance by pattern recognition. From Fig. 5.10, the GPR measures the
covariance between the true (blue fault samples) and predicted fault samples (red samples) to map
out its target function, which in this case is the distance. The algorithm predicted the location to
be 149.89 km by tracking the point where the magnitude of the fault is highest. The actual fault
location is at 150 km on the transmission line. This shows a close agreement between the true and

predicted distance.

The results of using the GPR to locate other polel-G faults, as well as pole2-G faults and pole-

pole faults, are shown in Table 5.2. The maximum time spent locating a fault of any type is 0.5197
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seconds, with a Root Mean Square Error (RMSE) of 6.52e-5 percent. These results show that the

proposed technique is fast and accurate.
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Fig.5. 10: Prediction of distance (d,) for the new fault (f,)

Table 5. 2: Validation of GPR result

Fault Type Actua_tl Fault Predict_ed Fault Percentage error,
Location, km Location, km %
Polel-G 50 49.95 0.100%
70 70.07 0.100%
100 99.89 0.110%
140 140.25 0.179%
270 270.04 0.015%
Pole2-G 50 50.01 0.020%
70 70.22 0.314%
100 100.28 0.280%
240 240.11 0.046%
270 269.99 0.004%
Polel-Pole2 50 50.22 0.440%
70 69.88 0.171%
100 99.96 0.040%
240 239.64 0.150%
270 270.22 0.081%
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5.4.3 IMPACT OF FAULT RESISTANCE ON LOCATION

During high resistance faults, locating faults is more challenging because the magnitude of the
fault current is reduced, as apparent from Fig. 5.11. This tends to affect the accuracy of most
locating techniques. However, for the proposed technique, it is still possible to accurately locate
a fault. Table 5.3 shows the effect of resistance on fault location by testing with various fault
resistances. The distance prediction error is low, and the varying fault resistance does not affect
the locating time significantly. This is an indication that the proposed technique is robust to

variations in resistance during a fault.
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Fig.5. 11: Fault samples at different resistance
Table 5. 3: Effect of varying resistance on fault distance
Fault Resistance 0.001Q 250 Q 500 Q 1000 Q
Predicted Location at 50 km 49.95 49.01 48.76 48.02
Predicted Location at 240 km 240.11 239.78 241.55 238.89
Fault Location Time (s) 0.5193 0.5194 0.5194 0.5199
54.4 IMPACT OF NOISE ON LOCATION

To investigate the impact of noise on the proposed location technique, white Gaussian noise of
30 dB magnitude is added to the measured current and voltage data during the testing phase. The

contaminated DC voltage is shown in Fig. 5.12. In Table 5.4, the location error from 10 dB to 90
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dB is considered. As the SNR increases, the location error reduces slightly, but overall, there is

no significant effect on accuracy. Hence, the proposed location scheme is robust against noise.
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Fig.5. 12: DC voltage contaminated with 30 dB white noise

Table 5. 4: Impact of white noise on GPR location scheme

SNR (dB) 10 30 90

Fault Location error (km) | 0.1052 | 0.0782 | 0.0760

5.4.5 COMPARISON AMONG DIFFERENT FAULT LOCATION
SCHEMES IN IDEAL CONDITIONS

In this paper, the proposed technique is compared with existing fault location techniques under
the same case study conditions as illustrated in Section 5.3. Table 5.5 shows the proposed
technique has improved fault classification and location accuracy compared to alternatives. Table
5.6 shows that the computational speed of the proposed techniques is high and superior to
alternatives. This performance demonstrates the effectiveness of the proposed technique over
alternatives. Moreover, considering that the proposed Bi-LSTM scheme from Chapter 4 is a deep
learning-based approach with numerous connected layers, it tends to be slower than the proposed
approach in this chapter. Adequate tuning of the hyperparameters of the Bi-LSTM can help

improve its performance.

Table 5. 5: RMSE Comparison among Al based schemes.
Root Mean Square Error
(RMSE)

Ensemble (Boosted Trees) 0.3601

Location Schemes

Traditional Convolutional NN (CNN) 0.2371
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Signal-to-Image CNN 0.1725
Bi-LSTM 0.006
Proposed scheme 6.52E-07

Table 5. 6: Speed comparison among Al based schemes.

Location Schemes Average Location Number of Reference
Time (s) Samples
CNN 4.08 630 [174]
Auto encoder based Deep
Neural Network 2.10 630 [174]
Softmax 1.53 630 [174]
Bi-LSTM 1.053 2002 This chapter
Proposed scheme 0.5197 2002 This chapter

5.5 CONCLUSION

In this chapter, an MMC-HVDC system was modelled and simulated under normal and fault
conditions through real-time simulation. The protection scheme was applied to fault data
generated from only one end of the network (the rectifying end), to highlights the lack of need for
a communications channel. Classification of the fault data was done after signal processing. This
reduces the computational burden and the delays currently associated with Al-based techniques.
Moreover, from the results obtained, it was observed that faults on the bipolar network were
efficiently classified using the SVM algorithm with an accuracy of 99.7%, which is far better than
current classification techniques. In addition, fault location was achieved within 0.5197 seconds,
which is fast enough to prevent blocking of the MMC switching element when a fault occurs. The
accuracy of the locating technique was high, with a 6.52e-5% RMSE value. Also, for further
validation, the scheme was tested on a single pole to ground fault at different resistance values
and noise at different SNR. It was observed that, even at high resistance, the scheme could offer
high accuracy in locating faults. Thus, the application of the proposed scheme to a four-or five-

terminal MMC HVDC system will be suggested as future work in this regard.
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Chapter 6

6. CONCLUSION AND FUTURE WORK

6.1 CONCLUSION

This thesis presented a novel control methodology and topology in Chapters 3 to aid DC-FRT as
a means of providing primary protection against DC fault. It was shown that using the proposed
solutions, DC faults can be tolerated for a period of 120 s, which is a desirable time for clearing
the non-permanent faults. However, the grid is more prone to total blackouts if the fault extends
beyond the specified time. A condition that would jeopardise the reliability of the power supply
and result in blackouts. As such, Chapter 4 presents a backup protection strategy based on deep
learning that can locate faults on a multi-terminal network so that an alternative path can be
suggested for power flow. The location technique is very accurate. However, due to the number
of neurons in the deep learning network, they tend to be reasonably slow. As a result, a fast and
more accurate backup location scheme was presented in Chapter 5. It was shown that the scheme
could locate the fault faster, meeting the speed requirement of a flexible MMC-HVDC

transmission system.

6.2 SUGGESTIONS FOR FUTURE WORK

The proposed primary and backup protection scheme was simulated in real-time using the OPAL-
RT digital real-time simulator. OPAL-RT offers fast control prototyping technologies to assist
engineers in developing and testing novel MMC control schemes, as well as MMC lab-scale test
benches to enhance technological solutions. OPAL-RT simulators imitate industry-standard
communication protocols, allowing users to run the most realistic real-time simulations. The
simulator infrastructure is proposed to use standard Commercial-Off-The-Shelf (COTS)

components to lower system costs and maximise flexibility.
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Future work is to implement the proposed schemes in an actual practical system to validate the

performance of the primary and backup protection schemes. However, | do not expect much

difference in the DC-FRT capability of the proposed control methodology and converter

topology. Also, because the OPAL-RT simulator is a close substitute for real engineering systems,

| expect the fault location accuracy and speed for MMC-HVDC systems to fall within acceptable

tolerances.
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APPENDIX

The control parameters for tuning the MMC-HVDC system to achieve DC-FRT are shown in
Table A.1 where a damping coefficient of { = 0.707 is assumed. The transfer function, G(s) of

the PI controller is given below.

Table A. 1: Parameters for the control system
Voltage Regulator Current Regulator PLL (regulator gain)

Kp Ki | Kp Ki | Kp Ki
Rectifier 0.030 3.50 | 0.045 450 |0.06 1.40
Inverter 0.055 1.25 | 0.035 2.25 | 0.06 1.40

Va(s)  sky +k;

Gpy(s) = =
n) = ® T s
1
Gume($) = 7R
Skp +ki
Geo(s) = Gpi(s) X Gyuc(s) = 2L + sR
1+ Gco(s)H(s) =0
Skp + ki _
s2L +sR
k,+R k;
2 p _t—
s +< I >s+ 7 =0
Goo(s) Geo(s) Skp + ki
s) = =
¢ 1+ Geo(s)H(s)  s2L+ S(R + ka) ki
Skp +ki
L
Gee(s) =
s(R+2ky)  k;
2 S\ ="pJ =L
Kw,zl

G(s) =

52 4 20w,s + w?

The expression for Kp and Ki is given below:



where w,, is the natural frequency and for optimum design, it is assumed to be 628 rad/s.

ki = L(Urzl

k, = 2L{w, — R

Table A. 2: Comparative analysis on control schemes
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Control technique | Energy balance ici SUppression DC-FRT
[42], [43], [50] only Egym X X
[33] X X N
[54] Esums Eairr X V
Proposed scheme Esums Eairg and Eyorqp Vv v




